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Abstract

Constant current electrolysis of 2-(2-propynyloxgiinobenzenes in DMF using an undivided
cell equipped with a Pt cathode and an Mg anodiénpresence of carbon dioxide and an
electron transfer mediator, methytelt-butylbenzoate, resulted in aryl radical cyclizatigith

a carbon-carbon triple bond followed by fixationtefo molecules of carbon dioxide to give

2,2-ring-fused succinic acid derivatives in modera good yields. Dihydrobenzofuran,

indoline, dihydrobenzothiophene, and indane as wslltetrahydropyran skeletons were
successfully constructed by aryl radical cyclizatioand unique tandem carboxylation
successively occurred to produce succinic acide. @rhe resulting succinic acid derivatives,
3-carboxy-2,3-dihydrobenzofuran-3-ylacetic acidsveaccessfully applied to the synthesis of
a novel spiro compound consisting of 2,3-dihydramdéaran andy-butyrolactone at each C3

position in two steps in high yield.

Key Words: electrochemical carboxylation; aryl radical; radicgclization; fixation of carbon
dioxide; tandem reaction

1. Introduction

Radical cyclization is a powerful tool for synthesif carbocycles and heterocycleBhe combination of organic
halides and BisnH with AIBN has promoted many radical cyclizaérOn the other hand, one-electron reduction of
organic halides or related substrates can genesab®n-centered radicals and has also been useddioal cyclization as
an attractive alternative to hazardous organotageats from the viewpoint of green chemistry. Adlas the use of
organi¢ or metaf reductants, electrochemical reductibh can be used as a reducing method for generation of

carbon-centered radicals. Diréct,metal complex-catalyz&d' or mediatetf® electrochemical reduction of organic



halides and diazonium salts can generate carbdefreeh radicals without any tin reagents, and trersegated
carbon-centered radicals have been successfulljedpjo cyclization reactions yielding carbo- anekdrocycles. Under
reductive electron transfer conditions, a termoratstep involves one-electron reduction of the Itesucyclized radical,
and a reaction of anion species is dominant asnairtation reaction providing final products. Alttgiuanion species are
known to induce various organic transformationstqmation of the resulting anion species yieldimgtgnated cyclized
products is the sole reaction in most of the teatiim steps in these reductive radical reactiorth wiectron transfer.
Several examples of the use of the resulting afuipfurther carbon-carbon bond-forming reaction emetductive electron
transfer conditions have been reportetf. There are, however, few reports on sequentialcahdiyclization-anionic
carbon-carbon bond formation in electroreductivanegation of carbon radicals. We recently succeedeéfficient
generation of aryl radicals from 2-allyloxybromokenes by electrochemical reduction using methigrdbutylbenzoate
as an electron transfer mediator. Thus-generatddaticals were also found to undergo radical ization with alkene,
and after further one-electron reduction of theiltesy cyclized radical, the generated anion speeiéciently reacted with
carbon dioxide to give 2,3-dihydrobenzofuran-3-glic acids as sequential aryl radical cyclizatioieaic carbon-carbon
bond-forming reaction products in high selectitand good yield¥’ In the course of our efforts to apply electroctstrgi
to organic synthesfS,we recently found a unique electrochemical readticaryl radical cyclization using a carbon-carbon
triple bond as an aryl radical acceptor. When pi#ynyloxy)bromobenzene was similarly electrolyaesing methyl
4-tert-butylbenzoate as an electron transfer mediattinérpresence of carbon dioxide, aryl radical cytion followed by
fixation of two molecules of carbon dioxide took apé efficiently to give a cyclized dicarboxylic dgci
3-carboxy-2,3-dihydrobenzofuran-3-ylacetic acid.isThunique reaction involves three carbon-carbon dfomming
reactions, aryl radical cyclization and fixationtaio molecules of carbon dioxide, in one step, sunctinic acid derivatives
could be obtained in up to 71% isolated yield. Altgh nickel-catalyzed electroreductive cyclizatifullowed by
carboxylation of 2-(2-propynyloxy)bromobenzene pding the same succinic acid as a mixture of thegelized
carboxylic acids was also reported by Olivero andi@&h?! only one example was shown and no detailed imnyatitin has
been reported. In this paper, we report the resofit®lectrochemical aryl radical cyclization folled by tandem
carboxylation involving fixation of two molecule$ carbon dioxide to obtain succinic acid derivasivand one synthetic

application of the resulting succinic acid to aelmspirolactone in two steps in high yields.



2. Results and discussion
2.1 Screening of reaction conditions

We first carried out reaction screening of reactiamditions using 2-(2-propynyloxy)bromobenzene) (as a
substrate, and the results are shown in Table hst@ot current electrolysis (current density ofr@8/cn?) of a DMF
solution of 1a containing 0.1 M ByNBF, was carried out at 0 °C by using a one-compartreefitequipped with a
platinum plate cathode (2 x 2 &mand a magnesium rod anode (3 @nin the presence of 0.5 equiv. of methyl
4+ert-butylbenzoate as an electron transfer mediataith bubbling of carbon dioxide through the saduti After
supplying 4 F/mol of electricity, conversion bfreached79% by'H NMR, and 3-carboxy-2,3-dihydro-3-benzofuranacetic
acid Qa) was obtained in 45%H NMR vyield (Entry 1). In Entries 2-4, effects ofmperature were examined, and
electrolysis at —10 °C gave a better yield, 51%§ER). Effects of current density were also inigsted in Entries 3, 5 and
6. While the yield oRa slightly decreased to 48% with electrolysis atigent density of 15 mA/cfna similar yield based
on reactedla was obtained and unidentified byproducts decreasédl NMR analysis of the crude product under the
conditions in Entry 5. When 6 F/mol of electricitias supplied in electrolysis at 15 mAfend at —10 °C, the yield @&
increased to 55% (Entry 7). However, an efficiamtent could not be obtained when further eledtrizias supplied under
these conditions. A decrease of current densifytA/cnf in electrolysis at —10 °C solved the problem aslilted in an
increase in the yield d&fato 62% with 6 F/mol of electricity (Entry 8). Filha in electrolysis at 5 mA/cAwith 10 F/mol of
electricity at —10 °C, dicarboxylic ach was obtained in 71%1 NMR yield and in 62% isolated yield after puréton
by silica gel column chromatography (Entry 9). Hielysis in the absence of methyltdri-butylbenzoate, on the other
hand, gav@ain 32% yield along with benzoic acid derivative3i2%'H NMR yield (Entry 10). Use of acetonitrile, instea
of DMF, decreased th#H NMR vyield of 2a to 40% and unidentified byproducts were detectetHi NMR (Entry 11).
When a zinc plate (ca. 1.5 x 2 9mwas used, instead of a magnesium rod, as an aoplye8 F/mol of electricity could be
passed to provide a complex mixture (Entry 12xhimabsence of carbon dioxide, similar electrolysider the conditions
in Entry 9 only gave a complex mixture (Entry 18)was thought tha®a was produced by the expected radical cyclization
followed by fixation of two molecules of carbon gide. However2a was also obtained as a major product even when 2

F/mol of electricity was supplied.

Table 1 Screening of reaction conditions



. o_© COH

Br| | COH

Pt Mg
+ CO, >
) 0.1 M BuyNBF,4 - DMF (0]

1a 4-tert-C4H906H4COQCH3 2a
(0.5 equiv)
Entry Current density ~ Temperature  Electricity ~ Conversion of 1a  Yield of 2a
[mA/em?! [*Cl [F/mol] [%]” [%]”)

1 20 0 4 79 45 (57)

2 20 20 4 82 42 (51)

3 20 -10 4 80 51 (64)

4 20 -20 4 70 42 (60)

5 15 -10 4 75 48 (65)

6 10 -10 4 73 46 (63)

7 15 -10 6 80 55 (69)

8 5 -10 6 81 62 (77)

9 5 -10 10 91 71 (78) [62]
10°) 5 -10 6 89 32 (36)%)
11€) 5 -10 10 96 40 (42)
12 5 -10 8
139 5 -10 10

a) Conversion of 1a was determined by "H NMR using 1,4-dinitrobenzene as an internal standard.
b) Yield of 2a was determined by 'H NMR using 1,4-dinitrobenzene as an internal standard.
The yield based on reacted 1a and isolated yield are shown in parenthesis and bracket, respectively.
c) Electrolysis was carried out in the absence of 4-tert-C4HgCegH4CO,CHs.
d) Direct carboxylation product, 2-(2-propynyloxy)benzoic acid, was obtained in 32% 'H NMR vyield.
e) Instead of DMF, acetonitrile was used as a solvent.
f) A zinc plate (ca. 1.5 x 2 cm?), instead of a magnesium rod, was used as an anode.
g) Electrolysis was carried out in the absence of carbon dioxide under nitrogen atmosphere.

2.2 Substrate scope for aryl radical cyclizatiotidaed by fixation of two molecules of carbon daexi

Substrate scope was investigated under the optihgaeditions shown in Entry 9 in Table 1, and tbsuits are
shown in Table 2. When substrafdsandlc, having methyl groups at tleeposition of the oxygen atom, were subjected to
the present reaction, the corresponding cyclizedrbbxylic acid®b and2c were obtained in 62% and 55% isolated yields,
respectively (Entries 1 and 2). Dicarboxylic a@ld was obtained as a 63:37 mixture of diastereoissmaghile the
stereochemistry of them could not be determinedr{EL). Electrolysis of 2-(2-butynyloxy)bromobenze{id) having an
internal alkyne under the same conditions provitled expected dicarboxylic acid in lower yield, ahé product was
isolated as its dimethyl ester by treatment ofthale product with trimethylsilyldiazomethane-§HH in benzene. After
column chromatography on silica gel, the correspandimethyl esteRd was obtained in 39% isolated yield as a 56:44

mixture of diastereoisomers (Entry 3). Indolinedane and dihydrobenzothiophene skeletons couldbalsmnstructed by
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the present radical cyclization-dicarboxylation LsEnge. Constant current electrolysis of
N-Boc-N-(2-propynyl)-2-bromoanilinele) at 5 mA/cni in the presence of 0.5 equiv. of methyledt-butylbenzoate with
bubbling of carbon dioxide through the solutior-40 °C provided indoline dicarboxylic acin 71% isolated yield after
10 F/mol of electricity was supplied (Entry 4). $an electrolysis of 2-(3-butynyl)bromobenzendf)( gave
1-carboxy-2,3-dihydro4i-inden-1-acetic acid 2f) in 30% isolated yield (Entry 5).
3-Carboxy-2,3-dihydrobenzbfthiophen-3-ylacetic acid?@) was also obtained by electrolysislafin 38% yield (Entry 6).
Construction of a 6-membered ring followed by figat of two molecules of carbon dioxide was alsoiesdd when
2-(3-butynyloxy)bromobenzendllf) was used as a substrate. 4-Carboxy-3,4-dihyt-d-Denzopyran-4-acetic aci@h)

was afforded in 51% isolated yield (Entry 7).

Table 2 Scope of aryl bromides in the radical @atlon followed by tandem carboxylation
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X Rt 0.1 M BuyNBF, - DMF X R
5 mA/cm?, 10 F/mol, -10 °C
1 4-tert-C4HgCeH,CO,CH, 2
(0.5 equiv)
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a) Diastereomeric ratio is shown as dr, which was determined by "H NMR.
b) Diester was isolated after treatment of the crude diacid with TMSCHN,»-CH3OH in benzene.



2.3 Aryl radical cyclization with internal alkyne

In relation to the results of electrolysis Iaf having internal alkyne as a radical acceptor (E8&tin Table 2), we
tried electrolysis o8 having an ene-yne unit to obtain some informatibout reaction pathways. When electrolysiSaf
was carried out under the optimized conditions shawTable 2, monocarboxylic ac#h was obtained in 55% isolated
yield as a 59/41 mixture of diasterecisomers. Afereral attempts to improve the yiedd, could be obtained fror@a in
73% isolated yield as a 60/40 mixture of diasteamwmiers under the conditions shown in Scheme 1.o0A4dh
diastereoisomersfa-major and 4a-minor, could fortunately be separated by recrystallimgtistereochemistry of the
isomers could unfortunately not be determined lBcspscopic analyses using the NOESY techniqueliimel derivative
4b was also obtained in 73% isolated yield as a 6614@ure of diastereoisomers by similar electradysi3b (Scheme 1).
Monocarboxylic acidd would be produced througheso cyclization of the electrochemically-generatedl aaglical with
alkyne and sequential &« and 3exo tandem cyclization followed by one-electron redurctof the radical to the
corresponding anion and fixation of carbon dioxatethe benzylic position. It is noteworthy thatauif carbon-carbon
bond-forming reaction took place in one step, dredhigh yield of the produet, 73%, indicates that all of these processes
proceeded efficiently, especially aryl radical eyation with internal alkyne as the first step. $beesults indicate that the
aryl radical cyclization process for internal alkyalso proceeded efficiently even in the caskdgfEntry 3 in Table 2), and

low yield of 2d would result from processes following aryl radicgtlization.

Scheme 1 Tandem radical cyclization followed byoaylation ofene-ynes

O 0
j\ o @
| >

Pt Mg CO,H
+ C02
X 0.1 M BuyNBF, - DMF X
5 mA/cm?, 8 F/mol, -40 °C
3aX=0 4-tert-C4HgCeH4CO,CH, 4a: 73% (60 : 40)
3b: X = NBoc 4b: 73% (60 : 40)

(0.5 equiv)

2.4 Reaction mechanism
In order to obtain several information about resctnechanism in the present reaction, cyclic voitetry (CV)

of aryl bromidela and methyl 4ert-butylbenzoate was carried out and the resultslaog/n in Figure 1. In CV ofain



DMF, one irreversible reduction peak appeared & V3/s. Ag/Ag” (Figure 1(a)). On the other hand, a reversibl@cgdn
peak at —2.9 Ws. Ag/Ag" was appeared in CV of methyltdet-butylbenzoate (Figure 1(b), (1)). When CV of méthy
4-tert-butylbenzoate was performed under the conditidr{&)an the presence of 0.01 mmolId, an increase in reduction
peak current and a decrease in oxidation peak rduafemethyl 4tert-butylbenzoate was observed (Figure 1(b), (2)).
Further additions ofaresulted in further increases in reduction peaketu and further decreases in oxidation peak otirre
(Figure 1(b), (3) and (4)). Finally, the oxidatigeak in methyl 4ert-butylbenzoate disappeared when CV of methyl
4-tert-butylbenzoate was carried out in the presence0gf fmol (0.8 equivalents for the benzoate)}a{Figure 1(b), (4)).
Similar results were obtained in the study on eteetluctive generation of aryl radicals from 2-alkybromoarenes using
the same mediator systéfhThese results clearly indicate that methytert-butylbenzoate works as an electron transfer

mediator in the present electroreductive generatfaryl radicals from aryl bromides.

Figure 1 CV of aryl bromidéa (a) and methyl 4ert-butylbenzoate (b) in the absence and presencg/ldfrmmidela

(@) (b)

0.05 0.05
0 0
005 0 05 ......... (1)
S
z z
2 01 2 .01 -=-=0
3 3
(@)
0.15 -0.15
-0.2 -0.2
-3.5 -3 -2.5 -2 -3.5 -3 2.5 -2
E (V) vs Ag/Ag* E (V) vs Ag/Ag*
1a(0.075 mmol) in DMF (5 mL) (1): thgl 4-tert-butylbenzoate (0.05 mmol) in DMF (5 mL)

2):((1) + 0.01 mmol ofa
3):((2) + 0.01 mmol ofa
4)((3) + 0.02 mmol ola

Based on these results, a probable reaction mesrhanithe present aryl radical cyclization followlegtandem
carboxylation is shown in Scheme 2. At the cathaaes-electron reduction of methyltdr-butylbenzoate, used as an

electron transfer mediator, generates the correpgrradical anion. One-electron reduction of &gdmide 1 by the



radical anion of methyl Zert-butylbenzoate generates the anion radicdl, eésulting in carbon-bromine bond cleavage to
generate aryl radicah.'’® In the absence of an electron transfer mediat@thyh 4tert-butylbenzoate, two-electron
reduction of aryl bromidd competitively occurs at the cathode to generagectirresponding aryl anion species, directly
producing carboxylated benzoic acid (Entry 10 irbl@al). Intramolecular &xo cyclization of aryl radicalA with a
carbon-carbon triple bond takes place efficiently generate the corresponding cyclized vinyl radiBal Further
one-electron reduction generates the correspondimg anion C, which reacts with carbon dioxide to produce the
correspondinga,3-unsaturated carboxylate idD, which has a cinnamic acid moiety. It is knownttiiannamic acid
derivatives can readily be reduced and carboxylateder reductive electron transfer conditiéfi¥. Therefore, further
one-electron reduction af,-unsaturated carboxylate idd is likely to take place easily to generate theresponding
radical aniorE. Resonance of the radical anigrto stable enol fornk’ followed by further one-electron reduction Ef
would generate benzylic anidh Selective fixation of carbon dioxide at the bditzposition gives dicarboxylate i08.
Acid treatment in workup gives dicarboxylic acdd On the other hand, at the anode, dissolutionnoMg anode as
magnesium ion proceeds to result in preventionnyf species from oxidizing at the anddé? Direct treatment of the
electrolysis mixture with iodomethane was carried to obtain some information about any anioniernmtediates in the
medium at the end of the reaction. After electislyaf 1a under the optimized reaction conditions shown iMr§g9 in
Table 1, additional DMF (10 mL) and an excess arhofilodomethane (50 mmol) were added to the reactixture and
the mixture was stirred at 35 °C for 72 h. Usuatkup followed by column chromatography on silicd gave dimethyl
ester5, probably derived from the dicarboxylate ion2# in 59% isolated yield as a major product alonthwti8% of
recoveredla (Scheme 3). These results indicate that carbagylaif o,3-unsaturated carboxylate i@hpredominantly and
selectively occurred only at the benzylic positiposition) and no carboxylation occurred at thgosition of the
carboxyl group. Although electrochemical carboxwgiat of cinnamic acid derivatives an@-phenyla,B3-unsaturated
carbonyl compounds often gave a mixtureoefand/or 3-carboxylated andx,(3-dicarboxylated products along with a
hydrogenated produét?’ B-selective acylatioft®* and silylatio® as well as mono-carboxylatifnhave also been

reported under electroreductié®*>3°

or Mg-promoted reaction conditions. B-Selective electrochemical
mono-carboxylation ofn,3-unsaturated carbonyl compounds, flavones, has baeocessfully performed under similar

electrolysis conditions using an undivided cell ipged with a Pt cathode and an Mg anode in DMF aimg 0.1 M

Bu,NBF..*® In the case of the reaction dfl having an internal alkyne as a radical acceptorthe other hand, electron



transfer steps following aryl radical cyclizationgmt be problematic considering the results of &anatyclization as shown

in Scheme 1, though it is still unclear.
Scheme 2 Probable reaction mechanism of the presdictl cyclization followed by tandem carboxydeti

C)
t-C4Hg X
Pt o 1 Mg
cathode - Br anode
O oW
X
A

e —
t-C4Hg

CO,
! Co,
4—
X
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+e
[RRR) 2+ i 2+
o Mg 0°""Mg
. te ©)
X X
E E' F
CO,
[RRR) 2+
o® Mg
O
® %
) H;0 CO,
X
G

Scheme 3 Direct treatment of the electrolysis métf 1a with iodomethane
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o @
CO,CHs
Br||| CO,CH,
+ CO

2
o) 0.1 M BuyNBF, - DMF 35°C,72h 0

5 mA/cm?2, 10 F/mol, -10 °C
4—tGIT-C4H906H4COQCH3
(0.5 equiv)

5
59% in 2 steps

1a

2.5 Synthetic application of the resulting succidid

One synthetic application of the obtained succadis was successfully performed and the resudhasvn in
Scheme 4. Treatment of succinic add with acetic anhydride in toluene under reflux gakie corresponding spiro
succinic anhydridés. Sequential treatment & with NaBH, in THF followed by 6 M HCI gave a novel spirolace
spiro[benzofuran-3@2),3'(2'H)-furan]-5'(4’H)-one (), in 2 steps in 80% yield (Scheme 4). These resuolicate that
succinic acid derivative® can be good precursors and that the present grecesomising as an efficient and easy way to

access a novel spirolactone skeleton such as

Scheme 4 Synthesis of novel spirolact@rfeom aryl radical cyclization-tandem carboxylatiproduct2a

COyH 0] (0]
COzH Ac,0 0 1) NaBH,, THF, rt 0
o toluene, reflux 0 2)6 N HCI, rt
2a L o ] o
6 7
80% in 2 steps
3 Conclusion

In conclusion, we found a unique tandem carboiytatfollowing aryl radical cyclization with alkynéy
electrolysis of 2-(2-propargyloxy)bromobenzene wd®ives 1 in the presence of carbon dioxide using methyl
4-tert-butylbenzoate as an electron transfer mediator. @yl radical cyclization, dihydrobenzofuran, inidel,
dihydrobenzothiophene, and indane as well as tgdrapyran skeletons could be constructed efficjersthd subsequent

tandem carboxylation afforded the correspondingrid@-fused succinic acid derivativ@sin moderate to good yields. As
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one synthetic application, transformation of thguiting succinic acid derivativ@a into a novel spirolactone skeleton was

successfully performed in high yield.

4 Experimental section
4.1 General

Melting points were measured on a Yanagimoto mingdting point apparatus and are uncorrected. IRtspe
were determined with a JASCO FT/IR-410 spectromietereat form unless otherwise statéd.(400 MHz) and*C (100
MHz) NMR spectra were recorded in indicated solsenith a JEOL ECX400P or ECS400 FT NMR spectroméibe
chemical shiftsg, are given in ppm with tetramethylsilane ft and solvents fol°C as references. values are in Hz.
Peak multiplicities were given as follows: s, sitghl, doublet; t, triplet; g, quartet; m, multiplbr, broad. MS spectra and
elemental analyses were carried out using a JEOS-IMOGCv or Thermo Scientific Exactive and Exe&aalytical
CE440 or J-Science Lab JM10, respectively, at umsémtal Analysis Division, Equipment Management t€eCreative
Research Institution, Hokkaido University. Electiemical reactions were carried out using a Constamtent Power
Supply (model 5944), Metronix Corp., Tokyo. Cydlicltammetry was carried out by a Hokuto Denko H®@-In DMF
containing 0.1 M ByNBF, using a Pt disk electrode .6 mm) as a working electrode, a Pt wipdd(5 mm) as a counter
electrode, and Ag/AGCH;CN/BwNCIO, (0.01 M AgNQ in 0.1 M ByNCIO,4 in CH:CN), purchased from BAS (product
code; RE-7), as a reference electrode, respectivéth a scan rate 100 mV/sec (fba) or 200 mV/sec (for methyl
4-tert-butylbenzoate in the absence and presenckaofColumn chromatography was carried out using &atagaku

Silica gel 60N. Reagents and solvents were comalbreivailable and were used as received withodibhéw purification.

4.1.1 2-(2-Propynyloxy)bromobenzera)(** *" To a solution of 2-bromophenol (3.46 g, 20 mmolDMF (10 mL) were
added KCO;(8.29 g, 60 mmol) and propargyl bromide (8.29 g,na#ol) at 0 °C, and then the mixture was stirredt at
overnight. After addition of KD (20 mL), the reaction mixture was extracted weither (30 mLx3). The combined ethereal
solution was washed with B (30 mLx3) and dried over anhydrous MgS@vaporation of the solvent gave a crude
product, which was purified by column chromatogsapbn silica gel (hexane/ethyl acetate = 20/1) taegi
2-(2-propynyloxy)bromobenzenéd, 4.11 g, 97%). Oil'H NMR (CDCk): & 7.56 (1H, ddJ = 7.9 and 1.6 Hz), 7.31-7.26
(1H, m), 7.07 (1H, dd) = 8.3 and 1.5 Hz), 6.89 (1H, dt= 7.9 and 1.5 Hz), 4.78 (2H, d= 2.4 Hz), 2.54 (1H, ) = 2.4

Hz).**C NMR (CDCH): 5 153.7, 133.3, 128.2, 122.6, 113.9, 112.1, 77.8,, 55.6.
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4.1.2 2-(1-Methyl-2-propynyloxy)bromobenzefis).(To a solution of DMAP (37 mg, 0.3 mmol) in @El, (3 mL) were
successively added aqueous 3-butyn-2-ol (7.5 MiLL511.3 mmol), aqueous NaOH (25%, 2 mL) and tekjoride (1.90
g, 10 mmol) at 0 °C, and then the mixture wasesdimt rt for 2 h. After addition of @ (30 mL), the reaction mixture was
extracted with CHCl, (30 mLx3). Combined organic layer was washed wi© (50 mLx3) and then dried over
anhydrous MgS@ Evaporation of the solvent gave the correspond@ibgtyn-2-yl tosylate (1.97 g, 88%), which wasdise
for next step without further purification. In arsiar manner to preparation &, reaction of 2-bromophenol (1.21 g, 7
mmol) with K;COs; (1.16 g, 8.4 mmol) and the prepared 3-butyn-Zglkate (1.88 g, 8.4 mmol) in DMF (15 mL) gave
2-(1-Methyl-2-propynyloxy)bromobenzengh; 1.30 g, 82%) after a similar work-up followed tglumn chromatography
on silica gel (hexane/ethyl acetate = 20/1). INMR (CDCk):  7.55 (1H, dd,) = 7.8 and 1.8 Hz), 7.29-7.25 (1H, m),
7.14 (1H, ddJ = 8.2 and 1.4 Hz), 6.89 (1H, dt= 7.8 and 1.4 Hz), 4.78 (2H, dij= 6.8 and 1.8 Hz), 2.50 (1H, d= 1.8
Hz), 1.74 (3H, dJ = 6.8 Hz)."*C NMR (CDC}): & 153.8, 133.3, 128.2, 122.8, 116.0, 113.0, 82.31,86.0, 22.0. IR: 3294,

2116, 1588, 1476, 1278, 1242, 1090, 1032, 9428 HRMS (El):m/z223.9834 (M). Calcd for GoHe' "BrO 223.9837.

4.1.3 2-(1,1-Dimethyl-2-propynyloxy)bromobenzet®. 2-(1,1-Dimethyl-2-propynyloxy)bromobenzeri) was prepared
according to the reported proceddft@-Methyl-3-butyn-2-ol (1.00 g, 12 mmol) was disgad in anhydrous C}#N (6 mL)
and to this solution were successively added DBY4(2), 16 mmol) and trifluoroacetic anhydride (2dg212 mmol) at
0 °C, and then the mixture was stirred at the swmgerature for 30 min. To a solution of 2-bromopig1.73 g, 10
mmol) in anhydrous CCN (6 mL) were successively added DBU (1.83 g, h2ofh and CuCGJ-H,0 (1.7 mg, 0.01 mmol)
at 0 °C. To this solution was dropwise added tlepared solution of 2-methyl-3-butyn-2-ol in €EN for 30 min, and then
the mixture was stirred at the same temperaturé tor After addition of 1 M hydrochloric acid (50U the mixture was
extracted with ethyl acetate (50 mLx3). Combineglhaic layer was washed with 1 M hydrochloric a&@ (Lx2) and
H,O (100 mL) successively and dried over anhydrousS®lg Evaporation of the solvent followed by column
chromatography on silica gel (hexane/ethyl acetdat8/1) gave 2-(1,1-Dimethyl-2-propynyloxy)bromokene {c, 1.66 g,
69%) and recovered 2-bromophenol (301 mg, 17%)."BiINMR (CDCL): 5 7.62 (1H, dd,J = 8.2 and 1.4 Hz), 7.54 (1H,
dd,J= 7.8 and 1.8 Hz), 7.26-7.21 (1H, m), 6.92 (1HJdt,7.8 and 1.4 Hz), 2.60 (1H, s), 1.71 (6H,"&%. NMR (CDCW):

0153.0, 133.4, 127.9, 124.1, 121.5, 117.1, 86.2,74.1, 29.6. IR: 3293, 2113, 1584, 1472, 1238811047, 1029, 951,
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901, 753 crit. MS (El): m/z240 [(M+2), 3], 238 (M, 3), 174 (94), 172 (100). HRMS (Em/z237.9992 (M). Calcd for

CyH1,°Bro 237.9993.

4.1.4 2-(2-Butynyloxy)bromobenzerigl)>® To a solution of 2-(2-propynyloxy)bromobenzerig,(2.11 g, 10 mmol) in
anhydrous THF (20 mL) was added dropwise 1 M soiuttf NaHMDS in THF (12 mL, 12 mmol) under nitrogen
atmosphere at 0 °C. After stirring for 30 min a¢ tame temperature, iodomethane (7.10 g, 50 mnad)asdded to the
solution and the reaction mixture was stirred avernight. Saturated aqueous X solution (50 mL) was added to the
reaction mixture and the mixture was then extraetét ether (30 mLx3). The combined ethereal sotutivas washed
with 100 mL of 1 M hydrochloric acid and.@ (100 mLx3) successively and then dried over ardusl MgSQ.
Evaporation of the solvent followed by column chedagraphy on silica gel (hexane/ethyl acetate =1)2@ave
2-(2-butynyloxy)bromobenzendd, 2.13 g, 97%). Oil'H NMR (CDCk): & 7.55 (1H, ddJ = 7.8 and 1.4 Hz), 7.30-7.26
(1H, m), 7.06 (1H, dd) = 8.3 and 1.4 Hz), 6.87 (1H, dt= 7.8 and 1.4 Hz), 4.74 (2H, §= 2.3 Hz), 1.86 (3H, ) = 2.3

Hz). '*C NMR (CDCE): 5 154.0, 133.2, 128.2, 122.2, 113.8, 112.0, 84.24, 5.2, 3.6.

4.1.5 tert-Butyl N-(2-bromophenyl)-N-(2-propynybizamate(1e).”’ To a solution of 2-bromoaniline (3.43 g, 20 mmial)
THF (40 mL) was added dert-butyl dicarbonate (10.90 g, 50 mmol) and then tlidure was stirred under reflux for 3
days. To the reaction mixture was added ether (BPand the organic layer was washed with saturbtate (50 mLx3)
and dried over anhydrous MgaCEvaporation of the solvent gave a crude prodwtiich was subjected to column
chromatography on silica gel (hexane/ethyl aceta®®/1) to givetert-butyl N-(2-bromophenyl)carbamate (4.73 g, 87%).
Spectral data were in good accordance with repatéd’**! To a suspension of NaH (722 mg, 60% oil dispersish
mmol, washed with hexane before use) in anhydroudF T(60 ml) was added dropwisgert-butyl
N-(2-bromophenyl)carbamate (4.08 g, 15 mmol) at 0 A@er stirring for 30 min at rt, propargyl broned2.14 g, 1.2
equiv) was added and the mixture was stirred &iC30vernight. 60 mL of BD was added to the reaction mixture, which
was then extracted with ethyl acetate (50 mLx3e Tbmbined organic layer was washed witt©OH50 mLx3) and dried
over anhydrous MgSQ After evaporation of the solvent, column chronga#phy on silica gel (hexane/ethyl acetate =
10/1) gavetert-butyl N-(2-bromophenylN-(2-propynyl)carbamatéle 3.88 g, 83%). Solid, mp: 55-58°CH NMR

(CDCl): 8 7.62 (1H, dJ = 7.8 Hz), 7.47-7.31 (2H, m), 7.20-7.16 (1H, mJ840.7H, dd,) = 17.6 and 2.4 Hz), 4.64 (0.3H,

14



br d,J = 17.8 Hz), 4.04-3.86 (1H, m), 2.23 (0.3H, br sp02(0.7H, br tJ = 2.4 Hz) 1.55 (2.7H, s), 1.35 (6.3H,'4%: NMR
(CDCly): 6 153.5 (153.3), (140.2), 139.9, (133.1), 132.80(28 130.6, (129.1), 128.9, (128.1), 127.8, 12(®4,3), 80.7,
(79.2), 79.1, 72.3, (72.0), (39.3), 37.9, (28.2),92 Chemical shifts of observed signals of a mimdamer are shown in

parentheses.

4.1.6 2-(3-Butynyl)bromobenzeri)(*? In a round-bottom flask flushed with,Mas placed Mg turning (1.22 g, 50 mmol)
and then anhydrous ether (10 mL), a tip of iodind a drop of 1,2-dibromoethane was successivelgcadéifter leaving
the mixture at 0 °C for 30 min, a solution of albrdomide (2.43 g, 20 mmol) in dry ether (20 mL) vealed dropwise to
the mixture to prepare a solution of a Grignardyess. To a solution of 2-bromobenzyl bromide (2¢t910 mmol) in
anhydrous THF (20 mL) was added dropwise a prepswoedion of a Grignard reagent at rt and the reaathixture was
stirred at rt overnight. 100 mL of @ was added to the mixture, which was then extdaetith ether (50 mLx3). The
combined ethereal solution was washed witd KILO0O mLx3) and dried over anhydrous MgSBEvaporation of the solvent
followed by column chromatography on silica gelxgee) gave 2-(3-butenyl)bromobenzene (1.82 g, 8 Bjigctral data
were in good accordance with reported d&f4To a solution of 2-(3-butenyl)bromobenzene (633 igymol) in CHCI,
(10 mL) was added dropwise bromine (480 mg, 3 mmab() °C and then the mixture was stirred at rtifér. The solvent
was evaporated to give a crude 2-(3,4-dibromobutythobenzene, which was dissolve in DMSO (5 mL)this solution
was slowly added a solution 6BuOK (740 mg, 6.6 mmol) in DMSO (15 mL) at rt fah. After stirring at rt for 3 h
followed by addition of 1 M hydrochloric acid (30U the mixture was extracted with ether (50 mLxBhe combined
ethereal solution was washed withQH (50 mLx3) and then dried over anhydrous MgSBEvaporation of the solvent
followed by column chromatography on silica gelx@ee) gave 2-(3-butynyl)bromobenzené, 438 mg, 70%). Oil'H
NMR (CDCk): & 7.54 (1H, ddJ = 7.6 and 1.1 Hz), 7.29 (1H, ddi= 7.6 and 2.0 Hz), 7.25 (1H, dt= 7.6 and 1.1 Hz),
7.09 (1H, dtJ = 7.6 and 2.0 Hz), 2.98 (2H, 1= 7.5 Hz), 2.52 (2H, dt) = 7.5 and 2.6 Hz), 1.99 (1H,1= 2.6 Hz)."°C

NMR (CDCk): 6 139.3, 132.7, 130.6, 128.0, 127.3, 124.2, 83.2,65.0, 18.7.

4.1.7 2-(2-Propynylthio)bromobenzerg), In a similar manner to preparationlat reaction of 2-bromothiophenol (3.78 g,
20 mmol) with KCO; (3.32 g, 24 mmol) and propargyl bromide (2.86 ¢4, @mol) in DMF (20 mL) gave

2-(2-propynylthio)bromobenzenéd, 4.01 g, 88%) after a similar work-up followed tglumn chromatography on silica
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gel (hexane/ethyl acetate = 20/1). . NMR (CDCk): & 7.57 (1H, dd)J = 7.8 and 1.4 Hz), 7.44 (1H, déi= 7.8 and 1.4
Hz), 7.32 (1H, dtJ = 7.8 and 1.4 Hz), 7.09 (1H, dt= 7.8 and 1.4 Hz), 3.67 (2H, d~ 2.8 Hz), 2.24 (1H, t) = 2.8 Hz).
%C NMR (CDCL): 5 136.2, 132.8, 128.6, 127.7, 127.2, 123.4, 78.8,721.2. IR: 3296, 2244, 1576, 1450, 1428, 1233,

1109, 1020, 908, 742 éMHRMS (El):m/z225.9448 (M). Calcd for GH,"Br*?S 225.9452.

4.1.8 2-(3-Butynyloxy)bromobenzen&)( To a solution of 3-butyn-1-ol (351 mg, 5 mmol)anhydrous THF (20 mL) was
successively added 2-bromophenol (1.04 g, 6 mm#)3 (1.57 g, 6 mmol) and diisopropyl azodicarboxyléte21 g, 6
mmol) at 0 °C. After stirring at rt overnight, teelvent was evaporated to give a residue, to wiva$added a 4/1 mixture
of hexane/ether (50 mL) and the mixture was stiaedt for 30 min. Precipitated solid, triphenylgiphine oxide, was
removed by filtration and the resulting solutionsaevaporated to give a crude product, which wagestéd to column
chromatography on silica gel (hexane/ethyl acetatid/1 to 5/1) to give 2-(3-butynyloxy)bromobenzgid, 769 mg,
68%). Oil.'"H NMR (CDCEk): & 7.54 (1H, dd,J = 7.8 and 2.0 Hz), 7.28-7.24 (1H, m), 6.91 (1H, Hd,8.3 and 1.4 Hz),
6.86 (1H, dtJ = 7.8 and 1.4 Hz), 4.16 (2H,1,= 7.3 Hz), 2.75 (2H, dtj = 7.3 and 2.8 Hz), 2.06 (1H,1= 2.8 Hz).**C
NMR (CDCk): 6 154.7, 133.4, 128.4, 122.3, 113.6, 112.3, 79.9,,@¥.1, 19.4. IR: 3297, 2123, 1587, 1480, 122431
1054, 1031, 900, 748 ¢éMMS (El): m/z226 [(M+2), 31], 224 (M, 33), 187 (7), 185 (8), 174 (98), 172 (100), 183)(

117 (28), 53 (29). HRMS (Eljn/z223.9832 (M). Calcd for GoHg °BrO 223.9837.

4.1.9 2-[(4-Allyloxy-2-butynyl)oxy]bromobenzerga) To a suspension of NaH (480 mg, 60% oil dispersi® mmol,
washed with hexane before use) in anhydrous DMAT(ILPwas dropwise added a solution of 2-butyn-lig-(.73 g, 20
mmol) in DMF (10 mL) at 0 °C and then the mixturasastirred at 80 °C for 1 h. To this solution wagpavise added a
solution of allyl bromide (1.20 g, 10 mmol) in DMEO mL) and then the mixture was stirred at theestsamperature for 4

h. After cooling to rt, 50 mL of 1 M hydrochloriccial was added and the resulting aqueous solutisaexttacted with
ether (50 mLx3). The combined ethereal solution washed with saturated brine (100 mLx2) and theaddover
anhydrous MgS@ Evaporation of the solvent followed by columnarhatography on silica gel (hexane/ethyl acetate =
2/1) gave 4-allyloxy-2-butyn-1-ol (705 mg, 56%).e8fral data were in good accordance with reporad’dTo a solution

of 4-allyloxy-2-butyn-1-ol (630 mg, 5 mmol) in antnpus THF (20 mL) was successively added 2-bromogph@.04 g, 6

mmol), PPh (1.57 g, 6 mmol) and diisopropyl azodicarboxyléte21 g, 6 mmol) at 0 °C. After stirring at rt omaght, the
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solvent was evaporated to give a residue, to wiviak added a 4/1 mixture of hexane/ether (50 mL)thadnixture was
stirred for 30 min. Precipitated solid was remowdfiltration and the resulting solution was evagied to give a crude
product, which was subjected to column chromatdgyrapn silica gel (hexane/ethyl acetate = 10/1 tb) 36 give
2-[(4-allyloxy-2-butynyl)oxy)]bromobenzen&4, 1.16 g, 83%). Oil'H NMR (CDCk): 5 7.55 (1H, ddJ = 7.9 and 1.6 Hz),
7.28 (1H, ddd,) = 8.2, 7.4 and 1.6 Hz), 7.06 (1H, dd; 8.2 and 1.4 Hz), 6.88 (1H, ddil= 7.9, 7.4 and 1.4 Hz), 5.88 (1H,
ddt,J=17.2, 10.4 and 5.8 Hz), 5.27 (1H, dg; 17.2 and 1.6 Hz), 5.20 (1H, ddt= 10.4, 1.6 and 1.4 Hz), 4.83 (2HJt
1.8 Hz), 4.19 (2H, t) = 1.8 Hz), 4.02 (2H, dt) = 5.8 and 1.4 Hz)'"*C NMR (CDCE): 5 153.6, 133.5, 133.1, 128.0, 122.3,
117.5, 113.7, 111.9, 83.8, 80.4, 70.2, 56.9, 3&R62853, 1586, 1575, 1477, 1444, 1354, 1279, 12296, 1082, 1052,

1032, 1005, 930, 749, 660 ¢orHRMS (ESI):m/z302.9992 [(M+Nal). Calcd for GasHis "BrNaO, 302.9991.

4.1.10 tert-Butyl N-(2-bromophenyl)-N-(4-allyloxyb@tynyl)carbamate 3p). To a solution of 4-(allyloxy)-2-butyn-1-ol
(1.88 g, 15 mmol) and B (1.88 g, 18 mmol) in CkCl, (30 mL) was added methanesulfonyl chloride (2.068ymmol) at

0 °C. After stirring for 2 h at the same temperaf&0 mL of HO was added and organic layer was separated. Shktimg
agueous solution was extracted with CH (30 mLx2) and the combined organic layer was wastith H,O (100 mLx3).
After drying over anhydrous MgS@nd evaporation of the solvent, column chromafagyaon silica gel (hexane/ether =
1/1) gave 4-allyloxy-2-butyn-1-ly methanesulfon&e45 g, 12 mmol, 83%). Spectral data were in gactbrdance with
reported datd’ To a suspension of NaH (480 mg, 60% oil dispetsith mmol, washed with hexane before use) in
anhydrous THF (20 mL) was dropwise added-butyl N-(2-bromophenyl)carbamate (2.72 g, 10 mmol) at Oufder
nitrogen atmosphere and then the reaction mixtuae stirred at rt for 30 min. To this solution wasplise added
4-allyloxy-2-butynyl methanesulfonate (2.45 g, 12nah) and the resulting mixture was stirred at remnght. After
addition of HO (100 mL), the reaction mixture was extracted veithyl acetate (50 mLx3). The combined organicraye
was washed with 0 (100 mLx3) and then dried over anhydrous Mg3¥aporation of the solvent followed by column
chromatography on silica gel (hexane/ethyl acetate = 4/1) gave tert-butyl
N-(2-bromophenylN-(4-allyloxy-2-butynyl)carbamatesb, 3.38 g, 9 mmol, 89%). OitH NMR (CDCL): & 7.64—7.60 (1H,
m), 7.46—-7.30 (2H, m), 7.19-7.15 (1H, m), 5.91-584, m), 5.28-5.18 (2H, m), 4.78 (0.8H, brldz 17.4 Hz), 4.66
(0.2H, br.d,J = 17.1 Hz), 4.16-3.92 (5H, m), 1.55 (1.8H, s), 1(3%H, s).**C NMR (CDCH): & 153.3, (153.2), (140.1),

139.8, 133.7, (133.0), 132.7, (130.8), 130.5, (QR8128.7, (127.9), 127.6, 123.4, 117.3, (81.6)58(81.0), 80.4, 79.9,
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(79.7), 70.0, 57.0, (39.4), 38.0, (28.0), 27.8. i@ival shifts of the observed signals of a minoanwtr are shown in
parentheses. IR: 1708, 1477, 1382, 1304, 1253,, 1IBI6, 1067, 1017, 935, 862, 758 tnMS (ESI): m/z 402.0675

[(M+Na)*]. Calcd for GgH»,05 *BrNNa 402.0675.

4.2 General procedure for electrochemical reactdd or 3

A solution of aryl bromidel or 3 (1 mmol) in anhydrous DMF (10 mL) containing BiBF, (0.1 M) was
electrolyzed at —10 °C fod (at —40 °C for3) with a constant current (5 mA/&nin the presence of methyl
4-tert-butylbenzoate (96 mg, 0.5 mmol) under atmosphemssure of bubbling carbon dioxide. A test tuke-lfca. 25
mmg) undivided cell equipped with a Pt plate cathd¥2(cnf), an Mg rod anode (3 mpnca. 25 mm) and a Teflon® tube
(¢ 1 mm) for supplying carbon dioxide was used fa& #ectrolysis. After an appropriate amount of teleity had been
passed (shown in the tables and schemes), 1 M ¢hyldric acid (100 mL) was added to the electrolygellition and then
the mixture was extracted with ethyl acetate (30<B)L The combined organic layer was washed witbratéd NaHCQ
(40 mLx3) and the resulting agueous solution wadifeed with 3 M hydrochloric acid and then extradtwith ethyl
acetate (30 mLx5). The combined ethyl acetate isoluvas washed with @ (100 mLx3) and dried over MgQ0O
Evaporation of the solvent gave a crude produdh the reaction ofl and3 exceptld; a crude product was purified by
column chromatography on silica gel (hexane/ettodtate/acetic acid = 20/10/3 for the reactionlpfhexane/ethyl
acetate/acetic acid = 8/2/1 for the reactioB)ab give pure dicarboxylic aci@ or tandem-cyclized carboxylic acid i) In
the reaction ofld; a crude product was dissolved in benzene (7 mid) @OH (3 mL). To this solution was added
trimethylsilyldiazomethane (0.6 M solution in herai3.5 mL) at rt and the mixture was stirred dbrt2h. Evaporation of

the solvent followed by column chromatography dicaigel (hexane/ethyl acetate = 4/1) gave digdd€i01 mg, 39%).

4.2.1 3-Carboxy-2,3-dihydrobenzo[b]furan-3-ylacetaxid @a).*° Yield: 62%. Solid, mp: 186-187 °CH NMR
(CDCL+DMSO-d): & 7.27 (1H, ddJ = 7.5 and 0.8 Hz), 7.19-7.15 (1H, m), 6.89-6.83,(d#J = 7.5 and 0.9 Hz), 6.79
(1H, br.d,J= 8.1 Hz), 5.31 (1H, ddl = 9.7 and 0.8 Hz), 4.46 (1H, d= 9.7 Hz), 3.39 (1H, dd] = 17.4 and 0.8 Hz), 2.69

(1H, d,J= 17.4 Hz).°*C NMR (DMSO+s): 5 173.8, 172.7, 159.4, 129.8, 128.7, 124.1, 12@8,9, 79.2, 53.3, 42.3.

4.2.2 3-Carboxy-2,3-dihydro-2-methylbenzo[b]furaiyt&cetic acid 2b). Yield: 62% (a 60/40 mixture of isomers). Solid,
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mp: 176-178 °C*H NMR (DMSO-dg): & 7.36 (0.6H, br.d) = 7.6 Hz), 7.28 (0.4H, br.d, = 7.6 Hz), 7.18-7.11 (1H, m),
6.86—6.81 (1H, m), 6.764 (0.4H, 8= 7.6 Hz), 6.755 (0.6H, d = 7.6 Hz), 5.35 (0.4H, gl = 6.4 Hz), 4.73 (0.6H, ] =

6.4 Hz), 3.16 (0.4H, dJ = 18.0 Hz), 2.99 (0.6H, dl = 17.2 Hz), 2.78 (0.4H, d = 18.0 Hz), 2.75 (0.6H, d = 17.2 Hz),
1.36 (1.8H, dJ = 6.4 Hz), 1.23 (1.2H, dl = 6.4 Hz)."*C NMR (DMSO4): 5 (173.6), (172.6), 172.4, 172.0, 159.1, (157.9),
130.3, (129.6), 128.9, (128.5), 126.1, (124.9),.33@nay be overlapped), (109.6), 109.4, 85.7, (8%8.7, (55.3), 41.8,
(37.4), 16.4, (16.3). Chemical shifts of the signptobably derived from a minor isomer are showmanentheses. IR
(KBr): 3500-2300, 1704, 1596, 1481, 1436, 1280,1124€71, 751 cfh Anal: Calcd for G&H1:0s: C, 61.02; H, 5.12.

Found: C, 60.93; H, 5.04.

4.2.3 3-Carboxy-2,3-dihydro-2,2-dimethylbenzo[b#iw3-ylacetic acidZc). Yield: 55%. Solid, mp: 173-175 °¢H NMR
(DMSO-dg): 6 7.33 (1H, ddJ = 7.6 and 1.2 Hz), 7.09 (1H, dt= 7.6 and 1.2 Hz), 6.79 (1H, &= 7.6 and 1.2 Hz), 6.71
(1H, d,J = 7.6 Hz), 3.04 (1H, dJ = 17.2 Hz), 2.38 (1H, d] = 17.2 Hz), 1.42 (3H, s), 1.19 (3H, $C NMR (DMSOd): &
172.5,171.8, 157.6, 130.0, 128.8, 127.8, 120.92,71.@9.5, 58.7, 40.0, 24.1, 22.2. IR (KBr): 35080@, 1701, 1475, 1460,

1248, 940, 849, 749 ¢hAnal: Calcd for GH140s: C, 62.39; H, 5.64. Found: C, 62.02; H, 5.36.

4.2.4 Methyl 2-(3-methoxycarbonyl-2,3-dihydrobebiojran-3-yl)propanoate 4d). Yield: 39% (a 55/45 mixture of
isomers). Oil.'H NMR (CDCk): & 7.39 (0.55H, ddJ = 7.6 and 1.2 Hz), 7.27.15 (1.45H, m), 6.96.86 (2H, m), 6.82
(0.45H, dJ=7.8 Hz), 6.79 (0.55H, d,= 8.2 Hz), 5.28 (0.45H, &= 10.5 Hz), 4.97 (0.55H, d,= 9.6 Hz), 4.74 (0.55H, d,
J = 9.6 Hz), 4.64 (0.45H, dl = 10.5 Hz), 3.76 (1.65H, s), 3.73, (1.35H, s), 3(@135H, s), 3.55 (0.45H, §,= 7.3 Hz),

3.53 (1.65H, s), 3.35 (0.55H, §= 7.3 Hz), 1.18 (1.65H, dl = 7.3 Hz), 1.02 (1.35H, d} = 7.3 Hz).”*C NMR (CDCE): &

175.0, 173.6, 173.0, 172.3, 160.2, 160.1, 130.9,912126.3, 126.0, 125.5, 123.6, 120.7, 120.5,111110.0, 75.9, 74.9,
58.7, 58.2, 52.94, 52.85, 52.1, 51.8, 45.4, 4438),112.0. IR: 2953, 1734, 1597, 1483, 1460, 14226, 1119, 1077, 981,

838, 753 crit. HRMS (EI):m/z264.0994 (M). Calcd for GaH1¢Os 264.0998.

4.2.5 1-tert-Butoxycarbonyl-3-carboxy-2,3-dihydrd-Ihdol-3-ylacetic acid Ze). Yield: 71%. Solid, mp: 188-189 °CH
NMR (DMSO-dg): 8 7.72 (0.7H, br. s), 7.39 (0.3H, br. s), 7.32—724, m), 6.95 (1H, m), 4.60 (1H, d= 11.5 Hz), 3.82

(1H, d,J = 11.5 Hz), 3.23 (1H, d = 17.4 Hz), 2.80 (1H, dl = 7.4 Hz), 1.52 (9H, s}°C NMR (DMSOd): & 173.9, 172.6,
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151.5, 142.3, (141.3), (132.7), 131.8, 129.2, 1232.4, 114.4, (81.31), 80.4, 56.7, 50.9, (504R)6, 28.1. Chemical
shifts of the observed signals of a minor rotammershown in parentheses. IR (KBr): 3600-2400, 17289, 1402, 1351,

1247, 1146, 1049, 753 ¢mAnal: Calcd for GeH1NOg: C, 59.81; H, 5.96; N, 4.36. Found: C, 59.55; K875 N, 4.31.

4.2.6 1-Carboxy-2,3-dihydro-1H-indene-1-ylaceticdaf). Yield: 30%. Solid, mp: 175-177 °@4 NMR (DMSO-dq): &
12.3 (2H, br.s), 7.28-7.14 (4H, m), 3.15 (1HJd; 17.6 Hz), 3.04-2.96 (1H, m), 2.92-2.84 (1H, m) 12874 (1H, m),
2.50 (1H, d,J = 17.6 Hz), 2.13-1.95 (1H, m}*C NMR (DMSOd): 5 175.5, 172.6, 144.3, 143.8, 127.8, 126.5, 124.8,
123.7, 55.5, 42.6, 34.8, 30.7. IR (KBr): 3500-230010, 1419, 1297, 1249, 1210, 928, 768 crnal: Calcd for

CioH1204: C, 65.45; H, 5.49. Found: C, 65.35; H, 5.28.

4.2.7 3-Carboxy-2,3-dihydro-1H-benzo[b]thiophenigegtic acid g). Yield: 30%. Solid, mp: 174-176 °CH NMR
(CD;0D): & 7.30 (1H, dJ = 7.8 Hz), 7.15-7.18 (2H, m), 7.03—-7.08 (1H, m), 418, d,J = 11.9 Hz), 3.47 (1H, d] =
11.9 Hz), 3.03 (1H, d) = 17.4 Hz), 2.87 (1H, dJ = 17.4 Hz)."3C NMR (CD;0OD): 5175.6, 174.4, 142.7, 141.7, 130.0,
125.7, 125.4, 123.4, 60.2, 41.4, 40.4. IR (KBr)0@52500, 1721, 1460, 1426, 1355, 1300, 1250, 12280, 1070, 941,

853, 795, 744 cth Anal: Calcd for GH100,S: C, 55.45; H, 4.23; S, 13.46. Found: C, 55.314 913, S, 13.46.

4.2.8 4-Carboxy-3,4-dihydro-2H-benzo[b]pyran-4-ydtic acid @h). Yield: 51%. Solid, mp: 197-199 °CH NMR
(DMSO-dg): 5 7.50 (1H, dd,) = 8.4 and 1.6 Hz), 7.14-7.10 (1H, m), 6.88—6.84, (i 6.76 (1H, dd) = 8.4 and 1.6 Hz),
4.26-4.20 (1H, m), 4.19-4.13 (1H, m), 3.13 (1HJ &,16.8 Hz), 2.63 (1H, d] = 16.8 Hz), 2.60-2.54 (1H, m), 2.12-2.06
(1H, m).**C NMR (DMSO4g): 175.2, 172.2, 154.4, 128.5, 128.2, 123.1, 120.53,31163.0, 43.9, 42.7, 29.7. IR (KBr):
3500-2300, 1700, 1490, 1450, 1431, 1299, 1227, 1988 753 ci. Anal: Calcd for G;H;.0s: C, 61.02; H, 5.12. Found:

C, 60.73; H, 5.01.

4.2.9 (1)-3-(3-oxabicyclo[3.1.0]hexan-1-yl)-2,3-gittrobenzofuran-3-carboxylic acidig-major). Solid, mp: 108-109 °C.
'H NMR (CDCE): 8 7.39 (1H, dJ = 7.6 Hz), 7.25-7.21 (1H, m), 6.92 (1H, bt 7.6 Hz), 6.83 (1H, br. dl = 8.1 Hz),
4.99 (1H, dJ=9.5 Hz), 4.59 (1H, d] = 9.5 Hz), 3.86 (1H, d] = 8.4 Hz), 3.78 (2H, s), 3.57 (1H, &= 8.4 Hz), 1.44-1.37

(1H, m), 0.94-0.87 (1H, m), 0.70 (1H, X 8.4 Hz).*3C NMR (CDCE): & 177.3, 159.9, 130.1, 126.2, 125.0, 120.7, 110.3,

20



77.2, 70.6, 70.0, 56.4, 33.7, 20.8, 11.0. IR (KB§00-2500, 1713, 1476, 1457, 1297, 1259, 12341,1885, 750 ci.

Anal.: Calcd for G4H1404: C, 68.28; H, 5.73. Found: C, 68.31; H, 5.81.

4.2.10 (3)-3-(3-oxabicyclo[3.1.0]hexan-1-yl)-2,3hgidrobenzofuran-3-carboxylic acidg-minor). Solid, mp: 166—168 °C.
'H NMR (CDCH): 8 7.35 (1H, ddJ = 7.6 and 1.0 Hz), 7.26-7.21 (1H, m), 6.89 (1H,Jdt,7.6 and 1.0 Hz), 6.84 (1H, br. d,
J=8.1Hz), 5.04 (1H, d) = 9.2 Hz), 4.50 (1H, d] = 9.2 Hz), 3.84-3.80 (3H, m), 3.69 (1H, dds 8.1 and 1.2 Hz), 1.80—
1.76 (1H, m), 0.55 (1H, t] = 4.9 Hz), 0.40-0.35 (1H, m)*C NMR (CDCL): 5 177.4, 159.9, 130.3, 125.2, 124.8, 120.7,
110.4, 77.2, 70.4, 69.9, 56.2, 33.8, 21.9, 9.AKBr): 3500-2400, 1724, 1481, 1459, 1234, 894, ai&i. Anal.: Calcd for

C14H1404: C, 68.28; H, 5.73. Found: C, 68.14; H, 5.83.

4.2.11 (1-3-(3-oxabicyclo[3.1.0]hexan-1-yl)-1-(tdsutoxycarbonyl)indoline-3-carboxylic aciditf) (a 60/40 mixture of
diastereoisomers)Yield: 73 %. Solid, mp: 86—-87 °CH-NMR (CDCL): 3 7.88 (0.6H, br. s), 7.48 (0.4H, br. s), 7.41-7.39
(0.6H, m), 7.36 (0.4H, dl = 7.8 Hz), 7.29-7.25 (1H, m), 7.02—-6.93 (1H, m), 4G.4H, d,J = 11.9 Hz), 4.52 (0.6H, d =
11.9 Hz), 4.02 (1H, br. s), 3.89-3.74 (3H, m), 3(68, d,J = 8.0 Hz), 1.79-1.74 (0.4H, m), 1.57 (9H, br. s),9:4.46
(0.6H, m), 0.87-0.83 (0.6H, m), 0.67 (0.6HJ t& 5.0 Hz), 0.50 (0.4H, t) = 4.8 Hz), 0.29 (0.4H, dd} = 8.0 and 5.0 Hz).
¥C-NMR (CDCk): 174.6, 174.5, 151.7, 142.2, 141.2, 129.3, 12%28,4, 127.9, 125.7, 124.5, 122.0, 121.9, 1146l,8
80.9, 70.2, 69.5, 55.2, 53.5, 53.3, 34.2, 33.8),271.3, 20.4, 10.6, 8.6. IR (KBr): 3415, 1737, 1,70487, 1393, 1148, 754

cm™. Anal.: Calcd for GH>3NOs: C, 66.07; H, 6.71; N, 4.06. Found: C, 65.89; 66N, 3.94.

4.3 Direct treatment of the electrolysis mixturdafwvith iodomethane

Electrolysis ofla (1 mmol) was carried out as described i General procedure for electrochemical reactidn
1 or 3. After electrolysis, anode metal, magnesium rods wemoved from the electrolyzed mixture, and tteerthe
electrolyzed mixture was added anhydrous DMF (10 amd iodomethane (7.1 g, 50 mmol), and then thdumd was
stirred at 35 °C for 72 h. To the mixture was adiléd HCI (100 mL) and the mixture was extractedwathyl acetate (30
mLx5). Combined organic layer was washed with satkt NaHC@(40 mLx3) and HO (100 mLx3) successively and
then was dried over MgSOEvaporation followed by column chromatographysdita gel (hexane/ethyl acetate = 10/1)

gave methyl 3-methoxycarbonyl-2,3-dihydrobenzo[igfu3-ylaceatey, 149 mg, 59%) and recoveréd (38 mg, 18%).
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4.3.1 Methyl 3-methoxycarbonyl-2,3-dihydrobenza[tdh-3-ylaceate §). Yield: 59%. Solid, mp: 103-104 °¢H NMR
(CDClg): & 7.23-7.15 (2H, m), 6.88 (1H,x= 7.5 Hz), 6.84 (1H, d]= 8.2 Hz), 5.31 (1H, ddl= 10.1 Hz), 4.44 (1H, dI=
10.1 Hz), 3.74 (3H, s), 3.71 (3H, s), 3.44 (1HJd; 17.4 Hz), 2.75 (1H, d] = 17.4 Hz).**C NMR (CDC}): 5 172.4.8,
171.3, 159.6, 130.1, 127.4, 123.8, 120.8, 110.3,A38.7, 53.0, 52.0, 42.3. IR (KBr): 1731, 159834, 1364, 1297, 1258,

1230, 1213, 1168, 962, 756 ¢nAnal.: Calcd for GH140s: C, 62.39; H, 5.64. Found: C, 62.35; H, 5.54.

4.4 Transformation of diacida into spirolactoner.

A mixture of2a (111.1 mg, 0.5 mmol) and acetic anhydride (61 &§, mmol) in toluene (5 mL) was heated
under reflux for 4 h. Evaporation gave a crude dnlg 6, which was used for a next reaction without furtperification.
To a solution of anhydridé in THF (5 mL) was added NaBH37.8 mg, 1.0 mmol) at rt. After stirring at rtrfa h, 6 M
HCI (10 mL) was added to the mixture and stirringswcontinued at rt for 12 h. The mixture was exé@avith ethyl
acetate (30 mLx3) and combined organic layer washe with HO (30 mLx3). Dryness over MgSQ@nd evaporation of
the solvent gave a crude product, which was pdrifig column chromatography on silica gel (hexahgledcetate = 2/1)

to give spirolacton& (76 mg, 80%).

4.4.1 Spiro[benzofuran-3(2H),3'(4’H)-furan]-2’,5'idne @)(not isolated) *H NMR (CDCk): & 7.29 (1H, dtJ = 7.5 and
1.4 Hz), 7.15 (1H, dd] = 7.5 and 0.9 Hz), 6.99 (1H, dt= 7.5 and 0.9 Hz), 6.93 (1H, d= 8.2 Hz), 5.07 (1H, d] = 9.6
Hz), 4.58 (1H, dJ = 9.6 Hz), 3.32 (1H, d] = 19.2 Hz), 3.27 (1H, dl = 19.2 Hz).**C NMR (CDC}): & 172.8, 168.0, 159.5,

131.1, 126.7, 122.1, 122.0, 110.9, 78.6, 54.8,.42.3

4.4.2 Spiro[benzofuran-3(2H),3'(2'H)-furan]-5'(4’Hdne ). Solid, mp: 68—70 °C'H NMR (CDCL): & 7.22—7.27 (2H,
m), 6.98 (1H, dtJ = 7.6 and 0.8 Hz), 6.87 (1H, d= 7.6 Hz), 4.60 (1H, d] = 9.2 Hz), 4.48 (1H, d) = 9.2 Hz), 4.44 (1H,
d,J = 9.2 Hz), 4.40 (1H, dJ = 9.2 Hz), 2.96 (1H, d] = 17.6 Hz), 2.76 (1H, d] = 17.6 Hz).*C NMR (CDCE): 5 174.8,

159.6, 129.9, 128.2, 122.4, 121.5, 110.3, 81.5,7R.8, 40.5. IR (KBr): 1774, 1601, 1482, 14590941242, 1182, 1039,

1010, 977, 840, 753 ¢Anal.: Calcd for GH,00s: C, 69.46; H, 5.30. Found: C, 69.54; H, 5.31.
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