Accepted Manuscript

Formal [4 + 1] cycloaddition strategy for the synthesis of dihydrobenzofurans via
Michael addition of 2-(2-nitrovinyl)-phenols and malonate esters (C1 synthon) and
subsequent iodine-catalyzed oxidative annulation

Jiaying Leng, Jiang Meng, Xiaoyan Luo, Wei-Ping Deng

PII: S0040-4020(18)31107-4
DOI: 10.1016/j.tet.2018.09.028
Reference: TET 29800

To appearin:  Tetrahedron

Received Date: 30 August 2018
Revised Date: 12 September 2018
Accepted Date: 14 September 2018

Please cite this article as: Leng J, Meng J, Luo X, Deng W-P, Formal [4 + 1] cycloaddition strategy for
the synthesis of dihydrobenzofurans via Michael addition of 2-(2-nitrovinyl)-phenols and malonate esters
(C1 synthon) and subsequent iodine-catalyzed oxidative annulation, Tetrahedron (2018), doi: https://
doi.org/10.1016/j.tet.2018.09.028.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.tet.2018.09.028

Graphical Abstract

To create your abstract, type over the instructions in the template box below.

Fonts or abstract dimensions should not be changed or altered.

Formal [4 + 1] Cycloaddition Strategy for the

Synthesis of Dihydrobenzofuransvia Michael

Addition of 2-(2-nitrovinyl)-phenolsand Malonate

Esters (C1 Synthon) and Subsequent | odine-catalyzed
Oxidative Annulation

Jiaying Leng, Jiang Meng, Xiaoyan Luo,* and Wei-Ping Deng*

Technology, Shanghai 200237, China

Leave this area blank for abstract info.

Shanghai Key Laboratory of New Drug Design, School of Pharmacy, East China University of Science and

PN OoN

R!

v Mild reaction conditions

\ Metal free

7y
U\WNOZ+ (CooRZ I, (10 mol %), TBHP (5.5 M in decane) ©_ \  oR?
R
3
/P o COOR THF, NaHCO3, 30 °C | o “coor®

R1

17 examples
up to 99% yield




Tetrahedron

journal homepage: www.elsevier.com

Formal [4 + 1] Cycloaddition Strategy for the Syedls of Dihydrobenzofuransa

Michael Addition of 2-(2-nitrovinyl)-phenols and Neate Esters (C1 Synthon) and
Subsequent lodine-catalyzed Oxidative Annulation

Jiaying Leng, Jiang Meng, Xiaoyan Luo,* and Weig’Deng*
Shanghai Key Laboratory of New Drug Design, School of Pharmacy, East China University of Science and Technology, Shanghai 200237, China

ARTICLE INFO ABSTRACT

Article history:

Received

Received in revised form
Accepted

Available online

proposed.

Keywords:
lodine-catalyzed
dihydrobenzofurans
nitroalkenes
malonate esters

A novel [4 + 1] cycloaddition protocol for the shmesis of dihydrobenzo(naphtho)fu
skeletons from readily available 2-(2-nitrovinylign(naphth)ols and malonate esteis a
tandem Michael addition/iodine-catalyzed oxidati@anulation
method provides a new and facile application ofamate esters as lrilicleophilic/electrophili
type C1 synthons without a pfenctionalization step and the plausible reacticethanism i

has been dewspkd. Thi
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1. Introduction

Figure 1. Pharmaceutical
dihydrobenzofuran rings

compounds containing 2,3-

Five-membered heterocycles such as dihydrobenzofura

represent pivotal structural motifs found in a &ngumber of
biologically active molecules, drugs, and materid@gure 1)!
Thus, the development of novel
methodologies for their synthesis has attracted timoous
attention from synthetic chemists. As known, cyclatod
reactions such as [3 + 2] are powerful and well-gdidools for
the construction of five-membered rinfgComparatively, the
less-studied [4 + 1] annulations providing alteiveat and
versatile approaches to obtain these compoundsatén&cting
more and more attentions owing to their distinct tisgtic
advantage%. According to the literatures, carbon monoxide,
fischer carbenes, nucleophilic carbenes, isocyaniddiazo
reagents and sulfur/phosphine ylides are widely usedne-
carbon(C1) synthons in the [4 + 1] annulatibi&ased on these
C1 synthons, a variety of highly efficient methaulgies toward
five-membered heterocycles have been reported. Howthere
are rare methodologies being developed based oewa GiL
synthon for it is a rather challenging work. Thuw novel [4 +

1] annulation to construct five-membered heteraeycklied on
new C1 synthons or strategies is worth to explore.
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Differing from the aforementioned C1 synthons, the

compounds with active methylene group such as T&ddonyl

and highly efficientcompounds also can be used as C1 synthons fothiiyatan be

easily transformed into carbon dianion under basinditions
(scheme 1AY. Therefore, they are commonly used as 1,1-
bisnucleophilic type C1 synthons in the [4 + 1] alations,
while the aforementioned nucleophilic carbenes, yianitles,
diazo reagents and sulfur/phosphine ylides are esedl,1-
nucleophilic/electrophilic type ones owing to thespecial
structures or characters such as with leaving grdog&011, Xie
et al® and co-workers reported a noval cycloaddition tostaict
dihydrobenzofuran using-halo-1,3-dicarbonyl compound as C1
synthon to react with salicylic aldehyde derivatiyesheme 1B).
Recently, Leiet a’ reported a novel N-iodosuccinimide-
mediated decarboxylative [4 + 1] oxidative annulatbetween
2-vinylpyridine derivatives and malonate monoestersonstruct
indolizine derivatives by utilizing malonate montegs as a C1
synthons, in which the in situ formed 2,2-diiodoatetwas the
active intermediate, which reacted with 2-vinylpynigi
derivatives through an electro-philic/radical réact path way
(scheme 1C). With the sustaining interests in loetale
synthesis, we have reported the novel iodine-cagd\yf3 + 2]
annulations of allenes with 1,3-dicarbonyl compounds
enamines for synthesis of polysubstituted furards @nroles, in
which theg-carbon anion with potential nucleophilic reactiwvity
the intermediate could be inverted into electrdphdite under
oxidative conditiong€. With this information in mind, we
envisioned that the compounds with active methylgngup
would find new application for they can first be used
nucleophile in the reaction and then converted &lectrophile
under  oxidative  conditions  without a  necessary
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prefunctionalization step. This strategy would enddvese  After initial screening of the reaction condition®;(2-
traditional 1,1-bisnucleophiles the new reactivitys d,1- nitrovinyl)-naphthol 1a and methyl malonate2a were

nucleophilic/electrophilic type C1 synthons whicte &qual to chosen as the substrates and NaH®@@s chosen as base
diazo reagentsy-halo carbonyl compounds and sulfur/phosphinefor the further optimization of the formal [4 + dbkidative
ylides (scheme 1D). annulation (see the Supplementary Material fordbtails,
Table 1). When KI (20 mol %) was used as the cataynd

TBHP (70 wt % in HO) as oxidant in 1,4-dioxane, the
desired dihydronaphthofuran3aa was obtained in 47%
Previous works: active methylene group as C1 yield (Table 1, entry 1). The examination of cataty
revealed that NIS (20 mol %) gave a better resntt the

Scheme 1The reaction modes of active methylene groupgSlas
synthons

A) EWG! EWG' . . yield of 3aa was increased to 60% after prolonging the
EWG~ Ewe-g blsnucaophilc reaction time to 36 h (Table 1, entry 2), whi}g20 mol %)
afforded the nearly same result (Table 1, entry Gther
B) Ewe! EWG! y N catalyst like NaBr could not trigger this reactifrable 1,
EWG— EYVG\@ nucleophilic/electrophilic entry 4). The further screening of catalysts provhdt
EWG%EWG} O when the same molar quantity of iodide was employkd

LG ' LG=ocl, Br, | [pre-functionalization needed reaction that employing las catalyst would perform better

o] < and the improvement of the catalyst loading could
) HOKEWG = Tewe o deteriorate the desired reaction (Table 1, eni€3. Some
viaf |__EWG electrophiliciradical other oxidants (such as DTBP andQ4) failed to improve

{ T } the yield of3aa(Table 1, entries 7 and 8). Surprisingly, the

result was dramatically increased to 82% when using
TBHP (5.5 M in decane) as oxidant (Table 1, enfryThis

This work: conceptually new strategy

2 N ewe E EWG' . ) encograging result implied that the water in oxitdem'ght
( + © — 101, ( \®(EWG deteriorate the reaction. To our surprised, the afsdried
Nu® EWG Nu© EWG  cat N\ afEwe THF as solvent did not improve the yield (Tableebtry
10). Further experiments showed that 90%3a4 would be

D) ! e obtained b_y increasing the amount of methyl malerm
EWG—/ = EWG\% nucleophilic/electrophilic to 1.8 equiv (Table 1, entry 11) and 71%3afa could still

be got after reducing the catalyst loading to 5 #bo(Table

1, entry 12). Control experiments exhibited thatthbo

NaHCO; and catalyst are necessary for this transformation
2. Results and discussion (Table 1, entry 13 and 15). Our initial screeningtioe
reaction conditions showed that the stronger bash ss
K,CO; was not suitable for this reaction for which would
unambiguously lead to intramolecular ester intengea
side reaction (see the Supplementary Material foe t
details, Table 1). When replacing NaHEC®ith K,CO;, a
considerable drop in yield is observed unsurpriging
tg(‘al'able 1, entry 14), but the reaction time was &hoto 2 h.

The reaction of nitroalkenes based on salicylaldielsy
and malonate esters was designed to test our hggisthit
was envisaged that malonate esters would firsttredit
nitroalkenes to form the Michael adducts, which Idobie
further oxidized under oxidative conditions and teed
by phenolic hydroxyl to construct dihydrobenzofusan
(scheme 2). The possible side reactions such as t
oxidation of phenol anda-carbon of nitroalkane, Table 1. The optimization of reaction conditions for the
intramolecular ester interchange of phenolic hygtaxith formal [4 + 1] annulatioh
ester along with some intermolecular reactions woul

unambiguously increase the difficulty of the desidri4 + O SUNO2  COOMe  Gat. Oxgant. THF. Addiive OZN
1] reaction, not to mention the compatibility of dfiael O o ( & S O o
addition reaction and the crucial oxidative steperein, oH coowve d

we report the first iodine-catalyzed formal [4 +dNidative 1a 2a 3aa
annulation of malonate esters and readily availabi@-

nitrovinyl)-naphthols or 2-(2-nitrovinyl)-phenolsoif the

- . . 0 b

synthesis of dihydrobenzo(naphtho)furans with thewn Ay Gl EHTE? g?;g’ k()

reactivity of active methylenes as 1,1- .

nucleophilic/electrophilic type C1 synthons. 1 KI (20 mol %) TBHP 12 47

0,
Scheme 2lInitial design and its challenges 2 NIS (20 mol %) TBHP 1.2 60
o 3 1,(20 mol %) TBHP 1.2 58
2
0,

NN, rcoow conditions A~ co0R 4 NaBr (20 mol %) TBHP 1.2 nr
. Ewe T RT Jewe 5 1,(10 mol %) TBHP 1.2 67
et St 6 NIS (10 mol %) TBHP 1.2 64

ON_ potential ox:d!gab{e sites 1 Challenges:
& @ EWGn B e @ reaction compatibility of two steps 7 I2(10 mol %) DTBP 1.2 trace
‘/ P COOR' i Q site selectivity 8 |2 (10 mol %) Hoz 1.2 43
R 8H_/ ester interchange Q chemoselectivity 9 1, (10 mol %) TBHP 1.2 82
‘ 10¢° 1,(10 mol %) TBHE 1.8 64
11 1,(10 mol %) TBHP® 1.8 90



12 I, (5 mol %) TBHP 1.8 71
13 [,(10 mol %) TBHP? 1.8 trace
14° 1,(10 mol %) TBHP 1.8 64
15 none TBHP? 1.8 np

aStandard conditiong:a (0.2 mmol), 4 (10 mol %), TBHP (5 5 M in decane) (2
equiv), NaHCQ (1 equiv), THF (1.5 mL), 36C, and 24 h°isolated yield “TBHP
(70 vvt % in HO) was used’TBHP (5.5 M in decane) was usédry THF was
used’no NaHCQ. %K,CQ; was used instead of NaHG@TBP = ditert-butyl
peroxide. nr = no reaction. np = no product.

Under the optimal conditions, the substrate scopethis
synthetic protocol was evaluated. Various malonateresvere
suitable reaction partners fotla to afford corresponding
dihydronaphthofurans (Table 2). Methyl, ethyl arsbpropyl
malonates reacted smoothly withla to deliver
dihydronaphthofuran3aa-acin excellent yields. Whetert-butyl
malonate was used, prod8ad was obtained in 67% yield after
8 days presumably owing to the steric hindrancethEamore,
changing one of the methyl group2ato benzyl afforde®@aein
67% vyield (dr = 1.5/1), while the reaction of benmyhlonate2f
with la gave3af in 93% yield after prolonging reaction time to
43 h. Unfortunately, further extending the substratope of
malonate esters to ethyl acetoacetate, methyl eyatate and
acetoacetone was proved to be unsuitable for theioaaunder
the current conditions, even employingdQO; as base or adding
Takemoto catalyst.

After testing the limitation of malonate esters, weved
forward to examine substitution patterns for varioRg2-
nitrovinyl)-phenols (Table 3). As indicated in tab& 2-(2-
nitrovinyl)-phenols1b reacted smoothly with the methyl, ethyl
and isopropyl malonates in good to excellent yieisafford
dihydrobenzofurans3ba-bc. Also, various substituted 2-(2-
nitrovinyl)-phenols 1cj were found suitable for this
transformation, delivering the desired prodigtaja in 65-99%
yields. These results revealed that the
insignificantly affected by positions or electrorpecoperties of
the substituents. However, it should be noted tratréaction of
6-Cl substituted 2-(2-nitrovinyl)-phenolsle with methyl

malonate2a needed longer time to complete the transformation,

which implied that the nucleophilic property of tipdenolic
hydroxyl might influence this transformation.

Table 2. Synthesis of dihydronaphthofurans from 2-(2-

nitrovinyl)-naphtholla with various malonate estérs

reactionsre we

O,N
1 R1
R COR

COR NaHCOj3, THF, 30°C

Noi AR (10 mot), TBHP
oH

O

3aa~ai

O.N
COOi-Pr
C COOi-Pr
)°

3ac
24 h,91%

2a~i

O.N O,N
COOMe COOEt
O COOMe C COOEt
Da Vs

3aa 3ab
{

24 h, 90% 24 h, 92%

OoN O,N
COOt-Bu COOBn
COOt- Bu COOMe
gt

3ad
8d,67%

O.N
COOBnN
C cooan COOMe
)°

3af = Ac, 5d, NR?, 3ag? 3a|d
43h, 93% R1 = CN, 5d, NR?, 3ahd 2d, NP®

X-ray of 3aa:

5

24 h, 67% 1.5:1)

aStandard conditiong:a (0.2 mmol),2a (0.36 mmol), 4 (10 mol %), TBHP (5.5 M
in decane) (2 equiv), NaHG@1 equiv), THF (1.5 mL), 36C. °NR = no reaction.
°NP = no productTakemoto catalyst was used.

Table 3. Synthesis of dihydrobenzofurans from malonatersst
with various 2-(2-nitrovinyl)-phencts

|
7\

1b~j

COOR1 I (10 mol%), TBHP

NaHCO3, THF, 30°C F*{‘:E\/ﬁCOOR1

COOR!
3ba~bc, 3ca~ja

COOR1

2a~c

:2 ﬁCOOR Q ﬁCOOMe Qﬁcoor\ne

COOR COOMe COOMe
24 h, 89%, 3ba, R' =
. 12 3ca 3da
24 h, 97%, 3bb, R 24 h, 91% 24 h, 99%

24 h, 94%, 3bc R! —I-Pr

; Z ﬁCOOMe Z ﬁCOOMe 2 ﬁCOOMe

COOMe COOMe COOMe
3ea 3fa
29 h, 92% 24 h, 92% 24 h 65%
OMe
Me O,N 02N
0 COOMe COOMe QﬁCOOMe
COOMe COOMe COOMe
3ha 3ia
24 h, 79% 24 h, 75% 24 h 86%

2Standard conditionsia (0.2 mmol),2a (0.36 mmol), } (10 mol %),
TBHP (5.5 M in decane) (2 equiv), NaHGQ equiv), THF (1.5 mL).

As mentioned above, the dihydrobenzo(naphtho)furan
ring systems represent the privileged skeletonsgleat in
an increasing number of biologically active natural
products and pharmaceuticals. To date, a great deal
research efforts have been devoted to the developfe
new methods for the synthesis of these ring systéris
spite of the significant achievements, most methossd
for the preparation of these ring systems still chese
necessary pre-functionalization step to prepare
substrates or rely on some special substrat&his method
here provided a new perspective for solving thebfam.

the
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To gain insight into the reaction pathway, sevemitool
experiments were conducted. As is known, 1,3-dicayb
compounds can react with molecular ioding) (br N-
iodosuccinimide (NIS) under basic conditions tonfios-
monoiodinated 1,3-dicarbonyl compounds, in whigland
NIS act as 1 sources? As indicated in scheme 3, 1
equivalent of § or NIS was used without additional oxidant
to promote the reaction. Obviously, the desireddpot
could also be obtained, but only in less than 10 43%
yield respectively with a rather low conversion eaft
prolonging reaction time to 48 h. These resultsesd®d
that iodinated 1,3-dicarbonyl compounds may bedet
in this reaction, but they are not the real
intermediates and,lis not the active catalyst. At the
beginning of the reaction conditions screening, MMiel
product was obtained when using TBAI as catalyse (the
Supporting Information for the details, Table 1)high
indicated the Michael adduct could be the key imediate
of this transformation. Thus, the Michael adduct2sf2-
nitrovinyl)-phenols 1b and methyl malonate2a was
obtained to test the hypothesis. As shown in schéjthe
intermediate3ba’ was transformed into produBba in 73%
yield after 12 h under standard conditions, whitdyarace
amount of product3ba was obtained without NaHGO
These results proved that the Michael adducts adedd
the intermediate and base is necessary in boths stép
Michael addition and oxidative annulation in theaction.
Moreover, the intermediat8ba’ could not be further
converted into3ba with 1 equivalent of J and NaHCGQ,
which further confirmed that,lis not the active species.
Moreover,
desired reaction under standard conditions, whichciated
that the oxidative annulation might not proceedtiyh a
radical pathway (scheme 5).

Scheme 3 The reaction of 2-(2-nitrovinyl)-phenols with
a-monoiodinated methyl malonate

g

~NO COOMe '* ", NaHCO o
THF, 30°C Q COOMe
on COOMe d
1a 2a 3aa
SR . a1y, 48h, <10%
1IN -COOMe:  p NIS, 48 h, 43% + 44% rsm
COOMe

Scheme 4 Investigation of the reaction intermediate

O,N
OH

YR
“No,

COOMe
o “CooMe
10

3ba

a. I, (10 mol %), TBHP, 30°C

b. without NaHCO3, 12 h, trace
c. with NaHCO3, 12 h, 73%

d. I (1 equiv), NaHCO3, THF, 30°C, 24 h, trace

COOMe I (10 mol %), TBHP
2 (19 mol7), TBRF_

NaHCO3, THF, 30°C
2a 24h,89%
COOMe

NaHCO3, THF
30°C O,N

COOMe

COOMe
30 h, 99% OH

3ba'

Scheme 5 Transformation of reaction intermediate with
radical scavenger

the addition of TEMPO did not retard the

Tetrahedron

COOMe
O.N

COOMe
o COOMe

3ba (43%)

O.N COOMe

Standard conditions
TEMPO (2 equiv), 24 h

3ba’

According to Ishihara and co-workers’ pioneered work
and our previous reports, the potential actual amtd
species, [IQ], could be generated by oxidation gfwith
TBHP under basic conditiodd. Thus, a tentative
mechanism is proposed in scheme 6 based on thésedu
control experiments described above and other adlat

activework. As depicted in scheme 6, tould be transformed

into hypoiodite [IO] under basic conditions initially, then,
which is further oxidized by TBHP to form the iodlit
[10,]". The Michael adduct formed by the reaction of
malonate esteRa and nitroalkenelb could possibly react
with the in situ formed reactive species fJOto give the
intermediate [I]83ba’, which could be captured by
intramolecular phenolic hydroxyl to construct
dihydrobenzofuran and releasing hypoiodite spe¢i©}”
for the next catalytic cycle.

Scheme 6Tentative Mechanism

COOMe
COOMe
COOMe
COOMe
N
base ONa
/I ) COOMe
['02] COOMe

) oo
£BUOOH

OH
1b oy
[1]-3ba’
COOMe
COOMe
3ba

Finally, to demonstrate the further applications tbis
strategy for the application of malonate esters 13k
nucleophilic/electrophilic type C1 synthons, thacgon of
ortho-quinone methide{QMs) 4a and malonate est&a
was examined. As a result, the reaction was perdrm
smoothly to deliver desired produsaain 50% yield with
K,CO; as base (scheme 7, eq 1). An intending to convert
the primary nitro derivative3aa to acid® gave methyl
naphtho[2,1-b]furan-2-carboxylate6aa in 69% yield
(scheme 7, eq 2), which provided a novel approazh t
obtain this useful skeleton. The naphtho[2.1-b]fura
skeleton is proved to have analgesic activitiloreoves
we can also obtain a new kind of tricyclic skeleftmavia
simple reduction and cyclization (scheme 7, e§’3).

Scheme 7 Further applications
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3. Conclusion

In conclusion, a novel [4 + 1] strategy by emplaymalonate
esters as 1,1-nucleophilic/electrophilic type Caitkgns through
a tandem Michael addition/iodine-catalyzed oxidatannulation
has been developed. This method provides a fagikhstic
protocol for the construction of dihydrobenzo(ndqa)furan ring
systems from readily available 2-(2-nitrovinyl)-piteaphth)ols
and malonate esters in good to excellent yields@u§9%) under
mild conditions. Notably, this tactic can also belad to the

A yellow solid (62 mg, 90% yield), Mp: 145-147 °& NMR
(400 MHz, Chloroform-dp 7.87 (d,J =8.2 Hz, 1H), 7.82 (d] =
8.9 Hz, 1H), 7.73 (dJ = 8.3 Hz, 1H), 7.63-7.53 (m, 1H), 7.46-
7.37 (m, 1H), 7.26 (d) = 8.9 Hz, 1H), 5.49 (t) = 5.9 Hz, 2H),
4.78 (d,J = 5.9 Hz, 1H), 3.88 (s, 3H), 3.82 (s, 3HjC NMR
(100 MHz, Chloroform-dY 167.7, 165.9, 155.3, 132.1, 130.6,
129.7, 129.1, 128.4, 124.5, 121.4, 114.4, 112.3,,913.0, 54.2,
53.8, 46.1. HRMS (EI-TOF): calcd for, GHsNO,
[M]*:345.0849; found, 345.0848.

42.2. Diethyl 1-(nitromethyl)naphtho[ 2,1-b] furan-2,2(1H)-
dicarboxylate (3ab)

A yellow solid (69 mg, 92% yield), Mp: 103-105 °tH NMR
(400 MHz, Chloroform-dp 7.87 (d,J = 8.2 Hz, 1H), 7.81 (d]
=8.9 Hz, 1H), 7.72 (d] = 8.3 Hz, 1H), 7.60-7.56 (m, 1H), 7.43-
7.39 (m, 1H), 7.26 (d] = 8.9 Hz, 1H), 5.51 (ddl = 8.0, 3.8 Hz,
1H), 4.83-4.74 (m, 2H), 4.43-4.18 (m, 4H), 1.34)( 7.2 Hz, 3
H), 1.28 (tJ = 7.1 Hz, 3H)*C NMR (100 MHz, Chloroform-d)
5 167.1, 165.5, 155.4, 131.9, 130.6, 129.6, 12283,3, 124.4, 1
21.4,114.6,112.3,91.2,73.1, 63.5, 63.3, 49470Q,113.9HRM
S (EI-TOF): calcd for, GH;gNO; [M] ¥, 373.1162; found, 373.11
64.

4.2.3. Diisopropyl 1-(nitromethyl)naphtho[ 2,1-b] furan-2,2(1H)-d
icarboxylate (3a0

A vyellow solid (73 mg, 91% vyield), Mp: 145-147 °CH
NMR (400 MHz, Chloroform-dp 7.86 (d,J = 8.2 Hz, 1H), 7.80
d,J=8.9 Hz, 1H), 7.71 (d] = 8.3 Hz, 1H), 7.59-7.55 (m, 1H),

reaction ofo-QMs and malonate esters. Further explorations o .;12-7.38 (m, 1H), 7.25 (d,= 8.2 Hz, 1H), 5.49 (ddl = 9.1, 2.7

this strategy are ongoing in our laboratory and lallreported in
due course.

4. Experimental section
4.1 General

Melting points were obtained in open capillary tuhesng
SGW X-4 micro melting point apparatus which were

Hz, 1H), 5.18-5.04 (m, 2H), 4.85 (d#i= 15.3, 9.2 Hz, 1H), 4.74
(dd,J = 15.2, 2.7 Hz, 1H), 1.34 (d,= 6.3 Hz, 3H), 1.32 (d] =
6.4 Hz, 3H), 1.29 (dJ = 6.2 Hz, 3H), 1.24 (d) = 6.3 Hz, 3H).
¥C NMR (100 MHz, Chloroform-d)s 166.7, 165.1, 155.5,
131.9, 130.5, 129.6, 129.2, 128.3, 124.3, 121.4,.711112.3,
91.2, 72.9, 72.1, 71.2, 45.3, 21.7, 21.6, 21.53.MRMS (EI-
TOF): calcd for, GH,aNO; [M] ", 401.1475; found, 401.1476.

uncorrected'H NMR spectrum were recorded on a Bruker DPX4.2.4. Ditertbutyl 1-(nitromethyl)naphtho[2,1-b] furan-2,2(1H)-di

400 MHz spectrometer in CDLIChemical shifts were reported
in ppm with the internal TMS signal at 0.0 ppm astandard.
The spectra are interpreted as: s = singlet, dublét, t = triplet,
m = multiplet, dd = doublet of doublets, dt = daetbdf triplets,
dg = doublet of quartets, coupling constant(s)eJraported in Hz
and relative integrations are reportédC NMR (100 MHz)
spectrum were recorded on a Bruker DPX 400 MHz speetier
in CDCl. Chemical shifts were reported in ppm with the imébr
chloroform signal at 77.0 ppm as a standard. Mpsste were

carboxylate (3ad)

A yellow solid (58 mg, 67% yield), Mp: 137-139 °tH NMR
(400 MHz, Chlorofornmd) 6 7.85 (d,J = 8.2 Hz, 1H), 7.78 (d
=8.9 Hz, 1H), 7.69 (d] = 8.3 Hz, 1H), 7.56-7.52 (m, 1H), 7.40-
7.36 (m, 1H), 7.24 (d] = 8.8 Hz, 1H), 5.51 (ddl = 8.3, 2.8 Hz,
1H), 4.80 (ddJ=15.7, 8.4 Hz, 1H), 4.72 (dd=15.7, 2.9 Hz, 1
H), 1.54 (s, 9H), 1.47 (s, 9HY'C NMR (100 MHz, Chloroform-
d) 5 165.8, 164.6, 155.5, 131.7, 130.5, 129.6, 1228,11, 124.2,
121.4,115.1, 112.3, 92.0, 85.7, 84.0, 73.4, 27 (3C), 27.8

recorded on TOF mass spectrometer. TLC (thin-layef3C). HRMS (EI-TOF): calcd for, GH,/NO, [M] ", 429.1788; fo

chromatography) was performed using commerciallypgred
100-400 mesh silica gel plates, and visualizatios affected at
254 or 365 nm.

4.2 General procedure

2-(2-nitrovinyl)-phenol or 2-(2-nitrovinyl)-naphthd, base, Cat.,

und, 429.1783

4.2.5. 2-benzyl 2-methyl 1-(nitromethyl)naphthol 2,1-b] furan-2,2(
1H)-dicarboxylate (3a€

A yellow oil (57 mg, 67% vyield) (dr = 1.5:13H NMR (400
MHz, Chloroforme) 6 7.87-7.84 (m, 1.67H) (overlapping), 7.82-
7.79 (m, 1.67H) (overlapping), 7.70 (d,= 8.3 Hz, 1.67H)

and 1.5 mL solvent were added to an oven-dried tubgoverlapping), 7.56 (tJ = 7.6 Hz, 1.67H) (overlapping), 7.43-

successively. Then malonate ester or related contp@uand
oxidant were added. The reaction mixture was theredtin air
until the reaction was nearly completed, as detezthioy TLC.

7.23 (m, 11.69H) (overlapping), 5.51-5.47 (m, 1.67H)
(overlapping), 5.42 (d] = 12.1 Hz, 0.67H) (minor), 5.28 (d,=
12.3 Hz, 1H) (major), 5.18 (d,= 12.3 Hz, 1H) (major), 5.13 (d,

Oncel consumed, the reaction mixture was cooled to ambien] = 12.1 Hz, 0.67H) (minor), 4.82-4.72 (m, 3.34H) (dapping),

temperature. The resulting mixture was concentratestacuo
and directly purified by column chromatography (pktum
ether/ethyl acetate= 7:1~5:1) on silica gel to gike desired
products3.

4.2.1. Dimethyl 1-(nitromethyl)naphtho[ 2,1-b] furan-2,2(1H)-
dicarboxylate (3ad)

3.76 (s, 3H) (major), 3.70 (s, 2H) (minotjC NMR (100 MHz,
Chloroformd) & 167.4(minor), 166.8(major), 165.6(major),
165.1(minor), 155.3(major), 155.3(minor), 134.7423 131.98,
131.95, 130.5, 130.5, 129.5, 129.04, 129.02, 12823.7,
128.57, 128.56, 128.56, 128.5, 128.3, 128.3, 1229,9, 124 .4,
124.4, 121.3, 114.37, 114.36, 112.24, 112.20, 8fajr), 91.0,
72.95, 72.89(major), 68.7, 68.5(major), 53.9, 53&Or),
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45.9(major), 45.8.HRMS (EI-TOF): calcd for, GHigNO;
[M]*, 421.1162; found, 421.1165.

4.2.6. Dibenzyl 1-(nitromethyl)naphtho[ 2,1-b] furan-2,2(1H)-
dicarboxylate (3af)

A yellow solid (92 mg, 93% yield), Mp: 118-120 °& NMR
(400 MHz, Chloroformd) 5 7.86 (d,J = 8.2 Hz, 1H), 7.81 (d] =
8.9 Hz, 1H), 7.69 (dJ = 8.2 Hz, 1H), 7.58-7.54 (m, 1H), 7.43-
7.39 (m, 1H), 7.34-7.27 (m, 6H), 7.25-7.21 (m, 3H)677.13
(m, 2H), 5.50 (ddJ = 8.7, 3.1 Hz, 1H), 5.31 (d,= 12.1 Hz, 1H),
5.16 (d,J = 12.3 Hz, 1H), 5.10 (ddl = 12.2, 3.6 Hz, 2H), 4.85-
4.70 (m, 2H).”®*C NMR (100 MHz, Chloroformd) & 166.9,
165.1, 155.4, 134.5, 134.0, 132.0, 130.5, 129.9.112128.8,
128.7 (4C), 128.5 (2C), 128.5, 128.3, 128.0 (2Q@% .4, 121.4,
114.4, 112.3, 91.1, 72.9, 68.8, 68.6, 453RMS (EI-TOF):
caled for, GgH,sNO; [M] ¥, 497.1475; found, 497.1477.

4.2.7. Dimethyl 3-(nitromethyl)benzofuran-2,2(3H)-dicarboxylate
(3ba)

A yellow solid (53 mg, 89% yield), Mp: 85-87 °&4 NMR
(400 MHz, Chlorofornd) 8 7.27 (t,J= 7.8 Hz, 1H), 7.14 (d] =
7.8 Hz, 1H), 7.01-6.98 (m, 2H), 5.04 Jt= 6.7 Hz, 1H), 4.80
(dd,J = 14.2, 6.8 Hz, 1H), 4.64 (dd= 14.2, 6.7 Hz, 1H), 3.87
(s, 3H), 3.85 (s, 3H)°C NMR (100 MHz, Chlorofornd) &
167.3, 166.3, 157.4, 130.5, 124.4, 123.3, 122.0,9.89.8, 74.9,
54.2, 53.8, 45.84RMS (EI-TOF): calcd for, GH15NO; [M] 7,
295.0692; found, 295.0693.

4.2.8. Diethyl 3-(nitromethyl)benzofuran-2,2(3H)-dicarboxyl ate
(3bb)

A vyellow solid (63 mg, 97% yield)'H NMR (400 MHz,
Chloroformd) & 7.28-7.24 (m, 1H), 7.13 (dl = 7.4 Hz, 1H),
7.01-6.96 (m, 2H), 5.04 ( = 6.8 Hz, 1H), 4.81 (dd] = 14.1,
6.8 Hz, 1H), 4.63 (ddj = 14.1, 6.9 Hz, 1H), 4.39-4.21 (m, 4H),
1.31 (td,J = 7.2, 3.0 Hz, 6H).

4.209. Diisopropyl 3-(nitromethyl)benzofuran-2,2(3H)-
dicarboxylate (3bg

A yellow solid (66 mg, 94% yield); Mp: 82-84 °¢H NMR
(400 MHz, Chloroformd) 8 7.27-7.23 (m, 1H), 7.12 (d,= 7.5
Hz, 1H), 7.00-6.95 (m, 2H), 5.19-5.09 (m, 2H), 5.01](t 6.9
Hz, 1H), 4.83 (ddJ = 14.1, 6.6 Hz, 1H), 4.63 (dd,= 14.1, 7.2
Hz, 1H), 1.32-1.28 (m, 12H}*C NMR (100 MHz, Chloroform-
d) 8 166.1, 165.2, 157.5, 130.2, 124.2, 123.7, 12216,7], 89.8,
74.9, 71.7, 71.3, 45.3, 21.5, 21.45, 21.40, 21B3RMS (EI-
TOF): calcd for, GH»NO, [M], 351.1318; found, 351.1314.

4.2.10. Dimethyl 7-methyl-3-(nitromethyl)benzofuran-2,2(3H)-
dicarboxylate (3ca)

A yellow oil (57 mg, 91% yield);'"H NMR (400 MHz,
Chloroformd) & 7.07 (d,J = 7.4 Hz, 1H), 6.95 (dJ = 7.5 Hz,
1H), 6.89 (tJ = 7.5 Hz, 1H), 5.03 (1) = 6.8 Hz, 1H), 4.79 (dd]
=14.2,7.1 Hz, 1H), 4.61 (dd,= 14.2, 6.6 Hz, 1H), 3.86 (s, 3H),
3.84 (s, 3H), 2.29 (s, 3H)C NMR (100 MHz, Chloroformd) &
167.5, 166.5, 155.9, 131.7, 122.8, 122.6, 121.6,3189.6, 74.9,
54.1, 53.7, 46.2, 15.HRMS (EI-TOF): calcd for, GH,sNO;
[M]*, 309.0849; found, 309.0851.

4.2.11. Dimethyl 7-methoxy-3-(nitromethyl)benzofuran-2,2(3H)-
dicarboxylate (3da)

A yellow solid (66 mg, 99% vyield), Mp: 132-134.°€l NMR
(400 MHz, Chloroformd) 6 6.95 (t,J= 7.9 Hz, 1H), 6.86 (d] =
8.0 Hz, 1H), 6.73 (d) = 7.5 Hz, 1H), 5.06 (1] = 6.8 Hz, 1H),

4.82 (ddJ=14.3, 6.9 Hz, 1H), 4.64 (dd= 14.3, 6.7 Hz, 1H),
3.90 (s, 3H), 3.86 (s, 3H), 3.84 (s, 3HC NMR (100 MHz,
Chloroformd) 8 167.3, 166.2, 145.9, 144.9, 124.4, 123.8, 115.9
113.3,90.1, 74.8, 56.2, 54.2, 53.8, 461RMS (EI-TOF): calcd
for, C,4H.1sNOg [M]7, 325.0798; found, 325.0799.

Tetrahedron

4.2.12. Dimethyl
dicarboxylate (3eg
A white solid (67 mg, 92% yield), Mp: 150-152 °&&i NMR
(400 MHz, Chloroformd) 6 7.28 (d,J = 8.0 Hz, 1H), 7.04-7.01

(m, 1H), 6.94 (tJ = 7.8 Hz, 1H), 5.09 (1) = 6.7 Hz, 1H), 4.83
(dd,J = 14.3, 6.5 Hz, 1H), 4.66 (dd= 14.3, 7.0 Hz, 1H), 3.89
(s, 3H), 3.87 (s, 3H)*C NMR (100 MHz, Chloroformd) &
166.8 165.9, 153.7, 130.9, 125.2, 123.9, 122.6,5159.0, 74.6,
54.4, 53.9, 46.44RMS (EI-TOF): calcd for, GH;,CI**NO,
[M]*, 329.0302; found, 329.0303.

4.2.13. Dimethyl 6-methoxy-3-(nitromethyl)benzofuran-2,2(3H)-
dicarboxylate (3fa)

A vyellow solid (60 mg, 92% vyield), Mp: 140-142 °CH
NMR (400 MHz, Chloroformd) 6 7.01 (d,J = 8.3 Hz, 1H), 6.57
(d,J=2.2 Hz, 1H), 6.53 (dd = 8.4, 2.2 Hz, 1H), 4.95 (§,= 6.8
Hz, 1H), 4.76 (ddJ = 13.9, 6.7 Hz, 1H), 4.58 (dd,= 14.0, 6.9
Hz, 1H), 3.86 (s, 3H), 3.86 (s, 3H), 3.77 (s, 38¢ NMR (100
MHz, Chloroforme) & 167.3, 166.2, 162.0, 158.7, 124.7, 114.9,
108.9, 97.2, 90.5, 75.2, 55.7, 54.2, 53.8, 4BRMS (EI-TOF):
caled for, G4H1sNOg [M] ¥, 325.0798; found, 325.0795.

42.14. Dimethyl  6-(benzyl oxy)-3-(nitromethyl)benzofuran-
2,2(3H)-dicarboxylate (3ga)

A yellow solid (52 mg, 65% yield), Mp: 122-124 °t NMR
(400 MHz, Chlorofornd) 8 7.42-7.33 (m, 5H), 7.01 (d,= 8.3
Hz, 1H), 6.63 (dJ = 2.0 Hz, 1H), 6.60 (dd} = 8.3, 2.2 Hz, 1H),
5.02 (s, 2H), 4.95 (f] = 6.8 Hz, 1H), 4.76 (dd] = 14.0, 6.7 Hz,
1H), 4.57 (dd,) = 14.0, 6.9 Hz, 1H), 3.86 (s, 3H), 3.85 (s, 3H).
¥C NMR (100 MHz, Chloroformd) & 167.3, 166.2, 161.2,
158.7, 136.5, 128.8 (2C), 128.3, 127.6 (2C), 12415,3, 109.8,
98.2,90.5, 75.2, 70.5, 54.2, 53.8, 454RMS (EI-TOF): calcd
for, Co0H1oNOg [M]7, 401.1111; found, 401.1108.

4.2.15. Dimethyl 5-methyl-3-(nitromethyl)benzofuran-2,2(3H)-
dicarboxylate (3ha)

A yellow solid (49 mg, 79% vyield), Mp: 60-62 °¢H NMR
(400 MHz, Chloroformd) 4 7.08-7.03 (m, 1H), 6.93 (s, 1H), 6.87
(d,J = 8.2 Hz, 1H), 4.99 () = 6.8 Hz, 1H), 4.79 (dd] = 14.2,
6.7 Hz, 1H), 4.62 (dd] = 14.2, 6.8 Hz, 1H), 3.86 (s, 3H), 3.85 (s,
3H), 2.28 (s, 3H)"*C NMR (100 MHz, Chlorofornd) & 167.4,
166.4, 155.3, 132.6, 130.9, 124.7, 123.3, 110.9,881.9, 54.1,
53.7, 45.9, 20.9HRMS (EI-TOF): calcd for, GH;sNO; [M]*,
309.0849; found, 309.0850.

4.2.16. Dimethyl 4-methoxy-3-(nitromethyl)benzofuran-2,2(3H)-
dicarboxylate (3ia)

A yellow solid (49 mg, 75% vyield), Mp: 79-81 °¢H NMR
(400 MHz, Chloroformd) § 7.23-7.19 (m, 1H), 6.62 (d,= 8.1
Hz, 1H), 6.51 (d,) = 8.3 Hz, 1H), 5.11 (ddl = 8.4, 3.2 Hz, 1H),
4.98 (dd,J = 14.9, 3.3 Hz, 1H), 4.75 (dd,= 14.9, 8.4 Hz, 1H),
3.85 (s, 3H), 3.83 (s, 3H), 3.83 (s, 3HjC NMR (100 MHz,
Chloroformd) 6 167.5, 166.3, 158.4, 156.3, 131.6, 109.5, 104.8,
103.7, 89.9, 72.1, 55.7, 54.1, 53.6, 45RMS (EI-TOF): calcd
for, C,4H.1sNOg [M]7, 325.0798; found, 325.0799.

4.2.17. Dimethyl 4-fluoro-3-(nitromethyl)benzofuran-2,2(3H)-
dicarboxylate (3ja)

A yellow solid (54 mg, 86% yield), Mp: 100-102 °& NMR
(400 MHz, Chlorofornd) 8 7.28-7.22 (m, 1H), 6.80 (d,= 8.2
Hz, 1H), 6.71 (tJ = 8.7 Hz, 1H), 5.19 (dd] = 7.8, 3.6 Hz, 1H),
4.95 (dd,J = 15.0, 3.7 Hz, 1H), 4.82 (dd,= 15.0, 7.8 Hz, 1H),
3.88 (s, 3H), 3.85 (s, 3H)’C NMR (101 MHz, Chlorofornd) &
166.9, 165.9, 159.2 (dl = 7.6 Hz), 158.8 (dJ = 249.4 Hz),
157.6, 132.0 (dJ = 8.7 Hz), 109.8 (d) = 19.7 Hz), 109.8 (d] =

'19.7 Hz), 106.9, 90.1, 72.5, 54.3, 53.8, 4HRMS (EI-TOF):
calced for, G4H,,FNO; [M]*, 313.0598; found, 313.0596.

7-chloro-3-(nitromethyl) benzofuran-2,2(3H)-



4.2.18. Dimethyl 2-(1-(2-hydroxyphenyl)-2-nitroethyl)malonate
(3ba)

A vyellow oil (59 mg, 99% yield).'H NMR (400 MHz,
Chloroformd) 8 7.16-7.06 (m, 1H), 6.83 (td] = 7.6, 0.9 Hz,
1H), 6.70 (dJ = 7.8 Hz, 1H), 6.65 (s, 1H), 5.08 (dbs= 13.1, 8.9
Hz, 1H), 4.92 (ddJ = 13.1, 4.8 Hz, 1H), 4.41-4.35 (m, 1H), 4.29
(d, J = 10.1 Hz, 1H), 3.78 (s, 3H), 3.54 (s, 3FC NMR (100
MHz, Chloroformd) & 168.5, 168.3, 154.1, 130.7, 129.8, 121.9,
120.9, 116.4, 76.1, 53.2, 53.0, 52.8, 40.4.

4.2.19. Dimethyl (E)-7-styryl-[ 1,3] dioxol o[ 4,5-f] benzofuran-
6,6(7H)-dicarboxylate (5aa)

A colorless oil (19 mg, 50% vyieldfH NMR (400 MHz,
Chloroformd) & 7.37 — 7.21 (m, 5H), 6.63 (d, J = 15.8 Hz, 1H),
6.60 — 6.54 (m, 2H), 6.06 (dd, J = 15.8, 9.0 Hz, BH5 — 5.87
(m, 2H), 4.93 (d, J = 9.0 Hz, 1H), 3.87 (s, 3H), 3€BH).

4.2.20. Methyl naphtho[ 2,1-b] furan-2-carboxylate (6aa)

A vyellow solid (31 mg, 69% yield)'H NMR (400 MHz,
Chloroformd) 8 8.15 (s, 1H), 8.03 (s, 1H), 7.97 @@= 8.1 Hz,
1H), 7.88 (dJ = 9.1 Hz, 1H), 7.70 (d] = 9.1 Hz, 1H), 7.65 (1J
=7.6 Hz, 1H), 7.55 () = 7.6 Hz, 1H), 4.02 (s, 3H).

4.2.21. Methyl5-chloro-3-oxo-1,2,3,8b-tetrahydro-3aH-
benzofuro[ 2,3-c] pyrrole-3a-carboxylate (7eg

A white soild (25 mg, 60% yield), Mp: 210-212 °& NMR
(400 MHz, Chloroformd) & 8.00 (s, 1H), 7.21 (dtJ = 8.0, 1.0
Hz, 1H), 7.09 (dtJ = 7.5, 1.2 Hz, 1H), 6.92 (§ = 7.8 Hz, 1H),
4.44 — 4.39 (m, 1H), 4.03 (dd= 10.2, 7.4 Hz, 1H), 3.87 (s, 3H),
3.60 — 3.53 (m, 1H)*C NMR (101 MHz, Chlorofornd) &
170.6, 167.4, 154.2, 130.2, 128.5, 123.4, 122.6,3100.3, 53.5,
47.2, 47.0.HRMS (EI-TOF): calcd for, GH;CINO, [M]7,
267.0298; found, 267.0296.
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