
Ni-Catalyzed Cycloisomerization between 3‑Phenoxy Acrylic Acid
Derivatives and Alkynes via Intramolecular Cleavage and Formation
of the C−O Bond To Give 2,3-Disubstituted Benzofurans
Shohei Ohno,† Jiawei Qiu,† Ray Miyazaki,‡ Hiroshi Aoyama,† Kenichi Murai,† Jun-ya Hasegawa,‡

and Mitsuhiro Arisawa*,†

†Graduate School of Pharmaceutical Sciences, Osaka University, Yamada-oka 1-6, Suita, Osaka 565-0871, Japan
‡Institute for Catalysis, Hokkaido University, Kita 21 Nishi 10, Kita-ku, Sapporo, Hokkaido 001-0021, Japan

*S Supporting Information

ABSTRACT: Reactions based on transition-metal-catalyzed C−O bond
cleavage have attracted much attention as a new synthetic method. Until
now, several intermolecular reactions via C−O bond cleavage of aryl ethers,
alkenyl ethers, esters, and others have been reported. Here we report an
unprecedented C−O bond cleavage of 3-phenoxy acrylic acid derivatives,
followed by intramolecular C−O bond formation with alkynes. This reaction
gave 2,3-disubstituted benzofurans having useful functional groupssilyl
substituents and acrylic acid derivativesat the 2- and 3-positions, respectively.
This report also described theoretical (DFT) insights into the mechanism.

Novel reactions based on transition-metal-catalyzed C−O
bond cleavage have attracted much attention as a new

synthetic method.1 Until now, several intermolecular reactions
via C−O bond cleavage of aryl ethers,2,3 alkenyl ethers,4

esters,5,6 and others7−9 have been reported (Scheme 1A). For

example, many reactions of anisole derivatives (R1 = Me) have
been reported, and the C−Obond at the a-position is selectively
cleaved by a transition metal catalyst.2 In addition, many
reactions using aryl aromatic esters (R4 = aryl, R5 = aryl) have

been reported, and the C−O bond at the c-position is selectively
cleaved.5 Also, aryl carbamate (R4 = NMe2, R

5 = aryl) or aryl
pivalate (R4 = tBu, R5 = aryl) are known to cleave the d-position
of the C−O bond.6 In 2012, Tanaka reported the Rh-catalyzed
intramolecular cyclization of naphthol-linked 1,6-enynes
(Scheme 1B).10a This reaction proceeded via cleavage of the
C(vinyl)−O bond followed by C(vinyl)−O bond formation
with alkyne to give benzofuran derivatives, and there is no doubt
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Scheme 1. C−O Bond Cleavage Reactions

Table 1. Optimization of Reaction Conditions

entry catalyst ligand solvent yield (%)a

1 Ni(cod)2 L1 DMF 92b (84)c

2 Ni(cod)2 PCy3 DMF 6
3 Ni(cod)2 dppe DMF 0
4 Ni(cod)2 dcype DMF 7
5 Ni(cod)2 SIPr·HCl DMF 6d

6 Ni(cod)2 L2 DMF 17
7 Ni(cod)2 L3 DMF 52
8 Ni(cod)2 L4 DMF 38
9 Ni(cod)2 L1 PhMe <1
10 Ni(cod)2 L1 THF 92
11 NiBr2·glyme L1 DMF <1
12 Ni(acac)2 L1 DMF <1
13 Ni(cod)2 L1 DMF 87e
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that this reaction is useful in organic synthesis. However,
applicable substrates for this reaction are limited to 1,6-enyne
compounds with unsubstituted vinyl ether and simple alkynes
having H, alkyl, or aryl. Therefore, the substituents of benzofuran
derivatives are automatically limited to H or the alkyl or aryl

group at the 2-position or vinyl at the 3-position, respectively,
and further chemical transformations of products are rather
difficult. Against this research background, here we report an
unprecedented C−O bond cleavage of 3-phenoxy acrylic acid
derivatives, followed by intramolecular C−O bond formation
with silyl-alkynes (Scheme 1C).
In this reaction, 2,3-disubstituted benzofurans, which are

present in numerous bioactive natural products and pharma-
ceuticals,11 were obtained, and all atoms contained in the starting
material were retained in the final product. Moreover, these
products have a useful substituent (ex. silyl) and an acrylic acid
derivative at the 2- and 3-positions, respectively. The mechanism
of this reaction was proposed by DFT calculations (Scheme 3).
We prepared substrate 1aa and subjected it to several reaction

conditions (Table 1). As a result, when using Ni(cod)2 and
terpyridine (L1) as a ligand in DMF, the desired benzofuran
(2aa) was obtained in 92% yield (entry 1). Instead of L1,
phosphine ligands (PCy3, dppe, dcype) or N-heterocyclic
carbene ligands (SIPr·HCl) were used; however, the reaction

Table 1. continued

entry catalyst ligand solvent yield (%)a

14 PtCl2 none DMF 0
15 Rh(cod)BF4 (rac)-binap DMF 0

aYields were determined by NMR using 1,3,5-trimethoxy-benzene as
the internal standard. bIsolated yields. c[Ni(cod)2] (5 mol %), 6 h.
dWith NaOtBu (20 mol %). eWith 9,10-dihydroanthracene.

Table 2. Substrate Scope and Limitations

aReactions were run in THF. bReactions were run at 120 °C.
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hardly progressed (entries 2−5). When other nitrogen-
containing ligands (L2, L3, L4) were used, 2aa was obtained
in 17%, 52%, and 38% yields, respectively (entries 6−8). When
PhMewas used as solvent instead of DMF, or whenNiBr2·glyme
or Ni(acac)2 was used as a Ni source instead of Ni(cod)2, the
reaction did not proceed (entries 9, 11, and 12). In the control
experiment with 9,10-dihydroanthracene (entry 13), we knew
that this reaction did not proceed via radical species. Also, when
transition metal catalysts with the property of a π-Lewis acid were
used, the formation of 2aa was not observed (entries 14 and 15).
The substrate scope and limitations of this reaction are

summarized in Table 2.
Using the best reaction conditions (Table 1, entry 1), we next

examined the effect of alkyne substituents (Table 2A). Having a
silyl group on the alkyne, SiMe3, SiEt3, Si(iPr)3, SiMe2Bn, and
SiMe2Ph, derivatives 1ab−1af gave the corresponding cyclized
products 2ab−2af in 67%, 84%, 34%, 65%, and 71% yields,
respectively. When using substrate 1ab, not only 2ab12 but also
the desilylated products were obtained in 67% and 17% yields,
respectively, together with lower yields of TIPS product 2ad,
probably due to steric hindrance. Derivatives with aryl or alkyl
groups on the alkyne, i.e., phenyl derivative 1ag, tert-butyl
derivative 1ah, n-butyl derivative 1ai, and methyl derivative 1aj,
were converted well to 2ag, 2ah, 2ai, and 2aj in yields of 91%,
95%, 75%, and 73%, respectively. However, the substrate with a
terminal alkyne could not take part in this reaction, resulting in a
complex mixture.
The effects of substituents on the alkene are summarized in

Table 2B. Ethyl ester derivative 1ak, tert-butyl ester derivative
1al, benzyl ester derivative 1am, phenyl ester derivative 1an, and
dimethyl amide derivative 1ao gave the corresponding cyclized
products 2ak−2ao in 88%, 67%, 91%, 64%, and 59% yields, respec-
tively. However, the substrates having ketone on the alkene (1ba,
1bb) did not take part in this reaction very well,13 and substrates
having sulfone, hydrogen, ormethyl on the alkene (1bc−1be) were
not changed at all. These results suggest that the carbonyl group on
the alkene is important for the progress of this cyclization.
Table 2C summarizes the substituent effects on the aromatic

ring. Compounds 1aq−1at and 1av−1ax, which have a substituent
at the 4-, 5-, or 6-position, were converted to the corresponding
cyclized products 2aq−2at and 2av−2ax, respectively, in good
yields. However, substrates 1ap and 1au, with a substituent at the
3-position, were almost unchanged, probably due to their steric
hindrance toward cyclization.
Chemical transformations of 2aa were possible (Scheme 2).

For example, the SiMe2tBu at the 2-position of benzofuran 2aa
was converted to the corresponding 2-aryl derivative 3 in 41%
yield by Hiyama cross coupling14 with 4-bromoanisole. Also, the
acrylic acid methyl ester at the 3-position of 2aa was converted
to the corresponding allyl alcohol derivatives 4 or 5 via reaction
withMeMgBr or LiAlH4/AlCl3 in high yields. These results have
shown that 2aa, efficiently prepared by our cycloisomerization
between silylalkynes and 3-phenoxy acrylic acid derivatives, may
serve as a good synthon.
Finally, we performedDFT calculations of the stability of each

intermediate expected to form in this reaction (Scheme S1).15

Based on these calculations, the following mechanism is
proposed (see Scheme 3).
First, the substrate is proposed to react with the Ni complex to

form intermediate A (shown in Scheme S1 in SI) via oxidative
addition of the C(vinyl)−O bond to the nickel complex or
intermediate B via oxidative cyclization between the alkyne and
the alkene. As a result of comparing the relative stabilities of

intermediatesA andB, intermediateB is expected to bemore stable
by 8.5 kcal/mol. Moreover, comparing the stabilities of
intermediate C (shown in Scheme S1 in SI) formed by O−Ni
insertion to the alkyne of intermediate A and intermediate D
formed by C−Ni insertion to the alkyne of intermediate A or
β-oxygen elimination of intermediateB, intermediateD is expected
to be more stable by 9.8 kcal/mol. These results suggest that the
mechanism via intermediate B and intermediate D is thermody-
namically favored. The observations of the reaction mechanism by
experiments are shown in the Supporting Information.
Although the substrates for this reaction have four possible

C−O bonds that could be cleaved (see Scheme 1c, bonds e, f, g,
and h), the rapid formation of stable nickelacycle B apparently
outcompetes these other processes.
In conclusion, we developed the C−O bond cleavage of

3-phenoxy acrylic acid derivatives, followed by intramolecular
C−Obond formationwith alkyne. In this reaction, 2,3-disubstituted
benzofurans 2a, having a silyl substituent and an acrylic acid
derivative at the 2- and 3-positions, respectively, are reported for
the first time to our knowledge. Substituents at the 2- and 3-positions
of compound 2aawere able to convert to other substituents. The
reaction mechanism was proposed by DFT calculations.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.9b03170.

Experimental procedures, computational details, and
preparation of compounds (PDF)

Scheme 2. Chemical Transformations

Scheme 3. Possible Reaction Pathway

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b03170
Org. Lett. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b03170
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.9b03170


NMR spectra of compounds (PDF)
Characterization data and X-ray structure analysis (PDF)

Accession Codes

CCDC 1948857 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: arisaw@phs.osaka-u.ac.jp.
ORCID

Kenichi Murai: 0000-0002-1689-6492
Jun-ya Hasegawa: 0000-0002-9700-3309
Mitsuhiro Arisawa: 0000-0002-7937-670X
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was partially supported by a Grant-in-Aid from JSPS
KAKENHI for Precisely Designed Catalysts with Customized
Scaffolding (Grant No. JP 18H04260 and JP 15H05805),
T15K149760, and T15KT00630, by Platform Project for
Supporting Drug Discovery and Life Science Research (Basis
for Supporting Innovative Drug Discovery and Life Science
Research (BINDS)) from AMED under Grant Numbers
JP18am0101084 and JP19am0101084. DFT calculations were
performed with supercomputer at RCCS, Okazaki, Japan.

■ REFERENCES
(1) For Reviews, see: (a) Yamaguchi, J.; Muto, K.; Itami, K. Eur. J. Org.
Chem. 2013, 2013, 19−30. (b) Cornella, J.; Zarate, C.;Martin, R.Chem.
Soc. Rev. 2014, 43, 8081−8097. (c) Tobisu, M.; Chatani, N. Acc. Chem.
Res. 2015, 48, 1717−1726. (d) Takise, R.; Muto, K.; Yamaguchi, J.
Chem. Soc. Rev. 2017, 46, 5864−5888. (e) Zeng, H.; Qiu, Z.; Huerta, A.;
Hearne, Z.; Chen, Z.; Li, C.-J. ACS Catal. 2017, 7, 510−519.
(2) Selected examples of C−O bond cleavage of anisole derivatives,
see: (a) Tobisu, M.; Shimasaki, T.; Chatani, N. Angew. Chem., Int. Ed.
2008, 47, 4866−4869. (b) Tobisu, M.; Yamakawa, K.; Shimasaki, T.;
Chatani, N. Chem. Commun. 2011, 47, 2946−2948. (c) Cornella, J.;
Gomez-Bengoa, E.;Martin, R. J. Am. Chem. Soc. 2013, 135, 1997−2009.
(d) Kondo, H.; Akiba, N.; Kochi, T.; Kakiuchi, F. Angew. Chem., Int. Ed.
2015, 54, 9293−9297. (e) Tobisu, M.; Takahira, T.; Morioka, T.;
Chatani, N. J. Am. Chem. Soc. 2016, 138, 6711−6714. (f) Kondo, H.;
Kochi, T.; Kakiuchi, F.Org. Lett. 2017, 19, 794−797. (g) Schwarzer, M.
C.; Konno, R.; Hojo, T.; Ohtsuki, A.; Nakamura, K.; Yasutome, A.;
Takahashi, H.; Shimasaki, T.; Tobisu, M.; Chatani, N.; Mori, S. J. Am.
Chem. Soc. 2017, 139, 10347−10358. (h) Igarashi, T.; Haito, A.;
Chatani, N.; Tobisu, M. ACS Catal. 2018, 8, 7475−7483.
(3) Selected examples of C−O bond cleavage of diaryl ethers, see:
(a) Sergeev, A.G.;Hartwig, J. F. Science 2011, 332, 439−443. (b)Ren, Y.;
Wang, Y. J.; Zhang, Z. C.; Yao, K. Angew. Chem., Int. Ed. 2013, 52,
12674−12678. (c) Kinuta, H.; Tobisu, M.; Chatani, N. J. Am. Chem. Soc.
2015, 137, 1593−1600. (d) Gao, F.; Webb, J. D.; Hartwig, J. F. Angew.
Chem., Int. Ed. 2016, 55, 1474−1478. (e) Wang, M.; Shi, H.; Camaioni,
D. M.; Lercher, J. A. Angew. Chem., Int. Ed. 2017, 56, 2110−2114.
(4) Selected examples of C−O bond cleavage of alkenyl ethers, see:
(a) Wenkert, E.; Michelotti, E. L.; Swindell, C. S.; Tingoli, M. J. Org.
Chem. 1984, 49, 4894−4899. (b) Shimasaki, T.; Konno, Y.; Tobisu, M.;
Chatani, N. Org. Lett. 2009, 11, 4890−4892. (c) Cornella, J.; Martin,

R. Org. Lett. 2013, 15, 6298−6301. (d) Saito, H.; Otsuka, S.; Nogi, K.;
Yorimitsu, H. J. Am. Chem. Soc. 2016, 138, 15315−15318.
(5) Selected examples of C−O bond cleavage of aryl aromatic esters,
see: (a) Amaike, K.; Muto, K.; Yamaguchi, J.; Itami, K. J. Am. Chem. Soc.
2012, 134, 13573−13576. (b) Muto, K.; Yamaguchi, J.; Musaev, D. G.;
Itami, K.Nat. Commun. 2015, 6, 7508. (c) Takise, R.; Isshiki, R.; Muto,
K.; Itami, K. J. Am. Chem. Soc. 2017, 139, 3340−3343. (d) Ben Halima,
T.; Zhang,W.; Yalaoui, I.; Hong, X.; Yang, Y.-F.; Houk, K. N.; Newman,
S. G. J. Am. Chem. Soc. 2017, 139, 1311−1318. (e) Liu, X.; Jia, J.;
Rueping, M. ACS Catal. 2017, 7, 4491−4496. (f) Isshiki, R.; Muto, K.;
Yamaguchi, J. Org. Lett. 2018, 20, 1150−1153. (g) Zhou, T.; Li, G.;
Nolan, S. P.; Szostak, M. Org. Lett. 2019, 21, 3304−3309.
(6) Selected examples of C−O bond cleavage of aryl carbamates or
aryl pivalates, see: (a) Shimasaki, T.; Tobisu, M.; Chatani, N. Angew.
Chem., Int. Ed. 2010, 49, 2929−2932. (b)Muto, K.; Yamaguchi, J.; Itami,
K. J. Am. Chem. Soc. 2012, 134, 169−172. (c) Muto, K.; Yamaguchi, J.;
Lei, A.; Itami, K. J. Am. Chem. Soc. 2013, 135, 16384−16387. (d) Correa,
A.;Martin, R. J. Am. Chem. Soc. 2014, 136, 7253−7256. (e)Xu,H.;Muto,
K.; Yamaguchi, J.; Zhao, C.; Itami, K.; Musaev, D. G. J. Am. Chem. Soc.
2014, 136, 14834−14844. (f) Cornella, J.; Jackson, E. P.; Martin, R.
Angew. Chem., Int. Ed. 2015, 54, 4075−4078. (g) Tobisu, M.; Yasui, K.;
Aihara, Y.; Chatani, N. Angew. Chem., Int. Ed. 2017, 56, 1877−1880.
(h) Somerville, R. J.; Hale, L. V. A.; Gomez-Bengoa, E.; Bures, J.; Martin,
R. J. Am. Chem. Soc. 2018, 140, 8771−8780. (i) Nishizawa, A.; Takahira,
T.; Yasui, K.; Fujimoto, H.; Iwai, T.; Sawamura, M.; Chatani, N.; Tobisu,
M. J. Am. Chem. Soc. 2019, 141, 7261−7265.
(7) Selected examples of C−O bond cleavage of benzyl ethers, see:
(a) Tobisu, M.; Yasutome, A.; Kinuta, H.; Nakamura, K.; Chatani, N.
Org. Lett. 2014, 16, 5572−5575. (b) Zarate, C.; Martin, R. J. Am. Chem.
Soc. 2014, 136, 2236−2239. (c) Tobisu, M.; Morioka, T.; Ohtsuki, A.;
Chatani, N. Chem. Sci. 2015, 6, 3410−3414.
(8) Selected examples of C−O bond cleavage of aryl sulfonates, see:
(a) Zhou, C.; Liu, Q.; Li, Y.; Zhang, R.; Fu, X.; Duan, C. J. Org. Chem.
2012, 77, 10468−10472. (b) Gan, Y.; Wang, G.; Xie, X.; Liu, Y. J. Org.
Chem. 2018, 83, 14036−14048. (c) Yu, P.; Morandi, B. Angew. Chem.,
Int. Ed. 2017, 56, 15693−15697.
(9) Selected examples of C−O bond cleavage of other substrates, see:
Chatani, N.; Tatamidani, H.; Ie, Y.; Kakiuchi, F.; Murai, S. J. Am. Chem.
Soc. 2001, 123, 4849−4850. (b) Tatamidani, H.; Yokota, K.; Kakiuchi,
F.; Chatani, N. J. Org. Chem. 2004, 69, 5615−5621. (c) Nichols, J. M.;
Bishop, L.M.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc. 2010, 132,
12554−12555. (d) Meng, L.; Kamada, Y.; Muto, K.; Yamaguchi, J.;
Itami, K. Angew. Chem., Int. Ed. 2013, 52, 10048−10051.
(10) Recent examples of intermolecular cyclization via C−O bond
cleavage, see: (a) Sakiyama, N.; Noguchi, K.; Tanaka, K. Angew. Chem.,
Int. Ed. 2012, 51, 5976−5980. (b) Qiao, R.; Ye, L.; Hu, K.; Yu, S.; Yang,
W.; Liu, M.; Chen, J.; Ding, J.; Wu, H. Org. Biomol. Chem. 2017, 15,
2168−2173. (c) Li, Y.;Wang, K.; Ping, Y.;Wang, Y.; Kong,W.Org. Lett.
2018, 20, 921−924. (d) Okita, T.; Komatsuda, M.; Saito, A. N.; Hisada,
T.; Takahara, T. T.; Nakayama, K. P.; Isshiki, R.; Takise, R.; Muto, K.;
Yamaguchi, J. Asian J. Org. Chem. 2018, 7, 1358−1361.
(11) (a) Hiremathad, A.; Patil,M. R.; Chethana, K. R.; Chand, K.; Santos,
M. A.; Keri, R. S. RSC Adv. 2015, 5, 96809−96828. (b) Heravi, M. M.;
Zadsirjan, V.; Hamidi, H.; Arniri, P. H. T.RSCAdv. 2017, 7, 24470−24521.
(c) Goyal, D.; Kaur, A.; Goyal, B. ChemMedChem 2018, 13, 1275−1299.
(12) The structure of 2ab was determined by X-ray structure analysis.
(13) The reaction proceeded in 81% yield with the substrate 1ay
having a tBu group on the alkyne and a ketone on the alkene. Products
2ba and 2bb are probably unstable.

(14) Komiyama, T.; Minami, Y.; Furuya, Y.; Hiyama, T.Angew. Chem.,
Int. Ed. 2018, 57, 1987−1990.
(15) See Supporting Information.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b03170
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_003.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1948857&id=doi:10.1021/acs.orglett.9b03170
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
mailto:arisaw@phs.osaka-u.ac.jp
http://orcid.org/0000-0002-1689-6492
http://orcid.org/0000-0002-9700-3309
http://orcid.org/0000-0002-7937-670X
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03170/suppl_file/ol9b03170_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.9b03170

