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ABSTRACT: A novel formal [4 + 1]-cycloaddition of readily
available homopropargyl alcohols with diazo dicarbonyl
compounds is described, which involves tandem O−H
insertion/Conia-ene cyclization under cooperative Rh(II)/
Zn(II) catalysis. This reaction provides easy access to various
substituted tetrahydrofurans and exhibits complete E-selectiv-
ity in the case of nonterminal alkynes.

Tetrahydrofurans are ubiquitous structural elements found
in numerous biologically active natural products.1 Among

the many approaches toward their synthesis,2,3 cycloaddition
reactions4 provide us with powerful and efficient strategies.
Recently, in the course of our campaign directed toward the
synthesis of natural products utilizing an In(OTf)3-catalyzed
Conia-ene reaction,5 we discovered a new methodology for the
synthesis of tetrahydrofurans which consists of formal [4 + 1]-
cycloaddition of homopropargyl alcohols to diazo dicarbonyl
compounds.
During the examination of Rh(II)-catalyzed O−H insertion

of 1 onto 2, we unexpectedly found that the cyclized product 4
was directly formed possibly via Rh(II)-catalyzed Conia-ene
reaction of 3 although the yield was less than 10% (Scheme 1).

This observation allowed us to envisage that, provided the
second cyclization step is facilitated by the addition of an
appropriate Lewis acid,6−12 the O−H insertion reaction of 5
with 6 and the following cyclization reaction of 7 could be
achieved in a cascade manner13 to directly produce
tetrahydrofuran 8 (Scheme 2). To our knowledge, this type
of transformation, formally regarded as a [4 + 1]-cyclo-
addition14 as depicted in 9, has not been reported to date.
To assess the feasibility of our envisaged tetrahydrofuran

synthesis, we first surveyed Lewis acids as an additive in the
reaction of 5a and 6a using the Rh2(esp)2 catalyst

15 in CH2Cl2

at room temperature (Table 1). It was observed that the
cyclization step was very slow in the absence of a Lewis acid
although tetrahydrofuran 8aa was produced directly in very
poor yield (Table 1, entry 1). As a result, among the additives
examined, In(OTf)3

5,8c and ZnCl2
9c were found to effectively

promote the cyclization to provide 8aa in acceptable yields
(Table 1, entries 2 and 3). Since the In(OTf)3-catalyzed
conditions were found to exhibit a limited substrate scope,16

the conditions using ZnCl2 were selected for further
optimization.
After the experiments shown in Table 2 were conducted, we

identified the reaction conditions listed in entry 3 to be
optimum. Thus, when 6a was reacted with 1 equiv of 5a using 1
mol % of Rh2(esp)2 and 10 mol % of ZnCl2 in CH2Cl2 at room
temperature, the cycloaddition completed within 4 h to give
8aa in 83% yield. When ZnCl2 was reduced to 5 mol % or less,
the cyclization became very sluggish (Table 2, entries 1−4).
Toluene, THF, and MeCN were found to be inferior to
CH2Cl2 as solvent (Table 2, entries 5−7).
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Scheme 1. Formation of 4 via a O−H Insertion/Conia-Ene
Process

Scheme 2. Formal [4 + 1]-Cycloaddition Giving
Tetrahydrofurans
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Having established optimized reaction conditions, we next
evaluated the substrate scope with the diazo dicarbonyl
compounds (Table 3). It was found that compounds 6b−d
similarly underwent a cycloaddition reaction with 5a to afford
the corresponding cyclized products 8ab−8ad in moderate to
good yields. However, in the cases of 6b and 6c, side products
8ab′ and 8ac′ were also formed via an ester exchange reaction
while the corresponding ester exchange product was not
observed for 6a (Table 3, entries 1−3). Hence, 1.5 equiv of 5a
was necessarily employed to obtain 8ab and 8ac in acceptable
yields (entries 2 and 3). Reaction of O−H insertion product
7ab17 with 5a under the same conditions using Rh2(esp)2,
ZnCl2, and 4 Å molecular sieves in CH2Cl2 did not afford 8ab′,
indicating that the ester exchange reaction occurred prior to
O−H insertion. In the case of more reactive 6d, ZnCl2 could be
reduced to 1 mol %, and 8ad was still obtained in good yield
(Table 3, entry 4). Furthermore, the cyclization proceeded even
in the absence of ZnCl2 to give 8ad in moderate yield (Table 3,
entry 5). Reaction of 5a with diazo compound 2 also afforded
the cyclized product 4a directly under the conditions using
Rh2(esp)2 alone as seen in the reaction of Scheme 1 although

the yield was very low. However, the addition of ZnCl2 caused
the formation of a complex mixture possibly due to the
reactivity of the cyclic malonic ester functionality under Lewis
acidic conditions (Table 3, entry 6).
Scheme 3 illustrates the substrate scope with alkynols in the

reaction with 6a. This cycloaddition method is applicable to
various substituted homopropargyl alcohols. The presence of a
substitutent at the C1 or C2 position did not negatively affect
the cyclization, and tetrahydrofurans 8ba−8ea were obtained in
good yields, albeit moderate diastereoselectivities.18 cis-/trans-
Octahydrobenzofuran derivatives 8fa and 8ga were also
obtained in good yields as a diastereoisomeric mixture.18

Furthermore, 8ha could be synthesized in good yield from 5h
having gem-methyl groups next to the alkynic triple bond. It is
noteworthy that, in the cases of nonterminal alkynes 5i−5l, the
cyclization proceeded with complete E-selectivity to produce
8ia−8la in good to excellent yields. Scheme 4 shows the
limitation of this method. In the case of tertiary alcohol 5m, the
O−H insertion step was so slow that either 7ma or 8ma could
not be produced effectively. Instead, 5m underwent competitive
cycloaddition of 6a to the triple bond to give cyclopropene 10.

Table 1. Reaction of 5a and 6aa

yield (%)b

entry Lewis acid time (h) 7aa 8aa

1 none 72 80 4
2 In(OTf)3 3 0 93
3 ZnCl2 6 16 68
4 AuCl(PPh3), AgOTf 6 78 1
5 Pd(OAc)2 3 81 13
6 AgOTf 6 64 20
7 Ni(acac)2 4 23 22
8 CuOTf·1/2PhH 6 21 43
9 FeCl3 6 73 15

aReaction conditions: 5a (10 equiv), 6a (1 equiv), Rh2(esp)2 (1 mol
%), Lewis acid (5 mol %), 4 Å MS (30 mg/mL), CH2Cl2 (0.5 M), rt.
b7aa and 8aa were inseparable, and the yields were calculated by their
ratio determined by 1H NMR.

Table 2. Optimization of the Synthesis of 8aaa

yield (%)b

entry 5a (equiv) ZnCl2 (mol %) solvent time (h) 7aa 8aa

1 10 5 CH2Cl2 6 16 68
2 10 20 CH2Cl2 7 0 86
3 1 10 CH2Cl2 4 0 83
4 1 1 CH2Cl2 96 47 47
5 1 10 toluene 18 37 22
6 1 10 MeCN 19 57 4
7 1 10 THF 23 0 20

aReaction conditions: 5a (indicated amount), 6a (1 equiv), Rh2(esp)2
(1 mol %), ZnCl2 (indicated amount), 4 Å MS (30 mg/mL), solvent
(0.5 M), rt. b7aa and 8aa were inseparable, and the yields were
calculated by their ratio determined by 1H NMR.

Table 3. Substrate Scope of Diazo Dicarbonyl Compoundsa

aThe reactions were conducted using 4 Å MS (30 mg/mL) in CH2Cl2
(0.5 M). bIsolated yield. cZnCl2 was not employed. dAddition of
ZnCl2 (10 mol %) led to the complex mixture.
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In addition, this method cannot be applied to the synthesis of
tetrahydropyrans and oxetanes as observed in the reactions of
alkynols 11 and 14 with 6a.
In order to probe the reaction mechanism, control

experiments were carried out as shown in Scheme 5. When
the reaction of 5a with 6a was conducted using 10 mol % of
ZnCl2 alone, no reaction occurred and 6a was recovered
quantitatively. On the other hand, 7aa smoothly underwent the
cyclization reaction under the conditions using 10 mol % of
ZnCl2 to produce 8aa in high yield. These results and the result
listed in entry 1 of Table 1 suggest that (i) Rh2(esp)2
participates in the O−H insertion step while it does not
promote the cyclization effectively; (ii) ZnCl2 catalyzes the

cyclization step effectively while it does not promote the O−H
insertion.
These observations allowed us to propose the reaction

mechanism depicted in Scheme 6 where Rh(II) and Zn(II)

catalysts worked independently without exerting a deleterious
influence on each other. Namely, Rh(II) reacts with diazo
dicarbonyl compound 6 to form Rh carbenoid 16 which in turn
undergoes the O−H insertion reaction with alkynol 5 via 17 to
generate 7.19 Then intermediate 7 is involved in the Zn(II)-
mediated Conia-ene reaction giving tetrahydrofuran 8 with an
E-configuration via carbometalation of Zn enolate 18 to 19.9a

This mechanism explains the highly selective production of the
E-isomers 8ia−8la.
In conclusion, we have developed a novel formal [4 + 1]-

cycloaddition of readily available homopropargyl alcohols with
diazo dicarbonyl compounds, which features broad applicability
as well as atom economical efficiency and operational
simplicity. The present work provides new entry to
tetrahydrofurans.
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Scheme 3. Substrate Scope of Alkynolsa

aCondition A: 5b−h (1 equiv), 6a (1 equiv), Rh2(esp)2 (1 mol %),
ZnCl2 (10 mol %), 4 Å MS (30 mg/mL), CH2Cl2 (0.5 M), rt;
Condition B: 5i−l (1 equiv), 6a (1 equiv), Rh2(esp)2 (1 mol %),
ZnCl2 (10 mol %), 4 Å MS (30 mg/mL), (CH2Cl)2 (0.5 M), rt 30
min, then reflux.

Scheme 4. Limitation of the Cycloaddition Method

Scheme 5. Control Experiments

Scheme 6. Proposed Reaction Mechanism
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Ed. 2004, 43, 5350. (c) Meźailles, N.; Ricard, L.; Gagosz, F. Org. Lett.
2005, 7, 4133. (d) Ochida, A.; Ito, H.; Sawamura, M. J. Am. Chem. Soc.
2006, 128, 16486. (e) Zho, C.-Y.; Che, C.-M. J. Am. Chem. Soc. 2007,
129, 5828.
(7) Pd-catalyzed Conia-ene type reactions: (a) Monteiro, N.; Gore,
J.; Balme, G. Tetrahedron 1992, 48, 10103. (b) Clique, B.; Monteiro,
N.; Balme, G. Tetrahedron Lett. 1999, 40, 1301. (c) Marat, X.;
Monteiro, N.; Balme, G. Synlett 1997, 845. (d) Corkey, B. K.; Toste, F.
D. J. Am. Chem. Soc. 2005, 127, 17168. (e) Corkey, B. K.; Toste, F. D.
J. Am. Chem. Soc. 2007, 129, 2764.
(8) In-catalyzed Conia-ene type reactions: (a) Morikawa, S.;
Yamazaki, S.; Furusaki, Y.; Amano, N.; Zenke, K.; Kakiuchi, K. J.
Org. Chem. 2006, 71, 3540. (b) Tsuji, H.; Yamagata, K.; Itoh, Y.; Endo,
K.; Nakamura, M.; Nakamura, E. Angew. Chem., Int. Ed. 2007, 46,
8060. (c) Itoh, Y.; Tsuji, H.; Yamagata, K.; Endo, K.; Tanaka, I.;
Nakamura, M.; Nakamura, E. J. Am. Chem. Soc. 2008, 130, 17161.
(d) Leduc, A. B.; Lebold, T. P.; Kerr, M. A. J. Org. Chem. 2009, 74,

8414. (e) Liu, L.; Wei, L.; Lu, Y.; Zhang, J. Chem.Eur. J. 2010, 16,
11813.
(9) Zn-catalyzed Conia-ene type reactions: (a) Nakamura, M.; Liang,
C.; Nakamura, E. Org. Lett. 2004, 6, 2015. (b) Morikawa, S.; Yamazaki,
S.; Tsukada, M.; Izuhara, S.; Morimoto, T.; Kakiuchi, K. J. Org. Chem.
2007, 72, 6459. (c) Liu, Y.; Song, R.-J.; Li, J.-H. Synthesis 2010, 3663.
(d) Grover, H. K.; Lebold, T. P.; Kerr, M. A. Org. Lett. 2011, 13, 220.
(e) Hess, W.; Burton, J. W. Adv. Synth. Catal. 2011, 353, 2966.
(f) Chin, C.-L.; Liao, C.-F.; Liu, H.-J.; Wong, Y.-C.; Hsieh, M.-T.;
Amancha, P. K.; Chang, C.-P.; Shia, K.-S. Org. Biomol. Chem. 2011, 9,
4778. (g) [Zn/Yb]: Suzuki, S.; Tokunaga, E.; Reddy, D. S.;
Matsumoto, T.; Shiro, M.; Shibata, N. Angew. Chem., Int. Ed. 2012, 51,
4131.
(10) Cu-catalyzed Conia-ene type reactions: (a) Bouyssi, M.;
Monteiro, N.; Balme, G. Tetrahedron Lett. 1999, 40, 1297. (b) Bouyssi,
D.; Cavicchioli, N.; Marat, X.; Monteiro, N.; Hartmann, B.; Balme, G.
Tetrahedron Lett. 2002, 43, 2609. (c) Yang, T.; Ferrali, A.; Sladojevich,
F.; Campbell, L.; Dixon, D. J. J. Am. Chem. Soc. 2009, 131, 9140.
(d) Montel, S.; Bouyssi, D.; Balme, G. Adv. Synth. Catal. 2010, 352,
2315. (e) [Cu/Ag]: Deng, C.-L.; Song, R.-J.; Guo, S.-M.; Wang, J.-H.;
Li, Z.-Q. Org. Lett. 2007, 9, 5111. (f) Deng, C.-L.; Zou, T.; Wang, Z.-
Q.; Song, R.-J.; Li, J.-H. J. Org. Chem. 2009, 74, 412.
(11) Other metal-catalyzed Conia-ene type reactions: (a) [Ti]:
Kitagawa, O.; Suzuki, T.; Inoue, T.; Watanabe, Y.; Taguchi, T. J. Org.
Chem. 1998, 63, 9470. (b) [Fe]: Chan, L. Y.; Kim, S.; Park, Y.; Lee, P.
H. J. Org. Chem. 2012, 77, 5239. (c) [Co]: Renaud, J. L.; Aubert, C.;
Malacria, M. Tetrahedron 1999, 55, 5113. (d) [Ni/Yb]: Gao, Q.;
Zheng, B.-F.; Li, J.-H.; Yang, D. Org. Lett. 2005, 7, 2185. (e) [Mo]:
McDonald, F. E.; Olson, T. C. Tetrahedron Lett. 1997, 38, 7691. (f)
[W]: Iwasawa, N.; Miura, T.; Kiyota, K.; Kusama, H.; Lee, N.; Lee, P.
H. Org. Lett. 2002, 4, 4463. (g) [La/Ag]: Matsuzawa, A.; Mashiko,
T.; Kumagai, N.; Shibasaki, M. Angew. Chem., Int. Ed. 2011, 50, 7616.
(h) [Hg]: Boaventura, M. A.; Drouin, J.; Conia, J. M. Synthesis 1983,
8014.
(12) For a review on related metal-catalyzed cyclizations, see: Deńes̀,
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