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Gold(I)-Catalyzed Cycloisomerization of Nitrogen and Oxygen-Tethered
Alkylidenecyclopropanes to Tricyclic Compounds
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Homogeneous catalysis by gold complexes has received
considerable attention in recent years.[1] Among these inter-
esting reactions, gold-catalyzed cycloisomerization of 1,6-
enynes is one of the most important strategies for the con-
struction of functionalized cyclic structures.[2] Nitrogen- and
oxygen-bridged enynes are useful starting materials for the
preparation of heterocyclic building blocks. Since Blum
et al. first reported the PtCl4-catalyzed cyclorearrangement
of allyl propynyl ether to 3-oxabicycloACHTUNGTRENNUNG[4.1.0]heptenes in
1995,[3a] this type of 6-endo-dig cycloisomerization has been
developed by the use of transition-metal catalysts, such as
platinum,[3] rhodium,[4] gold[5] and iridium.[6] For example,
Chung and co-workers reported the gold-catalyzed cycliza-
tion of enynes containing an olefinic cycle to give
azabicycloACHTUNGTRENNUNG[4.1.0]heptenes under mild conditions.[5c] Similar
oxygen heterocycles with high diastereoselectivities have
been reported by Michelet�s and Chen�s groups.[5f, h]

Alkylidenecyclopropanes (ACPs) containing a coordinat-
ing double bond and a strained carbocycle can undergo
a number of interesting metal-assisted cycloadditions when
tethered by alkenes or alkynes.[7] In this aspect, Toste�s
group reported a new gold-catalyzed ring-expanding enyne
cycloisomerization reaction that allows for rapid preparation
of complex polycyclic ring systems (Scheme 1 a).[2j] Herein,
we report a new construction of tricyclic compounds along
with cycloisomerization from alkylidenecyclopropanes
toward six-membered heterocyclic rings (Scheme 1 b).

Initial studies by using alkylidenecyclopropane 1 a
(0.2 mmol) as the substrate were aimed to determine the re-
action outcome and subsequently optimize the reaction con-
ditions. The results are summarized in Table 1. We found
that an interesting tricyclic product 2 a was formed in 69 %
yield by using [(PPh3)AuCl]/AgOTf as the catalyst

(5 mol%) in 1,2-dichloroethane (DCE) at room tempera-
ture (20 8C) (Table 1, entry 1). The structure of compound
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Scheme 1. Gold-catalyzed cycloisomerization of alkylidenecyclopropanes
tethered by alkynes.

Table 1. Optimization of the reaction conditions for gold(I)-catalyzed in-
tramolecular cyclization.

Entry[a] Catalyst [x mol %] Solvent Yield [%],[b] 2a

1 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgOTf (5) DCE 69
2[c] PtCl2 (5) DCE 45
3[c] RhCl(CO) ACHTUNGTRENNUNG(PPh3)2/AgSbF6 (5) DCE Complex
4 ACHTUNGTRENNUNG[(PPh3)AuCl] (5) DCM NR
5 AgOTf (5) DCM NR
6 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgOTf (5) toluene 20
7 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgOTf (5) MeCN NR
8 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgOTf (5) 1,4-dioxane 37
9 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgOTf (5) CHCl3 87
10 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgOTf (5) DCM 90
11 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgOTf (10) DCM 44
12 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgSbF6 (5) DCM 42
13 ACHTUNGTRENNUNG[(PPh3)AuCl]/AgBF4 (5) DCM 39
14 ACHTUNGTRENNUNG[(PMe3)AuCl]/AgOTf (5) DCM 47
15 ACHTUNGTRENNUNG[(tBu3P)AuCl]/AgOTf (5) DCM 90
16 ACHTUNGTRENNUNG[AuCl3]/AgOTf (5) DCM 3
17 ACHTUNGTRENNUNG[(IPr)AuCl]/AgOTf (5) DCM 58
18 ACHTUNGTRENNUNG[(tBuXPhos)Au ACHTUNGTRENNUNG(NCMe)]SbF6 (5) DCM 94

[a] All reactions were carried out by using 1a (0.2 mmol) in the presence
of catalyst (x mol %) in various solvents (2.0 mL) unless otherwise speci-
fied. [b] Yield of isolated product. [c] At 80 8C. NR =no reaction.
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2 a was confirmed by NMR spectroscopic data and X-ray
diffraction analysis (see the Supporting Information).[8] Car-
rying out the reaction in the presence of PtCl2 or
[RhCl(CO) ACHTUNGTRENNUNG(PPh3)2]/ACHTUNGTRENNUNG[AgSbF6] (5 mol%), which were effec-
tive catalysts in other similar reactions, afforded the desired
product 2 a in lower yield or complex product mixtures, re-
spectively (Table 1, entries 2 and 3).[3b–h, j, m,4d] Control experi-
ments indicated that by using [(PPh3)AuCl] or AgOTf alone
as the catalyst did not promote the reaction (Table 1, en-
tries 4 and 5). Further examination of solvent effects re-
vealed that dichloromethane (DCM) was the solvent of
choice, and 2 a was formed in lower yield in other organic
solvents, such as toluene, MeCN, 1,4-dioxane, or CHCl3

(Table 1, entries 6–10). Moreover, adding [(PPh3)AuCl]/
AgOTf (10 mol%) afforded 2 a in 44 % yield (Table 1,
entry 11). Changing silver salt to AgSbF6 or AgBF4 did not
improve the reaction outcomes (Table 1, entries 12 and 13).
By using [(PMe3)AuCl] or [(tBu3P)AuCl] instead of
[(PPh3)AuCl] as the gold catalyst gave 2 a in 47 and 90 %
yields, respectively, and [(IPr)AuCl] (IPr=1,3-bis(2,6-diiso-
propylphenyl)imidazol-2-ylidene) as well as AuCl3 were not
effective gold catalysts in this reaction (Table 1, entries 14–
17). In the presence of [(tBuXPhos)Au ACHTUNGTRENNUNG(NCMe)]SbF6

(Figure 1, cat. 1), 2 a could be
obtained in 94 % yield under
otherwise identical conditions
(Table 1, entry 18). Therefore,
the optimal reaction conditions
have been identified to carry
out the reaction in DCM at
room temperature by using
[(tBuXPhos)AuACHTUNGTRENNUNG(NCMe)]SbF6

(5 mol%) as the catalyst.
We next examined the substrate generality of the reaction

under the optimized conditions, and the results are shown in
Table 2. As can be seen, for nitrogen-tethered substrates
1 b–d with an electron-donating group on the benzene ring,
such as MeO and Me groups, the reactions proceeded
smoothly to give the desired products 2 b–d in 87–99 %
yields (Table 2, entries 1–3). When the electron-withdrawing
groups, Br or Cl, were introduced on the benzene ring (sub-
strates 1 e and 1 f), the corresponding products 2 e and 2 f
were obtained in 98 and 99 % yields, respectively (Table 2,
entries 4 and 5). The aromatic group of 1 could also be
a naphthyl group (substrate 1 g), giving the cycloisomerized
compound 2 g in 99 % yield (Table 2, entry 6). As for sub-
strates 1 h (R=Me) and 1 i (R=Et) with an alkyl group at
the terminal of alkyne moiety, tricyclic compounds 2 h and
2 i could be formed in 73 and 87 % yields, respectively
(Table 2, entries 7 and 8). In the case of other N-sulfonated
amines (X=NNs or NBs), the reaction also proceeded
smoothly to give the desired products 2 j and 2 k in 88–99 %
yields, indicating a broad substrate scope of this reaction
(Table 2, entries 9 and 10). For oxygen-tethered alkylidene-
cyclopropanes, such as substrates 1 l and 1 m, the reactions
produced 2 l and 2 m in 71 and 80 % yields, respectively
(Table 2, entries 11 and 12). Further examination of sub-

strate 1 n revealed that the azabicycloACHTUNGTRENNUNG[4.1.0]heptene deriva-
tive 2 n could be obtained in 94 % yield, when 4 � molecular
sieves was added (Table 2, entry 13). As for 1,7-enyne 1 o,
no reaction occurred under the standard conditions (Table 2,
entry 14). When the terminal of alkyne moiety is a hydrogen
atom (substrate 1 p), the corresponding 1,3-diene 3 p could
be obtained in 71 % yield rather than the tricyclic product
(Table 2, entry 15).[9] The product structures of 2 b–n were
determined by NMR spectroscopic data, MS, and HRMS.
The structure of compound 3 p was confirmed by NMR
spectroscopic data and X-ray diffraction analysis (see the
Supporting Information).[10]

On the other hand, in the case of 1,6-enyne 1 n, under the
standard conditions, the reactions produced 2 n, 4 n, and
5 n[11] in 49, 15, and 29 % yields, respectively. Then, adding
molecular sieves (4 �, 50 mg) into the reaction system,
azabicycloACHTUNGTRENNUNG[4.1.0]heptene derivative 2 n could be obtained in
94 % yield as the sole product. Alcohol derivative 5 n was
formed in 77 % yield along with a trace amount of 2,3-dihy-
drofuran derivative 4 n, when H2O (10 equiv) was added,
suggesting that products 4 n and 5 n are derived from adven-
titious water (Scheme 2). The structure of compound 4 n was
confirmed by NMR spectroscopic data and X-ray diffraction
analysis (see the Supporting Information).[12]

Plausible mechanisms for these reactions are outlined in
Scheme 3 on the basis of above results. Coordination of AuI

complex to the alkyne forms intermediate 1, which evolves

Figure 1. Structure of
[(tBuXPhos)Au ACHTUNGTRENNUNG(NCMe)]SbF6.

Table 2. Substrate scope of the gold(I)-catalyzed cycloisomerization.

Entry[a] 1 X R Yield [%],[b] 2

1 1b NTs 4-MeOPh 2b, 87
2 1c NTs 4-MePh 2c, 95
3 1d NTs 3-MePh 2d, 90
4 1e NTs 2-BrPh 2e, 98
5 1 f NTs 4-ClPh 2 f, 99
6 1g NTs 1-naphthyl 2g, 99
7 1h NTs Me 2h, 73
8 1 i NTs Et 2 i, 87
9 1j NNs Ph 2j, 88
10 1k NBs Ph 2k, 99
11 1 l O Ph 2 l, 71
12 1m O 4-ClPh 2m,80

13[c] 1n 2n, 94

14 1o NR

15 1p 3p, 71

[a] All reactions were carried out by using 1 (0.2 mmol) in the presence
of cat. 1 (5 mol %) in DCM (2.0 mL) at RT for 15–30 h. [b] Yield of iso-
lated product. [c] Molecular sieves (4 �, 50 mg) was added. Ts=4-tolue-
nesulfonyl; Ns =4-nitrobenzenesulfonyl; Bs= 4-bromobenzenesulfonyl;
NR =no reaction.
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to give the cyclopropyl Au–carbene intermediate A (via 6-
endo-dig cyclization) or E (via 5-exo-dig cyclization), which
are often observed in gold-catalyzed cycloisomerizations of
1,6-enynes. It should be also mentioned here that we did not
observe any product via 6-exo-dig cyclization as reported by
Toste and co-workers.[2j] There might be an equilibrium be-
tween the intermediates A and B, intermediate B is expect-
ed to undergo a facile [1,2]hydride shift to generate inter-
mediate C, followed by elimination of AuI complex to give
product 2 (orange arrow).[5f] Alternatively, nucleophilic
attack of water on the cyclopropyl moiety of intermediate A
gives intermediate D, which undergoes hydrolysis to pro-
duce alcohol derivative 5 (red arrow).[5b] On the other hand,

carbenoid E can undergo a rearrangement to give a spiro in-
termediate F.[4b, 9a] Depending on the substitution pattern,
when R= H, the spiro intermediate F undergoes fragmenta-
tion to produce the carbocation G, followed by elimination
of AuI complex to give 1,3-diene 3 (blue arrow). As depicted
by black arrows, activation of the alkyne moiety by AuI

complex induces a nucleophilic attack of water to give inter-
mediate H. Skeletal reorganization of intermediate H pro-
duces enol I, followed by intramolecular proton transfer to
form the oxo-anion intermediate J. Intermediate J under-
goes intramolecular nucleophilic attack to produce tetrahy-
drofuran K, which can also further tautomerize to the corre-
sponding 2,3-dihydrofuran derivative 4.

In conclusion, we have developed a new gold(I)-catalyzed
cycloisomerization of nitrogen and oxygen-tethered alkyli-
denecyclopropanes to provide an easy access to tricyclic
compounds or bicycloACHTUNGTRENNUNG[4.1.0]heptene derivatives in high
yields under very mild conditions. Further applications of
this air- or moisture-tolerant reaction of a gold-catalyzed
tandem system and more detailed mechanistic investigation
are underway in our laboratory.

Experimental Section

General procedure for gold(I)-catalyzed cycloisomerization of alkylide-
necyclopropanes under the standard reaction conditions : Under ambient
atmosphere, an alkylidenecyclopropanes 1 (0.2 mmol, 1.0 equiv) was dis-
solved in DCM (2.0 mL) in an Schlenk tube, and [(tBuXPhos)Au-ACHTUNGTRENNUNG(NCMe)]SbF6 (5 mol %) was added. Then, the reaction mixture was
stirred at RT until the reaction was completed. The solvent was removed
under reduced pressure, and the residue was purified by a flash-column
chromatography (SiO2) to give the corresponding product 2 in moderate-
to-excellent yields.

Acknowledgement

We thank the Shanghai Municipal Committee of Science and Technology
(11JC1402600), National Basic Research Program of China ACHTUNGTRENNUNG(973)-
2009CB825300, and the National Natural Science Foundation of China
for financial support (20872162, 21072206, 20672127, 21121062 and
20732008).

Keywords: cyclization · cyclotrimerization · homogeneous
catalysis · heterocycles · gold

[1] For some selected reviews on gold-catalyzed reactions, see:
a) A. S. K. Hashmi, Chem. Rev. 2007, 107, 3180 – 3211; b) A. F�rst-
ner, P. W. Davies, Angew. Chem. 2007, 119, 3478 –3519; Angew.
Chem. Int. Ed. 2007, 46, 3410 – 3449; c) N. Bongers, N. Krause,
Angew. Chem. 2008, 120, 2208 – 2211; Angew. Chem. Int. Ed. 2008,
47, 2178 – 2181; d) J. Muzart, Tetrahedron 2008, 64, 5815 –5849; e) Z.
Li, C. Brouwer, C. He, Chem. Rev. 2008, 108, 3239 – 3265; f) A.
Arcadi, Chem. Rev. 2008, 108, 3266 – 3325; g) E. Jim�nez-NfflÇez,
A. M. Echavarren, Chem. Rev. 2008, 108, 3326 –3350; h) D. J. Gorin,
B. D. Sherry, F. D. Toste, Chem. Rev. 2008, 108, 3351 –3378; i) N. T.
Patil, Y. Yamamoto, Chem. Rev. 2008, 108, 3395 –3442; j) A. S. K.
Hashmi, M. Rudolph, Chem. Soc. Rev. 2008, 37, 1766 –1775; k) A.

Scheme 2. Gold(I)-catalyzed cycloisomerization of 1n by using different
conditions.

Scheme 3. A plausible reaction mechanism.

Chem. Eur. J. 2012, 00, 0 – 0 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org

These are not the final page numbers! ��
&3&

COMMUNICATIONGold(I)-Catalyzed Cycloisomerization

http://dx.doi.org/10.1021/cr000436x
http://dx.doi.org/10.1021/cr000436x
http://dx.doi.org/10.1021/cr000436x
http://dx.doi.org/10.1002/ange.200604335
http://dx.doi.org/10.1002/ange.200604335
http://dx.doi.org/10.1002/ange.200604335
http://dx.doi.org/10.1002/anie.200604335
http://dx.doi.org/10.1002/anie.200604335
http://dx.doi.org/10.1002/anie.200604335
http://dx.doi.org/10.1002/anie.200604335
http://dx.doi.org/10.1002/ange.200704729
http://dx.doi.org/10.1002/ange.200704729
http://dx.doi.org/10.1002/ange.200704729
http://dx.doi.org/10.1002/anie.200704729
http://dx.doi.org/10.1002/anie.200704729
http://dx.doi.org/10.1002/anie.200704729
http://dx.doi.org/10.1002/anie.200704729
http://dx.doi.org/10.1016/j.tet.2008.04.018
http://dx.doi.org/10.1016/j.tet.2008.04.018
http://dx.doi.org/10.1016/j.tet.2008.04.018
http://dx.doi.org/10.1021/cr068434l
http://dx.doi.org/10.1021/cr068434l
http://dx.doi.org/10.1021/cr068434l
http://dx.doi.org/10.1021/cr068435d
http://dx.doi.org/10.1021/cr068435d
http://dx.doi.org/10.1021/cr068435d
http://dx.doi.org/10.1021/cr068430g
http://dx.doi.org/10.1021/cr068430g
http://dx.doi.org/10.1021/cr068430g
http://dx.doi.org/10.1021/cr050041j
http://dx.doi.org/10.1021/cr050041j
http://dx.doi.org/10.1021/cr050041j
http://dx.doi.org/10.1039/b615629k
http://dx.doi.org/10.1039/b615629k
http://dx.doi.org/10.1039/b615629k
www.chemeurj.org


F�rstner, Chem. Soc. Rev. 2009, 38, 3208 –3221; l) A. Corma, A.
Leyva-P�rez, M. J. Sabater, Chem. Rev. 2011, 111, 1657 – 1712;
m) M. Rudolph, A. S. K. Hashmi, Chem. Soc. Rev. 2012, 41, 2448 –
2462; n) A. S. K. Hashmi, G. J. Hutchings, Angew. Chem. 2006, 118,
8064 – 8105; Angew. Chem. Int. Ed. 2006, 45, 7896 –7936.

[2] For selected examples on gold-catalyzed cycloisomerization reaction
of enynes, see: a) A. S. K. Hashmi, T. M. Frost, J. W. Bats, J. Am.
Chem. Soc. 2000, 122, 11553 – 11554; b) J. Sun, M. P. Conley, L.
Zhang, S. A. Kozmin, J. Am. Chem. Soc. 2006, 128, 9705 – 9710; c) E.
Jim�nez-NfflÇez, C. K. Claverie, C. Nieto-Oberhuber, A. M. Echavar-
ren, Angew. Chem. 2006, 118, 5578 –5581; Angew. Chem. Int. Ed.
2006, 45, 5452 – 5455; d) P. Y. Toullec, E. Genin, L. Leseurre, J.-P.
GenÞt, V. Michelet, Angew. Chem. 2006, 118, 7587 – 7590; Angew.
Chem. Int. Ed. 2006, 45, 7427 –7430; e) L. Zhang, J. Sun, S. A.
Kozmin, Adv. Synth. Catal. 2006, 348, 2271 – 2296; f) L. Leseurre,
P. Y. Toullec, J.-P. GenÞt, V. Michelet, Org. Lett. 2007, 9, 4049 –4052;
g) C. Nieto-Oberhuber, P. P�rez-Gal�n, E. Herrero-G	mez, T. Lau-
terbach, C. Rodr
guez, S. L	pez, C. Bour, A. Rosell	n, D. J. C�rde-
nas, A. M. Echavarren, J. Am. Chem. Soc. 2008, 130, 269 –279;
h) C.-Y. Yang, G.-Y. Lin, H.-Y. Liao, S. Datta, R.-S. Liu, J. Org.
Chem. 2008, 73, 4907 – 4914; i) H. J. Bae, B. Baskar, Sang. E. An,
J. Y. Cheong, D. T. Thangadurai, I.-C. Hwang, Y. H. Rhee, Angew.
Chem. 2008, 120, 2295 – 2298; Angew. Chem. Int. Ed. 2008, 47, 2263 –
2266; j) S. G. Sethofer, S. T. Staben, O. Y. Hung, F. D. Toste, Org.
Lett. 2008, 10, 4315 –4318; k) V. Michelet, P. Y. Toullec, J.-P. GenÞt,
Angew. Chem. 2008, 120, 4338 –4386; Angew. Chem. Int. Ed. 2008,
47, 4268 – 4315; l) A. S. K. Hashmi, M. Rudolph, H.-U. Siehl, M.
Tanaka, J. W. Bats, W. Frey, Chem. Eur. J. 2008, 14, 3703 –3708;
m) S. M. Abu Sohel, R.-S. Liu, Chem. Soc. Rev. 2009, 38, 2269 –
2281; n) Y. Harrak, A. Simonneau, M. Malacria, V. Gandon, L. Fen-
sterbank, Chem. Commun. 2010, 46, 865 – 867; o) C. Li, Y. Zeng, H.
Zhang, J. Feng, Y. Zhang, J. Wang, Angew. Chem. 2010, 122, 6557 –
6561; Angew. Chem. Int. Ed. 2010, 49, 6413 – 6417; p) A. S. K.
Hashmi, Pure Appl. Chem. 2010, 82, 1517 –1528; q) W. Rao, D. Sus-
anti, P. W. H. Chan, J. Am. Chem. Soc. 2011, 133, 15248 –15251;
r) A. S. K. Hashmi, W. Yang, F. Rominger, Angew. Chem. 2011, 123,
5882 – 5885; Angew. Chem. Int. Ed. 2011, 50, 5762 –5765.

[3] a) J. Blum, H. Beer-Kraft, Y. Badrieh, J. Org. Chem. 1995, 60, 5567 –
5569; b) A. F�rstner, H. Szillat, F. Stelzer, J. Am. Chem. Soc. 2000,
122, 6785 – 6786; c) M. M�ndez, M. P. MuÇoz, C. Nevado, D. J.
C�rdenas, A. M. Echavarren, J. Am. Chem. Soc. 2001, 123, 10511 –
10520; d) A. F�rstner, F. Stelzer, H. Szillat, J. Am. Chem. Soc. 2001,
123, 11863 – 11869; e) C. Nevado, C. Ferrer, A. M. Echavarren, Org.
Lett. 2004, 6, 3191 – 3194; f) A. F�rstner, P. W. Davies, T. Gress, J.
Am. Chem. Soc. 2005, 127, 8244 –8245; g) E. J. Cho, M. Kim, D.
Lee, Org. Lett. 2006, 8, 5413 – 5416; h) C. Ferrer, M. Raducan, C.
Nevado, C. K. Claverie, A. M. Echavarren, Tetrahedron 2007, 63,
6306 – 6316; i) A. Tenaglia, S. Gaillard, Angew. Chem. 2008, 120,
2488 – 2491; Angew. Chem. Int. Ed. 2008, 47, 2454 –2457; j) L. Ye, Q.
Chen, J. Zhang, V. Michelet, J. Org. Chem. 2009, 74, 9550 –9553;
k) D. Brissy, M. Skander, H. Jullien, P. Retailleau, A. Marinetti,
Org. Lett. 2009, 11, 2137 – 2139; l) D. Brissy, M. Skander, P. Retail-
leau, G. Frison, A. Marinetti, Organometallics 2009, 28, 140 –151;
m) J.-B. Xia, W.-B. Liu, T.-M. Wang, S.-L. You, Chem. Eur. J. 2010,
16, 6442 –6446; n) H. Jullien, D. Brissy, R. Sylvain, P. Retailleau, J.-
V. Naubron, S. Gladiali, A. Marinetti, Adv. Synth. Catal. 2011, 353,
1109 – 1124; o) V. Elitzin, B. Liu, M. Sharp, E. Tabet, Tetrahedron
Lett. 2011, 52, 3518 –3520.

[4] a) P. Costes, J. Weckesser, O. Dechy-Cabaret, M. Urrutigo�ty, P.
Kalck, Appl. Organomet. Chem. 2008, 22, 211 – 214; b) K. Ota, S. I.
Lee, J.-M. Tang, M. Takachi, H. Nakai, T. Morimoto, H. Sakurai, K.
Kataoka, N. Chatani, J. Am. Chem. Soc. 2009, 131, 15203 –15211;
c) T. Nishimura, T. Kawamoto, M. Nagaosa, H. Kumamoto, T. Haya-
shi, Angew. Chem. 2010, 122, 1682 – 1685; Angew. Chem. Int. Ed.
2010, 49, 1638 –1641; d) S. Y. Kim, Y. K. Chung, J. Org. Chem. 2010,

75, 1281 –1284; e) Q. Li, G.-J. Jiang, L. Jiao, Z.-X. Yu, Org. Lett.
2010, 12, 1332 –1335; f) T. Nishimura, Y. Maeda, T. Hayashi, Org.
Lett. 2011, 13, 3674 –3677.

[5] a) C. Nieto-Oberhuber, M. P. MuÇoz, E. BuÇuel, C. Nevado, D. J.
C�rdenas, A. M. Echavarren, Angew. Chem. 2004, 116, 2456 –2460;
Angew. Chem. Int. Ed. 2004, 43, 2402 –2406; b) C. Nieto-Oberhuber,
M. P. MuÇoz, S. L	pez, E. Jim�nez-NfflÇez, C. Nevado, E. Herrero-
G	mez, M. Raducan, A. M. Echavarren, Chem. Eur. J. 2006, 12,
1677 – 1693; c) S. I. Lee, S. M. Kim, M. R. Choi, S. Y. Kim, Y. K.
Chung, W.-S. Han, S. O. Kang, J. Org. Chem. 2006, 71, 9366 – 9372;
d) S. I. Lee, S. M. Kim, S. Y. Kim, Y. K. Chung, Synlett 2006, 2256 –
2260; e) S. M. Kim, J. H. Park, S. Y. Choi, Y. K. Chung, Angew.
Chem. 2007, 119, 6284 –6287; Angew. Chem. Int. Ed. 2007, 46, 6172 –
6175; f) C.-M. Chao, D. Beltrami, P. Y. Toullec, V. Michelet, Chem.
Commun. 2009, 6988 –6990; g) Z. Chen, Y.-X. Zhang, Y.-H. Wang,
L.-L. Zhu, H. Liu, X.-X. Li, L. Guo, Org. Lett. 2010, 12, 3468 –3471;
h) S. M. Kim, J. H. Park, Y. K. Chung, Chem. Commun. 2011, 47,
6719 – 6721.

[6] a) T. Shibata, Y. Kobayashi, S. Maekawa, N. Toshida, K. Takagi, Tet-
rahedron 2005, 61, 9018 – 9024; b) S. H. Sim, S. I. Lee, J. H. Park,
Y. K. Chung, Adv. Synth. Catal. 2010, 352, 317 – 322.

[7] a) R. T. Lewis, W. B. Motherwell, M. Shipman, J. Chem. Soc. Chem.
Commun. 1988, 948 – 950; b) M. Lautens, Y. Ren, P. H. M. Delanghe,
J. Am. Chem. Soc. 1994, 116, 8821 –8822; c) H. Corlay, R. T. Lewis,
W. B. Motherwell, M. Shipman, Tetrahedron 1995, 51, 3303 –3318;
d) M. Lautens, Y. Ren, J. Am. Chem. Soc. 1996, 118, 9597 –9605;
e) A. Delgado, J. R. Rodr
guez, L. Castedo, J. L. MascareÇas, J. Am.
Chem. Soc. 2003, 125, 9282 –9283; f) F. L	pez, A. Delgado, J. R. Ro-
dr
guez, L. Castedo, J. L. MascareÇas, J. Am. Chem. Soc. 2004, 126,
10262 – 10263; g) B. Trillo, M. Gul
as, F. L	pez, L. Castedo, J. L.
MascareÇas, J. Organomet. Chem. 2005, 690-690, 5609 –5615; h) M.
Gul
as, R. Garc
a, A. Delgado, L. Castedo, J. L. MascareÇas, J. Am.
Chem. Soc. 2006, 128, 384 –385; i) S. Komagawa, S. Saito, Angew.
Chem. 2006, 118, 2506 – 2509; Angew. Chem. Int. Ed. 2006, 45, 2446 –
2449; j) P. A. Evans, P. A. Inglesby, J. Am. Chem. Soc. 2008, 130,
12838 – 12839; k) L. Saya, G. Bhargava, M. A. Navarro, M. Gul
as, F.
L	pez, I. Fern�ndez, L. Castedo, J. L. MascareÇas, Angew. Chem.
2010, 122, 10082 –10086; Angew. Chem. Int. Ed. 2010, 49, 9886 –
9890.

[8] The crystal data of 2 a have been deposited in CCDC with number
848249.

[9] a) S. Oi, I. Tsukamoto, S. Miyano, Y. Inoue, Organometallics 2001,
20, 3704 –3709; b) N. Chatani, H. Inoue, T. Kotsuma, S. Murai, J.
Am. Chem. Soc. 2002, 124, 10294 –10295; c) F. Marion, J. Coulomb,
C. Courillon, L. Fensterbank, M. Malacria, Org. Lett. 2004, 6, 1509 –
1511; d) C. Nieto-Oberhuber, S. L	pez, M. P. MuÇoz, D. J. C�rdenas,
E. BuÇuel, C. Nevado, A. M. Echavarren, Angew. Chem. 2005, 117,
6302 – 6304; Angew. Chem. Int. Ed. 2005, 44, 6146 –6148; e) G. B.
Bajracharya, I. Nakamura, Y. Yamamoto, J. Org. Chem. 2005, 70,
892 – 897; f) S. I. Lee, S. H. Sim, S. M. Kim, K. Kim, Y. K. Chung, J.
Org. Chem. 2006, 71, 7120 –7123.

[10] CCDC-854088 (3p) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

[11] a) C. Nevado, D. J. C�rdenas, A. M. Echavarren, Chem. Eur. J. 2003,
9, 2627 –2635; b) M. P. MuÇoz, M. M�ndez, C. Nevado, D. J. C�rde-
nas, A. M. Echavarren, Synthesis 2003, 2898 – 2902; c) B.-L. Lu, L.-Z.
Dai, M. Shi, Chem. Soc. Rev. 2012, 41, 3318 –3339.

[12] CCDC-854089 (4n) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Received: March 22, 2012
Published online: && &&, 2012

www.chemeurj.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0 – 0

�� These are not the final page numbers!
&4&

M. Shi et al.

http://dx.doi.org/10.1039/b816696j
http://dx.doi.org/10.1039/b816696j
http://dx.doi.org/10.1039/b816696j
http://dx.doi.org/10.1021/cr100414u
http://dx.doi.org/10.1021/cr100414u
http://dx.doi.org/10.1021/cr100414u
http://dx.doi.org/10.1039/c1cs15279c
http://dx.doi.org/10.1039/c1cs15279c
http://dx.doi.org/10.1039/c1cs15279c
http://dx.doi.org/10.1002/ange.200602454
http://dx.doi.org/10.1002/ange.200602454
http://dx.doi.org/10.1002/ange.200602454
http://dx.doi.org/10.1002/ange.200602454
http://dx.doi.org/10.1002/anie.200602454
http://dx.doi.org/10.1002/anie.200602454
http://dx.doi.org/10.1002/anie.200602454
http://dx.doi.org/10.1021/ja005570d
http://dx.doi.org/10.1021/ja005570d
http://dx.doi.org/10.1021/ja005570d
http://dx.doi.org/10.1021/ja005570d
http://dx.doi.org/10.1021/ja063384n
http://dx.doi.org/10.1021/ja063384n
http://dx.doi.org/10.1021/ja063384n
http://dx.doi.org/10.1002/ange.200601980
http://dx.doi.org/10.1002/ange.200601980
http://dx.doi.org/10.1002/ange.200601980
http://dx.doi.org/10.1002/anie.200601980
http://dx.doi.org/10.1002/anie.200601980
http://dx.doi.org/10.1002/anie.200601980
http://dx.doi.org/10.1002/anie.200601980
http://dx.doi.org/10.1002/adsc.200600368
http://dx.doi.org/10.1002/adsc.200600368
http://dx.doi.org/10.1002/adsc.200600368
http://dx.doi.org/10.1021/ol7017483
http://dx.doi.org/10.1021/ol7017483
http://dx.doi.org/10.1021/ol7017483
http://dx.doi.org/10.1021/ja075794x
http://dx.doi.org/10.1021/ja075794x
http://dx.doi.org/10.1021/ja075794x
http://dx.doi.org/10.1021/jo8004777
http://dx.doi.org/10.1021/jo8004777
http://dx.doi.org/10.1021/jo8004777
http://dx.doi.org/10.1021/jo8004777
http://dx.doi.org/10.1002/ange.200705117
http://dx.doi.org/10.1002/ange.200705117
http://dx.doi.org/10.1002/ange.200705117
http://dx.doi.org/10.1002/ange.200705117
http://dx.doi.org/10.1002/anie.200705117
http://dx.doi.org/10.1002/anie.200705117
http://dx.doi.org/10.1002/anie.200705117
http://dx.doi.org/10.1021/ol801760w
http://dx.doi.org/10.1021/ol801760w
http://dx.doi.org/10.1021/ol801760w
http://dx.doi.org/10.1021/ol801760w
http://dx.doi.org/10.1002/ange.200701589
http://dx.doi.org/10.1002/ange.200701589
http://dx.doi.org/10.1002/ange.200701589
http://dx.doi.org/10.1002/anie.200701589
http://dx.doi.org/10.1002/anie.200701589
http://dx.doi.org/10.1002/anie.200701589
http://dx.doi.org/10.1002/anie.200701589
http://dx.doi.org/10.1002/chem.200701795
http://dx.doi.org/10.1002/chem.200701795
http://dx.doi.org/10.1002/chem.200701795
http://dx.doi.org/10.1039/b807499m
http://dx.doi.org/10.1039/b807499m
http://dx.doi.org/10.1039/b807499m
http://dx.doi.org/10.1039/b919240a
http://dx.doi.org/10.1039/b919240a
http://dx.doi.org/10.1039/b919240a
http://dx.doi.org/10.1002/ange.201002673
http://dx.doi.org/10.1002/ange.201002673
http://dx.doi.org/10.1002/ange.201002673
http://dx.doi.org/10.1002/anie.201002673
http://dx.doi.org/10.1002/anie.201002673
http://dx.doi.org/10.1002/anie.201002673
http://dx.doi.org/10.1351/PAC-CON-09-10-34
http://dx.doi.org/10.1351/PAC-CON-09-10-34
http://dx.doi.org/10.1351/PAC-CON-09-10-34
http://dx.doi.org/10.1021/ja2052304
http://dx.doi.org/10.1021/ja2052304
http://dx.doi.org/10.1021/ja2052304
http://dx.doi.org/10.1002/ange.201100989
http://dx.doi.org/10.1002/ange.201100989
http://dx.doi.org/10.1002/ange.201100989
http://dx.doi.org/10.1002/ange.201100989
http://dx.doi.org/10.1002/anie.201100989
http://dx.doi.org/10.1002/anie.201100989
http://dx.doi.org/10.1002/anie.201100989
http://dx.doi.org/10.1021/jo00122a043
http://dx.doi.org/10.1021/jo00122a043
http://dx.doi.org/10.1021/jo00122a043
http://dx.doi.org/10.1021/ja001034+
http://dx.doi.org/10.1021/ja001034+
http://dx.doi.org/10.1021/ja001034+
http://dx.doi.org/10.1021/ja001034+
http://dx.doi.org/10.1021/ja0109343
http://dx.doi.org/10.1021/ja0109343
http://dx.doi.org/10.1021/ja0109343
http://dx.doi.org/10.1021/ja0109343
http://dx.doi.org/10.1021/ol0486573
http://dx.doi.org/10.1021/ol0486573
http://dx.doi.org/10.1021/ol0486573
http://dx.doi.org/10.1021/ol0486573
http://dx.doi.org/10.1021/ja050845g
http://dx.doi.org/10.1021/ja050845g
http://dx.doi.org/10.1021/ja050845g
http://dx.doi.org/10.1021/ja050845g
http://dx.doi.org/10.1021/ol062335c
http://dx.doi.org/10.1021/ol062335c
http://dx.doi.org/10.1021/ol062335c
http://dx.doi.org/10.1016/j.tet.2007.02.122
http://dx.doi.org/10.1016/j.tet.2007.02.122
http://dx.doi.org/10.1016/j.tet.2007.02.122
http://dx.doi.org/10.1016/j.tet.2007.02.122
http://dx.doi.org/10.1002/ange.200705482
http://dx.doi.org/10.1002/ange.200705482
http://dx.doi.org/10.1002/ange.200705482
http://dx.doi.org/10.1002/ange.200705482
http://dx.doi.org/10.1002/anie.200705482
http://dx.doi.org/10.1002/anie.200705482
http://dx.doi.org/10.1002/anie.200705482
http://dx.doi.org/10.1021/jo902083r
http://dx.doi.org/10.1021/jo902083r
http://dx.doi.org/10.1021/jo902083r
http://dx.doi.org/10.1021/ol900724z
http://dx.doi.org/10.1021/ol900724z
http://dx.doi.org/10.1021/ol900724z
http://dx.doi.org/10.1021/om800743r
http://dx.doi.org/10.1021/om800743r
http://dx.doi.org/10.1021/om800743r
http://dx.doi.org/10.1002/adsc.201000904
http://dx.doi.org/10.1002/adsc.201000904
http://dx.doi.org/10.1002/adsc.201000904
http://dx.doi.org/10.1002/adsc.201000904
http://dx.doi.org/10.1016/j.tetlet.2011.05.005
http://dx.doi.org/10.1016/j.tetlet.2011.05.005
http://dx.doi.org/10.1016/j.tetlet.2011.05.005
http://dx.doi.org/10.1016/j.tetlet.2011.05.005
http://dx.doi.org/10.1002/aoc.1372
http://dx.doi.org/10.1002/aoc.1372
http://dx.doi.org/10.1002/aoc.1372
http://dx.doi.org/10.1021/ja9047637
http://dx.doi.org/10.1021/ja9047637
http://dx.doi.org/10.1021/ja9047637
http://dx.doi.org/10.1002/ange.200906792
http://dx.doi.org/10.1002/ange.200906792
http://dx.doi.org/10.1002/ange.200906792
http://dx.doi.org/10.1002/anie.200906792
http://dx.doi.org/10.1002/anie.200906792
http://dx.doi.org/10.1002/anie.200906792
http://dx.doi.org/10.1002/anie.200906792
http://dx.doi.org/10.1021/jo902273x
http://dx.doi.org/10.1021/jo902273x
http://dx.doi.org/10.1021/jo902273x
http://dx.doi.org/10.1021/jo902273x
http://dx.doi.org/10.1021/ol100237h
http://dx.doi.org/10.1021/ol100237h
http://dx.doi.org/10.1021/ol100237h
http://dx.doi.org/10.1021/ol100237h
http://dx.doi.org/10.1002/ange.200353207
http://dx.doi.org/10.1002/ange.200353207
http://dx.doi.org/10.1002/ange.200353207
http://dx.doi.org/10.1002/anie.200353207
http://dx.doi.org/10.1002/anie.200353207
http://dx.doi.org/10.1002/anie.200353207
http://dx.doi.org/10.1002/chem.200501088
http://dx.doi.org/10.1002/chem.200501088
http://dx.doi.org/10.1002/chem.200501088
http://dx.doi.org/10.1002/chem.200501088
http://dx.doi.org/10.1021/jo061254r
http://dx.doi.org/10.1021/jo061254r
http://dx.doi.org/10.1021/jo061254r
http://dx.doi.org/10.1002/ange.200702028
http://dx.doi.org/10.1002/ange.200702028
http://dx.doi.org/10.1002/ange.200702028
http://dx.doi.org/10.1002/ange.200702028
http://dx.doi.org/10.1002/anie.200702028
http://dx.doi.org/10.1002/anie.200702028
http://dx.doi.org/10.1002/anie.200702028
http://dx.doi.org/10.1039/b913554e
http://dx.doi.org/10.1039/b913554e
http://dx.doi.org/10.1039/b913554e
http://dx.doi.org/10.1039/b913554e
http://dx.doi.org/10.1021/ol1012923
http://dx.doi.org/10.1021/ol1012923
http://dx.doi.org/10.1021/ol1012923
http://dx.doi.org/10.1039/c1cc11127b
http://dx.doi.org/10.1039/c1cc11127b
http://dx.doi.org/10.1039/c1cc11127b
http://dx.doi.org/10.1039/c1cc11127b
http://dx.doi.org/10.1016/j.tet.2005.07.039
http://dx.doi.org/10.1016/j.tet.2005.07.039
http://dx.doi.org/10.1016/j.tet.2005.07.039
http://dx.doi.org/10.1016/j.tet.2005.07.039
http://dx.doi.org/10.1002/adsc.200900578
http://dx.doi.org/10.1002/adsc.200900578
http://dx.doi.org/10.1002/adsc.200900578
http://dx.doi.org/10.1039/c39880000948
http://dx.doi.org/10.1039/c39880000948
http://dx.doi.org/10.1039/c39880000948
http://dx.doi.org/10.1039/c39880000948
http://dx.doi.org/10.1021/ja00098a057
http://dx.doi.org/10.1021/ja00098a057
http://dx.doi.org/10.1021/ja00098a057
http://dx.doi.org/10.1016/0040-4020(95)00052-A
http://dx.doi.org/10.1016/0040-4020(95)00052-A
http://dx.doi.org/10.1016/0040-4020(95)00052-A
http://dx.doi.org/10.1021/ja9611809
http://dx.doi.org/10.1021/ja9611809
http://dx.doi.org/10.1021/ja9611809
http://dx.doi.org/10.1021/ja0356333
http://dx.doi.org/10.1021/ja0356333
http://dx.doi.org/10.1021/ja0356333
http://dx.doi.org/10.1021/ja0356333
http://dx.doi.org/10.1016/j.jorganchem.2005.07.009
http://dx.doi.org/10.1016/j.jorganchem.2005.07.009
http://dx.doi.org/10.1016/j.jorganchem.2005.07.009
http://dx.doi.org/10.1002/ange.200504050
http://dx.doi.org/10.1002/ange.200504050
http://dx.doi.org/10.1002/ange.200504050
http://dx.doi.org/10.1002/ange.200504050
http://dx.doi.org/10.1002/anie.200504050
http://dx.doi.org/10.1002/anie.200504050
http://dx.doi.org/10.1002/anie.200504050
http://dx.doi.org/10.1021/ja803691p
http://dx.doi.org/10.1021/ja803691p
http://dx.doi.org/10.1021/ja803691p
http://dx.doi.org/10.1021/ja803691p
http://dx.doi.org/10.1002/ange.201004438
http://dx.doi.org/10.1002/ange.201004438
http://dx.doi.org/10.1002/ange.201004438
http://dx.doi.org/10.1002/ange.201004438
http://dx.doi.org/10.1002/anie.201004438
http://dx.doi.org/10.1002/anie.201004438
http://dx.doi.org/10.1002/anie.201004438
http://dx.doi.org/10.1021/om010316v
http://dx.doi.org/10.1021/om010316v
http://dx.doi.org/10.1021/om010316v
http://dx.doi.org/10.1021/om010316v
http://dx.doi.org/10.1021/ja0274554
http://dx.doi.org/10.1021/ja0274554
http://dx.doi.org/10.1021/ja0274554
http://dx.doi.org/10.1021/ja0274554
http://dx.doi.org/10.1021/ol049530g
http://dx.doi.org/10.1021/ol049530g
http://dx.doi.org/10.1021/ol049530g
http://dx.doi.org/10.1002/ange.200501937
http://dx.doi.org/10.1002/ange.200501937
http://dx.doi.org/10.1002/ange.200501937
http://dx.doi.org/10.1002/ange.200501937
http://dx.doi.org/10.1002/anie.200501937
http://dx.doi.org/10.1002/anie.200501937
http://dx.doi.org/10.1002/anie.200501937
http://dx.doi.org/10.1021/jo048273q
http://dx.doi.org/10.1021/jo048273q
http://dx.doi.org/10.1021/jo048273q
http://dx.doi.org/10.1021/jo048273q
http://dx.doi.org/10.1021/jo061318y
http://dx.doi.org/10.1021/jo061318y
http://dx.doi.org/10.1021/jo061318y
http://dx.doi.org/10.1021/jo061318y
http://dx.doi.org/10.1002/chem.200204646
http://dx.doi.org/10.1002/chem.200204646
http://dx.doi.org/10.1002/chem.200204646
http://dx.doi.org/10.1002/chem.200204646
www.chemeurj.org


Hererocycles

D.-H. Zhang, Y. Wei,*
M. Shi* . . . . . . . . . . . . . . . . . . . . . . . . . &&&&—&&&&

Gold(I)-Catalyzed Cycloisomerization
of Nitrogen and Oxygen-Tethered
Alkylidenecyclopropanes to Tricyclic
Compounds

A new construction of tricyclic com-
pounds has been developed from
a gold-catalyzed cycloisomerization of
alkylidenecyclopropanes tethered by
alkynes, giving the corresponding
nitrogen- and oxygen-containing six-

membered heterocyclic compounds in
high yields under very mild conditions
(see scheme; Ts= 4-toluenesulfonyl,
Ns=4-nitrobenzenesulfonyl, Bs=4-
bromobenzenesulfonyl).
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