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Carbazoles and Dibenzofurans from Biaryl Triazenes: Application for the

Total Synthesis of Clausine C, Clausine R, and Clauraila A
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Carbazole and dibenzofuran motifs are commonly seen in
bioactive natural products, such as dicytodendrin B (1 a,
Scheme 1),[1] vanillic acid derivatives (1 b and 1 c,

Scheme 1)[2] and murrayazoline (1 d, Scheme 1).[3] They have
received significant attention as synthetic targets due to
their intriguing structural features and promising biological
activities. A large number of classical and nonclassical meth-
ods have been developed for the synthesis of carbazole and
dibenzofuran frameworks.[4] Since transition-metal-catalyzed
intermolecular formation of C�N/C�O bond through nitro-
gen/oxygen nucleophilic displacement of aryl halides can
promote various annulation reactions and provide efficient
synthetic transformation for the synthesis of heterocyclic
molecules, it was extensively investigated for the formation
of dibenzofuran and carbazole units.[5] Recently, combined
C�H bond activation/C�N or C�O formation route to car-
bazole and dibenzofuran has been scrutinized by the groups
of Buchwald,[6] Gaunt,[7] Shi,[8] Chang,[9] and Liu[10] by using
Pd or copper as catalyst (path a, Scheme 2). In addition, C�
H-bond activation and intramolecular direct arylation pro-
vide efficient methods for the synthesis of carbazole and di-
benzofuran.[11] Recent elegant examples include double C�

H bond activation by Knolker,[12] amination/intramolecular
direct arylation reaction by Ackermann and co-workers[13]

and tandem decarboxylation/C�H activation reaction by
Glorius and co-workers[14] (path b, Scheme 2). Furthermore,
the approach to carbazole based on organometallic reagents,
such as Grignard reagents has also been reported (path c,
Scheme 2).[15]

Although considerable efforts have been directed to the
synthesis of carbazole and dibenzofuran skeletons, and
many useful synthetic procedures have been developed, the
synthesis of highly substituted carbazole and dibenzofuran
remains difficult. In view of the particularly interesting phar-
macological properties[16] and wide applications in materials
science,[17] new practical synthetic methods for the construc-
tion of carbarzole and dibenzofuran units are highly desired.
The nucleophilic aromatic substitution of phenyl cation[18] is
a straightforward, efficient, and green way to construct the
carbazole and dibenzofuran cores. However, the research in
this area is still rare because the phenyl cation is unstable,
which limits its application in organic synthesis. Herein,
based on the generation of highly activated phenyl cation in-
termediates, we describe a BF3·OEt2-promoted intramolecu-
lar amination and oxylation strategy for the direct formation
of dibenzofurans and carbazoles from biaryl triazenes[19]

under Lewis acid conditions (path d, Scheme 2).
Initially, we treated amino-triazene 2 with BF3·OEt2 in

DMF, leading to the formation of the desired carbazole 4 a
in 50 % yield (Scheme 3). Interestingly, when we treated di-
triazene 3 a (R1 = R2 =Bn) with BF3·OEt2 in EtOH, the
yield of the formation of carbazole 4 a increased to 80 %.
Subsequently, we tested different substituents on the tri-

[a] W. Yang, J. Zhou, B. Wang, Prof. H. Ren
Department of Chemistry, Zhejiang University
38 Zheda Road, Hangzhou 310027 (P.R. China)
Fax: (+86) 571-8795-1512
E-mail : renhj@zju.edu.cn

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201102802.

Scheme 1. Natural products with dibenzofuran and carbazole motifs.

Scheme 2. Approaches to dibenzofuran and carbazole motifs. LG = leav-
ing group.
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azene motif and found that when R1 = R2 =-(CH2)4- (3 c),
the yield of the formation of carbazole 4 a increased to
88 %. Whereas using aromatic amine as the protecting
group (3 d, R1 = nBu, R2 = Ph), the yield of the formation of
carbazole 4 a decreased to 18 %. We then extended the reac-
tion to diiodo substrate 3 e, which was obtained from the ho-
mocoupling of monoiodo triazene Grignard reagent in the
presence of Fe ACHTUNGTRENNUNG(acac)3,

[15] (acac= acetylacetonate) and the
diiodocarbazole 4 b was formed in 53 % yield.

Following the success of the formation of carbazoles 4 a
and 4 b, the scope of this transformation was studied using
various functionalized biaryl triazenes. The results of the
tandem cross-coupling/nucleophilic aromatic substitution ap-
proach to functionalized carbazoles are summarized in
Scheme 4. Thus, heating (2-bromo-phenyl)-pyrrolidin-1-yl-
diazene (5 a) with 3-borono-4-(1-pyrrolidinylazo)-benzoic
acid ethyl ester (6 a) in the presence of Pd ACHTUNGTRENNUNG(PPh3)4 gave
biaryl triazene in excellent yield, which was subsequently
treated with BF3·OEt2, to give the desired 9H-carbazole-3-
carboxylic acid ethyl ester (7 a) in 90 % yield. The bromo-
triazenes bearing either electron-withdrawing groups or
electron-donating groups can all be converted to their corre-
sponding carbazoles (7 b–h, 7 p–r, Scheme 4) after coupling
with boronic triazenes and being treated with BF3·OEt2 in
65–98 % yields. Sterically hindered substrates can also be
converted to their corresponding carbazoles (7 i–l, 7 n and
7 s) in 59–93 % yields. The boronic triazenes with different
substituted groups, such as CN, OiPr, and dimethyl groups,
can also be converted to their corresponding carbazoles in
59–92 % yields (7 p–t). In particular, when it came to di-
methyl phenyl triazene boronic acid, carbazoles 7 s and 7 t
were formed directly without further treatment with
BF3·OEt2. Functional groups, such as carbonyl group of
ketone (7 f and 7 r) and aldehyde (7 g and 7 p), hydroxyl
(7 j), alkynyl (7 n), alkenyl (7 l and 7 s), and nitro groups
(7 h), can be tolerated in this Lewis acid-promoted process.

Next we extended the work
to construct dibenzofuran units.
Initially, we treated phenol tria-
zene 8 a, which can be prepared
by using the Suzuki–Miyaura
cross-coupling reaction, with
BF3·OEt2 (4.0 equiv) in EtOH
at room temperature and the
desired product dibenzofuran-
2-carboxylic acid ethyl ester
(9 a, Scheme 5) was obtained in
30 % yield. However, when
DMF was used as the solvent,
the yield increased to 81 %.
Upon exploring the scope of
the intramolecular oxylation, a
number of phenol–triazene sub-
strates (8 b–8 i) were examined

Scheme 3. Synthesis of functionalized carbozoles from diphenyltriazenes.

Scheme 4. Scope of synthesis functionalized carbazoles by a tandem
cross-coupling/nucleophilic aromatic substitution approach. All reactions
were carried out with bromotriazene (0.5 mmol), boronic triazene
(0.8 mmol), Cs2CO3 (1.25 mmol) and [PdACHTUNGTRENNUNG(PPh3)4] (0. 025 mmol) in diox-
ane (4 mL) at 100 8C for 12 h. Then, the crude cross-coupling product
reacts with BF3·OEt2 (2.0 mmol) in EtOH (4 mL) at room temperature
for 10 min to 1.5 h. Yields shown are of the isolated product after flash
column chromatography. Carbazoles 7 s and 7t were formed directly
without further treatment with BF3·OEt2.
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and the results were summarized in Scheme 5. The electron
properties at both the phenol moiety and the triazene
moiety do not significantly influence the outcome of the re-
action. The substrates bearing either electron-donating (8 b,
8 c, and 8 d) or electron-withdrawing groups on the phenols
(8 e–i) all give their corresponding cyclization products in
good to excellent yields (68–86 %). Functional groups, such
as carbonyl of ketone (9 g) and aldehyde (9 h), ester (9 d–e
and 9 g), cyano (9 c), and iodo (9 i) can be tolerated in this
Lewis acid-promoted reaction.

The iododibenzofuran and iodocarbazole can be convert-
ed to their corresponding cross-coupling products using
transition-metal-catalyzed reactions.[20] Thus, the Heck reac-
tion took place when we heated iodo-dibenzofuran 9 i with
butyl acrylate in the presence of Pd ACHTUNGTRENNUNG(OAc)2 and tri-o-tolyl-

phosphine and provided the coupling product 10 a in 68 %
yield (Scheme 6). After Mg/I exchange with iPrMgCl·LiCl
and transmetalation with ZnBr2, the iodo-dibenzofuran 9 i
underwent a Negishi cross-coupling reaction with 5-bromo-
1,3-difluoro-2-(trifluoromethyl)benzene and provided the F-
substituted compound 10 b in 70 % yield. The Sonogashira
and Suzuki coupling reactions with the diiodo-carbazole 4 b
gave the corresponding coupling products 10 c and 10 d in 89
and 75 % yields, respectively.

The Lewis acid-promoted approach is a powerful method
for the construction of functionalized carbazoles in total
synthesis of carbazole alkaloids. Scheme 7 outlines the total
synthesis of clausine C,[21] clausine R,[22] and clauraila A[23]

using the BF3·OEt2-promoted annulation process as a key
step. The Suzuki-Miyaura cross-coupling between iodo-tri-
azene 11 a and triazene–boronic acid 11 b can furnish the
formation of biaryl ditriazene. After removing the catalyst

by flash column chromatogra-
phy, extended treatment of the
biaryl ditriazene with BF3·OEt2

led to the corresponding prod-
uct clausine C in 71 % yield.
Carbazole 11 d can be prepared
in a same procedure. Demethy-
lation of 11 d with BBr3 afford-
ed carbazole clausine R in 68 %
yield. Also in this case, claurai-
la A was formed in 72 % yield
after treating 11 d with DIBAL-
H and Dess–Martin reagents
(Scheme 7).

Scheme 5. Scope of synthesis functionalized dibenzofurans from phenol–
triazene substrates. All reactions were carried out with phenol–triazene
(0.5 mmol), BF3·OEt2 (2.0 mmol) in DMF (20 mL) at 50 or 70 8C for 3–
7.5 h. Yields shown are of the isolated product after flash column chro-
matography.

Scheme 6. Coupling reactions of iodo-substituted dibenzofuran and carbazole.

Scheme 7. Total synthesis of clausine C, clausine R, and clauraila A.
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In summary, we have developed a Lewis acid-promoted
nucleophilic aromatic substitution approach to the regiose-
lective synthesis of highly substituted carbazoles and diben-
zofurans in good to excellent yields. These reactions are car-
ried out in mild conditions with good tolerance to a variety
of functional groups. Furthermore, this new protocol was
successfully applied to the synthesis of natural carbazole al-
kaloids, such as clausine C, clausine R and clauraila A. Fur-
ther investigations of the reaction mechanism and synthetic
applications are underway.

Experimental Section

In a 50 mL Schlenk tube, aryltriazene 5a (0.5 mmol, 1.0 equiv), phenyl-
boronic acid 6a (0.8 mmol, 1.6 equiv), PdACHTUNGTRENNUNG(PPh3)4 (0.025 mmol,
0.05 equiv), and Cs2CO3 (1.25 mmol, 2.5 equiv) were dissolved in dioxane
(4.0 mL). The tube was filled with N2 and immediately sealed with a
Teflon lined cap. The reaction mixture was heated to 100 8C in an oil
bath and stirred for 12 h. After the reaction mixture was cooled to room
temperature, water was added. The resulting mixture was extracted with
ethyl acetate. The organic layer was dried over Na2SO4 and concentrated
under reduced pressure. The obtained mixture was dissolved in EtOH
(4.0 mL) and cooled to 0 8C. Next, BF3·OEt2 (0.26 mL, 4.0 equiv) was
added dropwise. After the mixture was stirred for 10 min at 0 8C, it was
warmed to room temperature and stirred for another 10 min to 1.5 h.
Then H2O was added and the reaction mixture was extracted with ethyl
acetate. The organic layer was dried over Na2SO4, concentrated under re-
duced pressure. The pure carbazole 7 a was obtained in 90 % yield after
purification by silica gel chromatography.

Acknowledgements

We thank the financial support from National Nature Science Foundation
of China (20902081), Zhejiang University as well as the Fundamental Re-
search Funds for the Central Universities (2009QNA3011, P.R. China).

Keywords: alkaloids · carbazole · dibenzofuran ·
nucleophilic substitution · regioselectivity · triazene

[1] a) A. F�rstner, M. M. Domostoj, B. Scheiper, J. Am. Chem. Soc.
2006, 128, 8087 –8094; b) P. Buchgraber, M. M. Domostoj, B. Scheip-
er, C. Wirtz, R. Mynott, J. Rust, A. F�rstner, Tetrahedron 2009, 65,
6519 – 6534; c) K. Okano, H. Fujiwara, T. Noji, T. Fukuyama, H. To-
kuyama, Angew. Chem. 2010, 122, 6061 –6065; Angew. Chem. Int.
Ed. 2010, 49, 5925 – 5929; d) K. Warabi, S. Matsunaga, R. W. M. van
Soest, N. Fusetani, J. Org. Chem. 2003, 68, 2765 –2770.

[2] Y. Feng, A. R. Carroll, R. Addepalli, G. A. Fechner, V. M. Avery,
R. J. Quinn, J. Nat. Prod. 2007, 70, 1790 –1792.

[3] a) S. P. Kureel, R. S. Kapil, S. P. Popli, Tetrahedron Lett. 1969, 10,
3857 – 3862; b) T.-S. Wu, M.-L. Wang, P.-L. Wu, Phytochemistry
1996, 43, 785 – 789; c) A. Ueno, T. Kitawaki, N. Chida, Org. Lett.
2008, 10, 1999 –2002.

[4] For some excellent reviews on the synthesis of carbazoles, see:
a) H.-J. Knçlker, K. R. Reddy, in The Alkaloids: Chemistry and
Biology, Vol. 65 (Ed.: G. A. Cordell), Elsevier, Evanston, Illinois,
2008, pp. 1 –430; b) H.-J. Knçlker, K. R. Reddy, Chem. Rev. 2002,
102, 4303 –4427.

[5] Selected recent carbazole synthesis: a) J. T. Kuethe, K. G. Childers,
Adv. Synth. Catal. 2008, 350, 1577 –1586; b) D. J. St. Jean, S. F.

Poon, J. L. Schwarzbach, Org. Lett. 2007, 9, 4893 – 4896; c) T. Tsuchi-
moto, H. Matsubayashi, M. Kaneko, Y. Nagase, T. Miyamura, E.
Shirakawa, J. Am. Chem. Soc. 2008, 130, 15823 – 15835; d) M. Yama-
shita, H. Horiguchi, K. Hirano, T. Satoh, M. Miura, J. Org. Chem.
2009, 74, 7481 – 7488; e) M. E. Bud�n, V. A. Vaillard, S. E. Martin,
R. A. Rossi, J. Org. Chem. 2009, 74, 4490 –4498; f) T. Tsuchimoto,
H. Matsubayashi, M. Kaneko, E. Shirakawa, Y. Kawakami, Angew.
Chem. 2005, 117, 1360 – 1364; Angew. Chem. Int. Ed. 2005, 44, 1336 –
1340; g) B. J. Stokes, B. Jovanovic, H. Dong, K. J. Richert, R. D.
Riell, T. G. Driver, J. Org. Chem. 2009, 74, 3225 –3228; h) J. K.
Laha, P. Petrou, G. D. Cuny, J. Org. Chem. 2009, 74, 3152 – 3155;
i) A. Kuwahara, K. Nakano, K. Nozaki, J. Org. Chem. 2005, 70, 413 –
419; j) M. Yamamoto, S. Matsubara, Chem. Lett. 2007, 36, 172 –173;
k) A. P. Antonchick, R. Samanta, K. Kulikov, J. Lategahn, Angew.
Chem. 2011, 123, 8764 –8767; Angew. Chem. Int. Ed. 2011, 50, 8605 –
8608. Selected recent dibenzofuran syntheses: l) K. Kawaguchi, K.
Nakano, K. Nozaki, J. Org. Chem. 2007, 72, 5119 –5128; m) J. Liu,
A. E. Fitzgerald, N. S. Mani, J. Org. Chem. 2008, 73, 2951 –2954;
n) B. Liegault, D. Lee, M. P. Huestis, D. R. Stuart, K. Fagnou, J.
Org. Chem. 2008, 73, 5022 – 5028; o) X. Guo, R. Yu, H. Li, Z. Li, J.
Am. Chem. Soc. 2009, 131, 17387 – 17393; p) H. Xu, L.-L. Fan,
Chem. Pharm. Bull. 2008, 56, 1496 –1498; q) Z. Liu, R. C. Larock,
Tetrahedron 2007, 63, 347 –355.

[6] a) W. C. P. Tsang, N. Zheng, S. L. Buchwald, J. Am. Chem. Soc.
2005, 127, 14560 –14561; b) W. C. P. Tsang, R. H. Munday, G. Bra-
sche, N. Zheng, S. L. Buchwald, J. Org. Chem. 2008, 73, 7603 –7610.

[7] J. A. Jordan-Hore, C. C. C. Johansson, M. Gulias, E. M. Beck, M. J.
Gaunt, J. Am. Chem. Soc. 2008, 130, 16184 –16186.

[8] B.-J. Li, S.-L. Tian, Z. Fang, Z.-J. Shi, Angew. Chem. 2008, 120,
1131 – 1134; Angew. Chem. Int. Ed. 2008, 47, 1115 –1118.

[9] S. H. Cho, J. Yoon, S. Chang, J. Am. Chem. Soc. 2011, 133, 5996 –
6005.

[10] B. Xiao, T.-J. Gong, Z.-J. Liu, J.-H. Liu, D.-F. Luo, J. Xu, L. Liu, J.
Am. Chem. Soc. 2011, 133, 9250 – 9253.

[11] a) D. E. Ames, A. Opalko, Synthesis 1983, 234 –235; b) D. E. Ames,
A. Opalko, Tetrahedron 1984, 40, 1919 –1925; c) M. Parisien, D. Val-
ette, K. Fagnou, J. Org. Chem. 2005, 70, 7578 –7584; d) L.-C. Cam-
peau, M. Parisien, A. Jean, K. Fagnou, J. Am. Chem. Soc. 2006, 128,
581 – 590; e) T. Iwaki, A. Yasuhara, T. Sakamoto, J. Chem. Soc.
Perkin Trans. 1 1999, 1505 –1510; f) R. B. Bedford, C. S. J. Cazin,
Chem. Commun. 2002, 2310 –2311; g) Z. Liu, R. C. Larock, Org.
Lett. 2004, 6, 3739 –3741; h) H.-J. Knçlker, Curr. Org. Synth. 2004, 1,
309 – 331.

[12] a) H.-J. Knçlker, W. Frohner, J. Chem. Soc. Perkin Trans. 1 1998,
173 – 175; b) K. K. Gruner, H.-J. Knçlker, Org. Biomol. Chem. 2008,
6, 3902 – 3904; c) R. Forke, A. Jager, H.-J. Knçlker, Org. Biomol.
Chem. 2008, 6, 2481 – 2483; d) R. Forke, M. P. Krahl, T. Krause, G.
Schlechtingen, H.-J. Knçlker, Synlett 2007, 2, 268 –272; e) H.-J.
Knçlker, W. Frohner, K. R. Reddy, Synthesis 2002, 4, 557 – 564;
f) H.-J. Knçlker, N. O�Sullivan, Tetrahedron 1994, 50, 10 893 –10 908;
g) H.-J. Knçlker, Chem. Lett. 2009, 38, 8– 13; h) H.-J. Knçlker, Top.
Curr. Chem. 2005, 244, 115 – 148.

[13] a) L. Ackermann, A. Althammer, Angew. Chem. 2007, 119, 1652 –
1654; Angew. Chem. Int. Ed. 2007, 46, 1627 –1629; b) L. Ackermann,
A. Althammer, P. Mayer, Synthesis 2009, 20, 3493 – 3503.

[14] C. Wang, I. Piel, F. Glorius, J. Am. Chem. Soc. 2009, 131, 4194 –
4195.

[15] C.Y. Liu, P. Knochel, Org. Lett. 2005, 7, 2543 – 2546.
[16] a) C. Asche, M. Demeunynck, Anti-Cancer Agents Med. Chem.

2007, 7, 247 –267; b) K. Thevissen, A. Marchand, P. Chaltin,
E. M. K. Meert, B. P. A. Cammue, Curr. Med. Chem. 2009, 16, 2205 –
2211.

[17] a) Y. Liu, M. Nishiura, Y. Wang, Z. Hou, J. Am. Chem. Soc. 2006,
128, 5592 –5593; b) Y. Wu, Y. Li, S. Gardner, B. S. Ong, J. Am.
Chem. Soc. 2005, 127, 614 – 618; c) S. Deechongkit, E. T. Powers, S.
You, J. W. Kelly, J. Am. Chem. Soc. 2005, 127, 8562 – 8570; d) Z.
Zhao, X. Xu, H. Wang, P. Lu, G. Yu, Y. Liu, J. Org. Chem. 2008, 73,
594 – 602.

www.chemeurj.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 13665 – 1366913668

H. Ren et al.

http://dx.doi.org/10.1021/ja0617800
http://dx.doi.org/10.1021/ja0617800
http://dx.doi.org/10.1021/ja0617800
http://dx.doi.org/10.1021/ja0617800
http://dx.doi.org/10.1016/j.tet.2009.06.058
http://dx.doi.org/10.1016/j.tet.2009.06.058
http://dx.doi.org/10.1016/j.tet.2009.06.058
http://dx.doi.org/10.1016/j.tet.2009.06.058
http://dx.doi.org/10.1002/ange.201001966
http://dx.doi.org/10.1002/ange.201001966
http://dx.doi.org/10.1002/ange.201001966
http://dx.doi.org/10.1021/jo0267910
http://dx.doi.org/10.1021/jo0267910
http://dx.doi.org/10.1021/jo0267910
http://dx.doi.org/10.1021/np070225o
http://dx.doi.org/10.1021/np070225o
http://dx.doi.org/10.1021/np070225o
http://dx.doi.org/10.1016/S0040-4039(01)88531-2
http://dx.doi.org/10.1016/S0040-4039(01)88531-2
http://dx.doi.org/10.1016/S0040-4039(01)88531-2
http://dx.doi.org/10.1016/S0040-4039(01)88531-2
http://dx.doi.org/10.1021/ol800602v
http://dx.doi.org/10.1021/ol800602v
http://dx.doi.org/10.1021/ol800602v
http://dx.doi.org/10.1021/ol800602v
http://dx.doi.org/10.1021/cr020059j
http://dx.doi.org/10.1021/cr020059j
http://dx.doi.org/10.1021/cr020059j
http://dx.doi.org/10.1021/cr020059j
http://dx.doi.org/10.1002/adsc.200800162
http://dx.doi.org/10.1002/adsc.200800162
http://dx.doi.org/10.1002/adsc.200800162
http://dx.doi.org/10.1021/ja803954e
http://dx.doi.org/10.1021/ja803954e
http://dx.doi.org/10.1021/ja803954e
http://dx.doi.org/10.1021/jo9016698
http://dx.doi.org/10.1021/jo9016698
http://dx.doi.org/10.1021/jo9016698
http://dx.doi.org/10.1021/jo9016698
http://dx.doi.org/10.1002/ange.200462280
http://dx.doi.org/10.1002/ange.200462280
http://dx.doi.org/10.1002/ange.200462280
http://dx.doi.org/10.1002/ange.200462280
http://dx.doi.org/10.1002/anie.200462280
http://dx.doi.org/10.1002/anie.200462280
http://dx.doi.org/10.1002/anie.200462280
http://dx.doi.org/10.1021/jo9002536
http://dx.doi.org/10.1021/jo9002536
http://dx.doi.org/10.1021/jo9002536
http://dx.doi.org/10.1021/jo802776m
http://dx.doi.org/10.1021/jo802776m
http://dx.doi.org/10.1021/jo802776m
http://dx.doi.org/10.1021/jo048472+
http://dx.doi.org/10.1021/jo048472+
http://dx.doi.org/10.1021/jo048472+
http://dx.doi.org/10.1246/cl.2007.172
http://dx.doi.org/10.1246/cl.2007.172
http://dx.doi.org/10.1246/cl.2007.172
http://dx.doi.org/10.1002/ange.201102984
http://dx.doi.org/10.1002/ange.201102984
http://dx.doi.org/10.1002/ange.201102984
http://dx.doi.org/10.1002/ange.201102984
http://dx.doi.org/10.1002/anie.201102984
http://dx.doi.org/10.1002/anie.201102984
http://dx.doi.org/10.1002/anie.201102984
http://dx.doi.org/10.1021/jo070427p
http://dx.doi.org/10.1021/jo070427p
http://dx.doi.org/10.1021/jo070427p
http://dx.doi.org/10.1021/jo8000595
http://dx.doi.org/10.1021/jo8000595
http://dx.doi.org/10.1021/jo8000595
http://dx.doi.org/10.1021/ja907568j
http://dx.doi.org/10.1021/ja907568j
http://dx.doi.org/10.1021/ja907568j
http://dx.doi.org/10.1021/ja907568j
http://dx.doi.org/10.1248/cpb.56.1496
http://dx.doi.org/10.1248/cpb.56.1496
http://dx.doi.org/10.1248/cpb.56.1496
http://dx.doi.org/10.1016/j.tet.2006.10.071
http://dx.doi.org/10.1016/j.tet.2006.10.071
http://dx.doi.org/10.1016/j.tet.2006.10.071
http://dx.doi.org/10.1021/ja055353i
http://dx.doi.org/10.1021/ja055353i
http://dx.doi.org/10.1021/ja055353i
http://dx.doi.org/10.1021/ja055353i
http://dx.doi.org/10.1021/jo801273q
http://dx.doi.org/10.1021/jo801273q
http://dx.doi.org/10.1021/jo801273q
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1002/ange.200704092
http://dx.doi.org/10.1002/ange.200704092
http://dx.doi.org/10.1002/ange.200704092
http://dx.doi.org/10.1002/ange.200704092
http://dx.doi.org/10.1002/anie.200704092
http://dx.doi.org/10.1002/anie.200704092
http://dx.doi.org/10.1002/anie.200704092
http://dx.doi.org/10.1021/ja111652v
http://dx.doi.org/10.1021/ja111652v
http://dx.doi.org/10.1021/ja111652v
http://dx.doi.org/10.1021/ja203335u
http://dx.doi.org/10.1021/ja203335u
http://dx.doi.org/10.1021/ja203335u
http://dx.doi.org/10.1021/ja203335u
http://dx.doi.org/10.1055/s-1983-30296
http://dx.doi.org/10.1055/s-1983-30296
http://dx.doi.org/10.1055/s-1983-30296
http://dx.doi.org/10.1016/S0040-4020(01)91149-4
http://dx.doi.org/10.1016/S0040-4020(01)91149-4
http://dx.doi.org/10.1016/S0040-4020(01)91149-4
http://dx.doi.org/10.1021/jo051039v
http://dx.doi.org/10.1021/jo051039v
http://dx.doi.org/10.1021/jo051039v
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1039/a901088b
http://dx.doi.org/10.1039/a901088b
http://dx.doi.org/10.1039/a901088b
http://dx.doi.org/10.1039/a901088b
http://dx.doi.org/10.1039/b207712b
http://dx.doi.org/10.1039/b207712b
http://dx.doi.org/10.1039/b207712b
http://dx.doi.org/10.1021/ol048564l
http://dx.doi.org/10.1021/ol048564l
http://dx.doi.org/10.1021/ol048564l
http://dx.doi.org/10.1021/ol048564l
http://dx.doi.org/10.1039/a707772f
http://dx.doi.org/10.1039/a707772f
http://dx.doi.org/10.1039/a707772f
http://dx.doi.org/10.1039/a707772f
http://dx.doi.org/10.1039/b813670j
http://dx.doi.org/10.1039/b813670j
http://dx.doi.org/10.1039/b813670j
http://dx.doi.org/10.1039/b813670j
http://dx.doi.org/10.1039/b805451g
http://dx.doi.org/10.1039/b805451g
http://dx.doi.org/10.1039/b805451g
http://dx.doi.org/10.1039/b805451g
http://dx.doi.org/10.1246/cl.2009.8
http://dx.doi.org/10.1246/cl.2009.8
http://dx.doi.org/10.1246/cl.2009.8
http://dx.doi.org/10.1002/ange.200603833
http://dx.doi.org/10.1002/ange.200603833
http://dx.doi.org/10.1002/ange.200603833
http://dx.doi.org/10.1002/anie.200603833
http://dx.doi.org/10.1002/anie.200603833
http://dx.doi.org/10.1002/anie.200603833
http://dx.doi.org/10.1021/ja8100598
http://dx.doi.org/10.1021/ja8100598
http://dx.doi.org/10.1021/ja8100598
http://dx.doi.org/10.1021/ol0505454
http://dx.doi.org/10.1021/ol0505454
http://dx.doi.org/10.1021/ol0505454
http://dx.doi.org/10.1021/ja058188f
http://dx.doi.org/10.1021/ja058188f
http://dx.doi.org/10.1021/ja058188f
http://dx.doi.org/10.1021/ja058188f
http://dx.doi.org/10.1021/ja0456149
http://dx.doi.org/10.1021/ja0456149
http://dx.doi.org/10.1021/ja0456149
http://dx.doi.org/10.1021/ja0456149
http://dx.doi.org/10.1021/ja050558c
http://dx.doi.org/10.1021/ja050558c
http://dx.doi.org/10.1021/ja050558c
http://dx.doi.org/10.1021/jo702075r
http://dx.doi.org/10.1021/jo702075r
http://dx.doi.org/10.1021/jo702075r
http://dx.doi.org/10.1021/jo702075r
www.chemeurj.org


[18] a) M. Fagnoni, A. Albini, Acc. Chem. Res. 2005, 38, 713 – 721; b) S.
Protti, M. Fagnoni, A. Albini, J. Am. Chem. Soc. 2006, 128, 10670 –
10671; c) V. Dichiarante, M. Fagnoni, Synlett 2008, 6, 787 –800; d) A.
Fraboni, M. Fagnoni, A. Albini, J. Org. Chem. 2003, 68, 4886 –4893;
e) V. Dichiarante, M. Fagnoni, A. Albini, Angew. Chem. 2007, 119,
6615 – 6618; Chem. Int. Ed. 2007, 46, 6495 – 6498; f) S. Milanesi, M.
Fagnoni, A. Albini, Chem. Commun. 2003, 216 – 217; g) M. Mella,
M. Fagnoni, A. Albini, Org. Biomol. Chem. 2004, 2, 3490 –3495;
h) V. Dichiarante, M. Fagnoni, M. Mella, A. Albini, Chem. Eur. J.
2006, 12, 3905 –3915; i) Y. Apeloig, D. Arad, J. Am. Chem. Soc.
1985, 107, 5285 –5286; j) C. G. Swain, J. E. Sheats, K. G. Harbison, J.
Am. Chem. Soc. 1975, 97, 783 –790; k) S. Lazzaroni, D. Dondi, M.
Fagnoni, A. Albini, J. Org. Chem. 2008, 73, 206 –211.

[19] a) D. B. Kimball, M. M. Haley, Angew. Chem. 2002, 114, 3484 –3498;
Angew. Chem. Int. Ed. 2002, 41, 3338 –3351; b) S. Br�se, Acc. Chem.
Res. 2004, 37, 805 – 816; c) J. Zhou, J. He, B. Wang, W. Yang, H.
Ren, J. Am. Chem. Soc. 2011, 133, 6868 – 6870; d) K. C. Nicolaou,
C. N. C. Boddy, H. Li, A. E. Koumbis, R. Hughes, S. Natarajan, N. F.
Jain, J. M. Ramanjulu, S. Br�se, M. E. Solomon, Chem. Eur. J. 1999,
5, 2602 – 2621; e) K. C. Nicolaou, C. N. C. Boddy, J. Am. Chem. Soc.
2002, 124, 10451 – 10455; f) C.-Y. Liu, P. Knochel, J. Org. Chem.
2007, 72, 7106 – 7115; g) S. Br�se, M. Schroen, Angew. Chem. 1999,
111, 1139 – 1142; Angew. Chem. Int. Ed. 1999, 38, 1071 – 1073; h) C.

Gil, S. Br�se, J. Comb. Chem. 2009, 11, 175 – 197; i) M. Dçbele, S.
Vanderheiden, N. Jung, S. Br�se, Angew. Chem. 2010, 122, 6122 –
6125; Angew. Chem. Int. Ed. 2010, 49, 5986 –5988; j) C.-Y. Liu, A.
Gavryushin, P. Knochel, Chem. Asian J. 2007, 2, 1020 –1030; k) N.
Satyamurthy, J. R. Barrio, D. G. Schmidt, C. Kammerer, G. T. Bida,
M. E. Phelps, J. Org. Chem. 1990, 55, 45604564.

[20] a) in Metal-Catalyzed Cross-Coupling Reactions (Eds.: F. Diederich,
P. J. Stang), Wiley-VCH, Weinheim, Germany, 1998 ; b) in Cross-
Coupling Reactions. A Practical Guide (Ed.: N. Miyaura), Springer-
Verlag, Berlin, 2002 ; c) in Metal-Catalyzed Cross-Coupling Reactions
(Eds.: A. de Meijere, F. Diederich), Wiley-VCH, Weinheim, Germa-
ny, 2004.

[21] a) T. Watanabe, S. Ueda, S. Inuki, S. Oishi, N. Fujii, H. Ohno, Chem.
Commun. 2007, 4516 –4518; b) M. P. Krahl, A. Jager, T. Krause, H.-
J. Knolker, Org. Biomol. Chem. 2006, 4, 3215 – 3219.

[22] a) T.-S. Wu, S.-C. Huang, P.-L. Wu, C.-S. Kuoh, Phytochemistry 1999,
52, 523 – 527; b) M. Fuchsenberger, R. Forke, H.-J. Knolker, Synlett
2011, 14, 2056 –2058.

[23] U. Songsiang, T. Thongthoom, C. Boonyarat, C. Yenjai, J. Nat. Prod.
2011, 74, 208 –212.

Received: September 7, 2011
Published online: November 8, 2011

Chem. Eur. J. 2011, 17, 13665 – 13669 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 13669

COMMUNICATIONLewis Acid-Promoted Synthesis

http://dx.doi.org/10.1021/ar0402356
http://dx.doi.org/10.1021/ar0402356
http://dx.doi.org/10.1021/ar0402356
http://dx.doi.org/10.1021/ja0627287
http://dx.doi.org/10.1021/ja0627287
http://dx.doi.org/10.1021/ja0627287
http://dx.doi.org/10.1021/jo034375p
http://dx.doi.org/10.1021/jo034375p
http://dx.doi.org/10.1021/jo034375p
http://dx.doi.org/10.1002/ange.200701462
http://dx.doi.org/10.1002/ange.200701462
http://dx.doi.org/10.1002/ange.200701462
http://dx.doi.org/10.1002/ange.200701462
http://dx.doi.org/10.1002/anie.200701462
http://dx.doi.org/10.1002/anie.200701462
http://dx.doi.org/10.1002/anie.200701462
http://dx.doi.org/10.1039/b210243a
http://dx.doi.org/10.1039/b210243a
http://dx.doi.org/10.1039/b210243a
http://dx.doi.org/10.1039/b412176g
http://dx.doi.org/10.1039/b412176g
http://dx.doi.org/10.1039/b412176g
http://dx.doi.org/10.1002/chem.200501392
http://dx.doi.org/10.1002/chem.200501392
http://dx.doi.org/10.1002/chem.200501392
http://dx.doi.org/10.1002/chem.200501392
http://dx.doi.org/10.1021/ja00304a049
http://dx.doi.org/10.1021/ja00304a049
http://dx.doi.org/10.1021/ja00304a049
http://dx.doi.org/10.1021/ja00304a049
http://dx.doi.org/10.1021/ja00837a016
http://dx.doi.org/10.1021/ja00837a016
http://dx.doi.org/10.1021/ja00837a016
http://dx.doi.org/10.1021/ja00837a016
http://dx.doi.org/10.1021/jo7020218
http://dx.doi.org/10.1021/jo7020218
http://dx.doi.org/10.1021/jo7020218
http://dx.doi.org/10.1002/1521-3757(20020916)114:18%3C3484::AID-ANGE3484%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3757(20020916)114:18%3C3484::AID-ANGE3484%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3757(20020916)114:18%3C3484::AID-ANGE3484%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20020916)41:18%3C3338::AID-ANIE3338%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3773(20020916)41:18%3C3338::AID-ANIE3338%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3773(20020916)41:18%3C3338::AID-ANIE3338%3E3.0.CO;2-7
http://dx.doi.org/10.1021/ar0200145
http://dx.doi.org/10.1021/ar0200145
http://dx.doi.org/10.1021/ar0200145
http://dx.doi.org/10.1021/ar0200145
http://dx.doi.org/10.1021/ja2007438
http://dx.doi.org/10.1021/ja2007438
http://dx.doi.org/10.1021/ja2007438
http://dx.doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2602::AID-CHEM2602%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2602::AID-CHEM2602%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2602::AID-CHEM2602%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2602::AID-CHEM2602%3E3.0.CO;2-X
http://dx.doi.org/10.1021/ja020736r
http://dx.doi.org/10.1021/ja020736r
http://dx.doi.org/10.1021/ja020736r
http://dx.doi.org/10.1021/ja020736r
http://dx.doi.org/10.1021/jo070774z
http://dx.doi.org/10.1021/jo070774z
http://dx.doi.org/10.1021/jo070774z
http://dx.doi.org/10.1021/jo070774z
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1139::AID-ANGE1139%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1139::AID-ANGE1139%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1139::AID-ANGE1139%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1139::AID-ANGE1139%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1071::AID-ANIE1071%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1071::AID-ANIE1071%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1071::AID-ANIE1071%3E3.0.CO;2-9
http://dx.doi.org/10.1021/cc800102t
http://dx.doi.org/10.1021/cc800102t
http://dx.doi.org/10.1021/cc800102t
http://dx.doi.org/10.1002/ange.201001507
http://dx.doi.org/10.1002/ange.201001507
http://dx.doi.org/10.1002/ange.201001507
http://dx.doi.org/10.1002/asia.200700099
http://dx.doi.org/10.1002/asia.200700099
http://dx.doi.org/10.1002/asia.200700099
http://dx.doi.org/10.1039/b707899d
http://dx.doi.org/10.1039/b707899d
http://dx.doi.org/10.1039/b707899d
http://dx.doi.org/10.1039/b707899d
http://dx.doi.org/10.1039/b607792g
http://dx.doi.org/10.1039/b607792g
http://dx.doi.org/10.1039/b607792g
http://dx.doi.org/10.1016/S0031-9422(99)00220-4
http://dx.doi.org/10.1016/S0031-9422(99)00220-4
http://dx.doi.org/10.1016/S0031-9422(99)00220-4
http://dx.doi.org/10.1016/S0031-9422(99)00220-4
http://dx.doi.org/10.1021/np100654m
http://dx.doi.org/10.1021/np100654m
http://dx.doi.org/10.1021/np100654m
http://dx.doi.org/10.1021/np100654m
www.chemeurj.org

