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Abstract: A novel PdII-catalyzed approach for the direct
synthesis of highly functionalized carbazoles from unpro-

tected styrylindoles has been developed. The reaction fea-
tures a variety of olefin substrates, which are readily

switchable by subtle tuning of the reaction conditions. In-
vestigations of the mechanism suggest that the C¢H acti-

vation proceeds via enamine formation.

In the past two decades, transition-metal-catalyzed C¢C bond

formations[1] by C¢H activation have gained considerable at-
tention, and have become one of the most attractive alterna-

tives for the conversion of unfunctionalized substrates into
a variety of heterocycles, natural products, pharmaceuticals,

and functional materials. Regioselective C¢H functionalization

of heterocyclic substrates by electrophilic palladation has been
noted in recent years.[2] After the discovery of the Fujiwara–
Moritani reaction,[3] several groups[4] have explored the regiose-
lective migratory insertion for electron-rich olefins by using

heteroatom-based directing groups.

The carbazole framework is present in numerous natural
products, which are of immense biological importance.[5, 6]

Many of these exhibit significant photophysical and physiologi-
cal activities.[7] Ellipticine, antiostatin A4, hyellazole, clausena-

line, murrayanine, and carbazomycine B are notable examples
of carbazole alkaloids (Figure 1). Because of their significant im-
portance, a number of methods are available in the literature
for the synthesis of carbazoles.[8–10] However to the best of our
knowledge, C¢H activation of (E)-3-styryl-1H-indoles with al-

kenes has not been reported and remains challenging. Recent-
ly, Itami[11a] and Yu[11b] have explored the Diels–Alder[12] reaction

for the synthesis of carbazole from N-methylindole using the
tri- and bimetallic systems of Pd-Cu-Ag and Pd-Cu, respectively.
Arguably, alkenylation of substituted benzenes, containing a di-

recting group (DG), with alkenes is one of the most frequently
applied methods to generate olefins through Pd-catalyzed di-

rected C¢H activation (Scheme 1i).[13] An elegant regioselective
functionalization of indoles using a Pd catalyst has already

been reported by Gaunt and Carretero (Scheme 1ii).[14]

In continuation of our ongoing research work on transition-

metal-catalyzed synthesis of heterocycles,[15] we envisioned
that functionalized carbazoles could be obtained directly from
styrylindoles, through successive regioselective C¢H activation

by electrophilic palladation using a variety of olefins (Sche-
me 1iii).

To identify the optimal conditions for the reaction, a variety
of reported Pd catalysts, along with various combinations of
organic solvents, were examined in the reaction of (E)-methyl

3-(1H-indol-3-yl)acrylate (1a) with styrene (2a) (Table 1). Using
Gaunt conditions[14a] of Pd(OAc)2 (10 mol %) with oxidant

(1.8 equiv) in DMF/DMSO (9:1) at 70 8C for 18 h, the desired
product 3a was obtained in 10 % yield (Table 1, entry 1). In-

creasing the temperature from 70 to 100 8C provided 3a only
in 20 % yield (Table 1, entry 2). When Pd(OAc)2 (10 mol %) was

Figure 1. Selected examples of carbazole alkaloids.

Scheme 1. Heteroatom-directed C¢H activation.
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used in DMF/DMSO (7:1), 3a was obtained in 25 % yield

(entry 3). It is interesting to note that the use of DMF/DMSO in
a 5:1 ratio provided 3a in an improved yield (entry 4). On run-

ning the reaction for 36 h, the desired product 3a was ob-
tained in 50 % yield (entry 5). The use of [PdCl2(PPh3)2] provid-

ed 3a in an improved yield (entry 6). Increase in the reaction

time from 36 to 40 h further improved the yield of 3a (entry 7).
A slight decrease in the oxidant loading from 1.8 to 1.5 equiv,

led to the formation of 3a in 70 % yield (entry 8). No significant
change in the yield of the product 3a was observed on using

15 mol % of the Pd catalyst (entry 9). The role of DMSO as an
oxidant has also been identified.[16] Inferior results were ob-
tained when DMF, NMP, DMA, and DMSO were used on their

own as a solvent (entries 10–13).
With the optimized conditions in hand, the generality and

scope of the reaction was examined (Table 2). A variety of in-
doloacrylates (1a–d), bearing electron-neutral and -deficient

substituents, reacted with styrenes (2a and 2b) to provide
functionalized carbazoles (3a–f) in 62–70 % yield with excellent

functional-group tolerance. The reaction of (E)-methyl 3-(1H-

indol-3-yl) acrylate (1a) with styrene (2a) and tert-butyl styrene
(2b) provided the desired products 3a and 3b in 70 and 65 %

yields, respectively. When the ethyl group was used as R2, the
reaction was well implemented to form the intriguing cyclized

product 3 c in 70 % yield. The reaction of butylindoloacrylate
(1c) with electron-rich alkenes, 2a and 2b, provided the prod-

ucts 3d and 3–e in good yields (68 and 64 %, respectively) ;

however, the reaction of the electron-deficient substrate 5-bro-
moindole (1d) with 2b provided the desired product 3f only in

moderate yield (Table 2).
Encouraged by the above results, the reactions for the C¢H

activation of styrene-substituted indoles with acrylate was next
performed (Table 3). The reaction of electron-rich styryl-1H-

indole (1e) with electron-deficient acrylates (4a and 4b) provid-
ed the desired products 5aand5b in 57 and 58 % yields, re-

spectively. When bromo and methoxy groups were used as R1,
the reaction was well implemented to form the intriguing cy-

clized products 5c–f in moderate to good yields (Table 3).
We further extended the scope of the reaction by using styr-

ylindoles (1) with a variety of alkenes (4) under optimized con-
ditions for 10–12 h (Table 4). The reactions of butylstyrylindoles
(1c and 1h) with ethylacrylate (4a) and methylacrylate (4c) pro-

vided the carbazoles 6a–c in good yields with excellent regio-
selectivities. It is interesting to note that substrate 1 i, bearing

a strong electron-withdrawing -NO2 group, provided the de-

sired product 6d in 60 % yield. The reaction of styrylindoles 1a-
and -1b with methyl vinyl ketone (4d) fruitfully provided the

corresponding carbazoles 6e-and 6f in 75 and 72 % yields, re-
spectively

In order to support the proposed mechanistic pathway, vari-
ous preliminary experiments were performed (Scheme 2). For

Table 1. Optimization of the reaction conditions.[a]

Entry Catalyst Solvent Time [h] Yield [%][b] 3a

1[c,d] Pd(OAc)2 DMF/DMSO (9:1) 18 10
2[c] Pd(OAc)2 DMF/DMSO (9:1) 18 20
3[c] Pd(OAc)2 DMF/DMSO (7:1) 18 25
4[c] Pd(OAc)2 DMF/DMSO (5:1) 18 30
5[c] Pd(OAc)2 DMF/DMSO (5:1) 36 50
6[c] [PdCl2(PPh3)2] DMF/DMSO (5:1) 36 60
7[c] [PdCl2(PPh3)2] DMF/DMSO (5:1) 40 68
8 [PdCl2(PPh3)2] DMF/DMSO (5:1) 40 70
9[e] [PdCl2(PPh3)2] DMF/DMSO (5:1) 40 70
10 [PdCl2(PPh3)2] DMF 40 25
11 [PdCl2(PPh3)2] NMP 40 00
12 [PdCl2(PPh3)2] DMA 40 30
13 [PdCl2(PPh3)2] DMSO 40 trace

[a] Reactions were performed using 3-acrolyl indole (1a ; 0.5 mmol), 2 a
(1.0 mmol), catalyst (10 mol %), and Cu(OAc)2 (1.5 equiv) in solvent
(2.0 mL) at 100 8C. [b] Isolated yield. [c] Cu(OAc)2 (1.8 equiv). [d] At 70 8C.
[e] 15 mol % of catalyst used.

Table 2. C¢H Activation of styrylindoles with styrenes.[a]

[a] Reactions were performed using 1 (0.5 mmol), styrene (2 ; 1.0 mmol),
[PdCl2(PPh3)2] (10 mol %), and Cu(OAc)2 (1.5 equiv) in DMF/DMSO (5:1;
2.0 mL) at 100 8C for 40 h; isolated yields are given.

Table 3. C¢H activation of styrene-substituted indoles with acrylates.[a]

[a] Reactions were performed using 1 (0.5 mmol), acrylates (4 ; 1.0 mmol),
[PdCl2(PPh3)2] (10 mol %), and Cu(OAc)2 (1.5 equiv) in DMF/DMSO (5:1;
2.0 mL) at 100 8C for 40 h; isolated yields are given.
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the validation of a possible reac-
tion intermediate, we performed

gram-scale experiments using

styrylindoles 1b and 1j with al-
kenes 4a and 4c. Thus, carba-

zoles 8a and 8b were obtained
in 65 and 70 % yields, respective-

ly, along with the intermediates

7a and 7b in 3 and 4 % yields, respectively (Scheme 2i). The
treatment of intermediate 7b with [PdCl2(PPh3)2] (5 mol %) and

Cu(OAc)2 (1.0 equiv), provided the carbazole 8b in 80 % yield

(Scheme 2ii). However, under thermal conditions and in the ab-
sence of a Pd catalyst, the carbazole was not observed. These

observations clearly support the formation of carbazoles
through successive C¢H activation steps.

We next carried out the reaction of 1b (free NH indole) and
1k (N-methyl indole) with ethyl acrylate using the optimized

reaction conditions (Scheme 3). Astonishingly, the carbazole 8a
was obtained in 72 % yield; however, the carbazole 9 (with N-

methyl) was not observed. The formation of 8a invokes the dif-
ferent N-deprotonating/protonating abilities of 1b and 1k.

These results suggest that the presence of free NH-group of
the indole is crucial for the reaction.

To further provide the support for our mechanism, we per-
formed additional experiments using deuterated reagents
(Scheme 4). The isotopic labeling study of 1b with deuterated

styrene (10) provided the isotopic carbazole 11 in 40 % yield.
This control experiment suggests that the C¢H activation is oc-
curring regioselectively first onto the alkene.

Based on the evidences from the control experiments, two
plausible pathways are proposed in Scheme 5.[17] The mecha-
nism is initiated by the flow of electrons in 1. Based on an en-

amine-like motif i, this flow of electrons would be consistent

with an attack of the carbon adjacent to R2 and palladium. The
loss of an NH proton would lead to the formation of a palladi-

um-allyl system iia (Path A). The regioselective olefin

insertion at the a-position of R2 will generate the

species iiia. The newly formed Pd¢C bond would
next attack the imine (C=N) to establish the tricyclic

core skeleton iva. The intermediate 7 would be
formed through the b-hydride elimination followed

by N-protonation and C¢H deprotonation on the C¢
H bond next to R2. The intermediate 7 would under-
go the same C¢Pd bond-forming process as men-

tioned above with a proton loss of the N¢H bond
and nucleophilic attack of the terminal carbon carry-
ing R3 to palladium to form skeleton via, which will
then undergo intramolecular carbopalladation of the

C=N bond (viia) leading to the formation of carba-
zoles through b-hydride elimination (viiia) followed

by a C¢H deprotonation/N-protonation sequence.
The palladium(II)–hydrido complex reduces into Pd0,
which is then oxidized by Cu(OAc)2 to PdII (Path A).

Alternatively, the regioselective palladation can also
take place on styrylindole (1) at the a-position of R2

(Path B). The intermediate 7 is produced following

Table 4. C¢H Activation of acrylate-substituted indoles with electron-de-
ficient alkenes.[a]

[a] Reactions were performed using 1 (0.5 mmol), acrylates (4 ; 1.0 mmol),
[PdCl2(PPh3)2] (10 mol %), and Cu(OAc)2 (1.0 equiv) in DMF/DMSO (5:1;
2.0 mL) at 100 8C for 12 h; isolated yields are given. [b] Time = 10 h.

Scheme 2. Control experiments.

Scheme 3. Study of protected and deprotected styrylindoles.

Scheme 4. Isotopic labeling studies.
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the oxidative Heck cycle through regioselective palladation (i),
olefin insertion (iib), and syn b-hydride elimination of Pd from

iiib. Further the catalytic cycle is completed by C2-palladation

(ivb), followed by the oxidative intramolecular cyclization (vb)
and b-hydride elimination (vib), which leads to the carbazole

formation (Path B). To support the mechanism, the key inter-
mediate 7 was isolated and confirmed by NMR and HRMS

spectra. In Path A, the steps rely on N¢H deprotonation, which
cannot be accomplished with N-CH3 system. This was indeed
found experimentally as shown in Scheme 3, which favors the

proposed mechanism via enamine formation.
In conclusion, a novel PdII-catalyzed approach for the direct

synthesis of highly functionalized carbazoles from unprotected
styrylindoles has been developed. The three pairs of substrate

scopes, namely acrylate-substituted styrylindoles with styrene,
styrene indoles with acrylates, and acrylate-substituted styrylin-

doles with arylate/ketone were established for the synthesis of
the functionalized carbazoles. The results of the control experi-
ments, deuterium labeling and isolation of the key intermedi-

ate suggests that the mechanism of C¢H activation proceeds
via enamine formation (Path A over Path B).

Experimental Section

General procedure for the synthesis of substituted carba-
zoles

In an oven-dried round bottomed flask, a solution of vinylindole
derivatives (0.5 mmol) in DMF/DMSO (5:1; 2 mL), [PdCl2(PPh3)2]
(10 mol %), Cu(OAc)2 (1.5 equiv), and styrene derivatives/acrylates

(1.0 mmol) were added under an
inert atmosphere. The resulting re-
action mixture was heated at
100 8C for 10–40 h and progress of
the reaction was monitored by
TLC. After complete consumption
of vinylindole, the reaction was
brought to room temperature.
Note: an additional amount of ac-
rylate was added, if required, for
complete conversion. The reaction
mixture was diluted with ethyl ace-
tate (10 mL) and water (15 mL),
and then filtered through a plug
of celite. The layers were separat-
ed, and the organic layer was
washed with aqueous saturated
brine solution and dried over
Na2SO4. The organic layer was con-
centrated under reduced pressure
and the resulting crude material
was purified by column chroma-
tography on silica gel (hexane/eth-
ylacetate = 90:10). The structure
and purity of known starting mate-
rials were confirmed by compari-
son of their physical and spectral
data (1H NMR, 13C NMR, and
HRMS).

Acknowledgements

This work was supported by DST and UPE-II, JNU. R.K.S. , M.P.,
and S.K. are thankful to UGC, DST and CSIR for fellowship

grants. We gratefully acknowledge USIC, University of Delhi,

and AIRF, JNU for providing the instrumentation facilities.

Keywords: carbazoles · C¢H activation · palladium ·
regioselectivity · styrylindoles

[1] a) J. Wencel-Delord, F. Glorius, Nat. Chem. 2013, 5, 369 – 375; b) D.-G. Yu,
F. D. Azambuja, F. Glorius, Angew. Chem. Int. Ed. 2014, 53, 2754 – 2758;
Angew. Chem. 2014, 126, 2792 – 2796; c) C. Liu, X. Han, X. Wang, R. A.
Widenhoefer, J. Am. Chem. Soc. 2004, 126, 3700 – 3701; d) A. E. Shilov,
G. B. Shul’pin, Chem. Rev. 1997, 97, 2879 – 2932; e) T. W. Lyons, M. S. San-
ford, Chem. Rev. 2010, 110, 1147 – 1169; f) L. Yang, H. Huang, Chem. Rev.
2015, 115, 3468 – 3517; g) V. Ritleng, C. Sirlin, M. Pfeffer, Chem. Rev.
2002, 102, 1731 – 1769; h) L. Ackermann, Chem. Rev. 2011, 111, 1315 –
1345.

[2] Selected examples of direct C2-alkenylation of indoles: a) E. Capito,
J. M. Brown, A. Ricci, Chem. Commun. 2005, 1854 – 1856; b) A. Garc�a-
Rubia, B. Urones, R. G. Arrayas, J. C. Carretero, Chem. Eur. J. 2010, 16,
9676 – 9685; c) M. P. Huestis, K. Fagnou, Org. Lett. 2009, 11, 1357 – 1360;
d) N. R. Deprez, D. Kalyani, A. Krause, M. S. Sanford, J. Am. Chem. Soc.
2006, 128, 4972 – 4973; e) U. Sharma, R. Kancherla, T. Naveen, S. Agasti,
D. Maiti, Angew. Chem. Int. Ed. 2014, 53, 11895 – 11899; Angew. Chem.
2014, 126, 12089 – 12093 and references cited therein.

[3] a) I. Moritani, Y. Fujiwara, Tetrahedron Lett. 1967, 8, 1119 – 1122; b) Y. Fuji-
wara, I. Moritani, M. Matsuda, S. Teraniahi, Tetrahedron Lett. 1968, 9,
3863 – 3865; c) Y. Fujiwara, I. Moritani, S. Danno, R. Asano, S. Teranishi, J.
Am. Chem. Soc. 1969, 91, 7166 – 7169; d) Y. Fujiwara, R. Asano, I. Morita-
ni, S. Teranishi, J. Org. Chem. 1976, 41, 1681 – 1683; e) Y. Fujiwara, O.
Maruyama, M. Yoshidomi, H. Taniguchi, J. Org. Chem. 1981, 46, 851 –

Scheme 5. Plausible mechanism.

Chem. Eur. J. 2015, 21, 18601 – 18605 www.chemeurj.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim18604

Communication

http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1002/anie.201310272
http://dx.doi.org/10.1002/anie.201310272
http://dx.doi.org/10.1002/anie.201310272
http://dx.doi.org/10.1002/ange.201310272
http://dx.doi.org/10.1002/ange.201310272
http://dx.doi.org/10.1002/ange.201310272
http://dx.doi.org/10.1021/ja031814t
http://dx.doi.org/10.1021/ja031814t
http://dx.doi.org/10.1021/ja031814t
http://dx.doi.org/10.1021/cr9411886
http://dx.doi.org/10.1021/cr9411886
http://dx.doi.org/10.1021/cr9411886
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr500610p
http://dx.doi.org/10.1021/cr500610p
http://dx.doi.org/10.1021/cr500610p
http://dx.doi.org/10.1021/cr500610p
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1039/b417035k
http://dx.doi.org/10.1039/b417035k
http://dx.doi.org/10.1039/b417035k
http://dx.doi.org/10.1002/chem.201001126
http://dx.doi.org/10.1002/chem.201001126
http://dx.doi.org/10.1002/chem.201001126
http://dx.doi.org/10.1002/chem.201001126
http://dx.doi.org/10.1021/ol900150u
http://dx.doi.org/10.1021/ol900150u
http://dx.doi.org/10.1021/ol900150u
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1021/ja060809x
http://dx.doi.org/10.1002/anie.201406284
http://dx.doi.org/10.1002/anie.201406284
http://dx.doi.org/10.1002/anie.201406284
http://dx.doi.org/10.1002/ange.201406284
http://dx.doi.org/10.1002/ange.201406284
http://dx.doi.org/10.1002/ange.201406284
http://dx.doi.org/10.1002/ange.201406284
http://dx.doi.org/10.1016/S0040-4039(01)99121-X
http://dx.doi.org/10.1016/S0040-4039(01)99121-X
http://dx.doi.org/10.1016/S0040-4039(01)99121-X
http://dx.doi.org/10.1016/S0040-4039(01)99121-X
http://dx.doi.org/10.1021/ja01053a047
http://dx.doi.org/10.1021/ja01053a047
http://dx.doi.org/10.1021/ja01053a047
http://dx.doi.org/10.1021/ja01053a047
http://dx.doi.org/10.1021/jo00872a002
http://dx.doi.org/10.1021/jo00872a002
http://dx.doi.org/10.1021/jo00872a002
http://dx.doi.org/10.1021/jo00318a005
http://dx.doi.org/10.1021/jo00318a005
http://www.chemeurj.org


855; f) C. Jia, T. Kitamura, Y. Fujiwara, Acc. Chem. Res. 2001, 34, 633 –
639.

[4] Intermolecular alkenylation: a) W. Liu, D. Zell, M. John, L. Ackermann,
Angew. Chem. Int. Ed. 2015, 54, 4092 – 4096; Angew. Chem. 2015, 127,
4165 – 4169; b) H. Wang, N. Schrçder, F. Glorius, Angew. Chem. Int. Ed.
2013, 52, 5386 – 5389; Angew. Chem. 2013, 125, 5495 – 5499; c) P. Gan-
deepan, C. H. Cheng, J. Am. Chem. Soc. 2012, 134, 5738 – 5741; d) C.-H.
Ying, S.-B. Yan, W.-L. Duan, Org. Lett. 2014, 16, 500 – 503; e) W. Ma, L. Ac-
kermann, ACS Catal. 2015, 5, 2822 – 2825 and references cited therein.

[5] a) H. J. Knçlker, W. Frohner, K. R. Reddy, Eur. J. Org. Chem. 2003, 740 –
746; b) H. Hagiwara, T. Choshi, H. Fujimoto, E. Sugino, S. A. Hibino, Tet-
rahedron 2000, 56, 5807 – 5811; c) N. M. Cuong, H. Wilhelm, A. Porzel, N.
Arnold, L. Wessjohann, Nat. Prod. Res. 2008, 22, 1428 – 1432.

[6] a) H. J. Knçlker, K. R. Reddy, Chem. Rev. 2002, 102, 4303 – 4428; b) F. F.
Zhang, L. L. Gan, C. H. Zho, Bioorg. Med. Chem. Lett. 2010, 20, 1881 –
1884.

[7] a) J. L. D�az, A. Dobarro, B. Villacampa, D. Velasco, Chem. Mater. 2001,
13, 2528 – 2536; b) K. R. J. Thomas, J. T. Lin, Y. T. Tao, C. W. Ko, J. Am.
Chem. Soc. 2001, 123, 9404 – 9411; c) Y. Zhang, T. Wada, H. Sasabe, J.
Mater. Chem. 1998, 8, 809 – 828.

[8] a) Y. Qiu, W. Kong, C. Fu, S. Ma, Org. Lett. 2012, 14, 6198 – 6201; b) R. B.
Bedford, C. S. J. Cazin, Chem. Commun. 2002, 2310 – 2311; c) J. Zhao,
R. C. Larock, Org. Lett. 2005, 7, 701 – 704; d) L. Ackermann, A. Althamm-
er, Angew. Chem. Int. Ed. 2007, 46, 1627 – 1629; Angew. Chem. 2007, 119,
1652 – 1654; e) S. W. Youn, J. H. Bihn, B. S. Kim, Org. Lett. 2011, 13,
3738 – 3741; f) A. K. Verma, A. K. Danodia, R. K. Saunthwal, M. Patel, D.
Choudhary, Org. Lett. 2015, 17, 3658 – 3661; for a recent example of car-
bazole synthesis, see: g) S. B. Markad, N. P. Argade, Org. Lett. 2014, 16,
5470 – 5473, and references cited therein.

[9] a) W. C. P. Tsang, N. Zheng, S. L. Buchwald, J. Am. Chem. Soc. 2005, 127,
14560 – 14561; b) J. A. Jordan-Hore, C. C. C. Johansson, M. Gulias, E. M.
Beck, M. J. Gaunt, J. Am. Chem. Soc. 2008, 130, 16184 – 16186; c) S. H.
Cho, C. J. Yoon, S. Chang, J. Am. Chem. Soc. 2011, 133, 5996 – 6005; d) K.
Takamatsu, K. Hirano, T. Satoh, M. Miura, Org. Lett. 2014, 16, 2892 –
2895; e) L. Ackermann, A. Althammer, P. Mayer, Synthesis 2009, 3493 –
3503.

[10] a) V. X. Truong, A. P. Dove, Angew. Chem. Int. Ed. 2013, 52, 4132 – 4136;
Angew. Chem. 2013, 125, 4226 – 4230; b) A. Ogawa, T. Ikeda, K. Kimura,
T. Hirao, J. Am. Chem. Soc. 1999, 121, 5108 – 5114; c) H. Kuniyasu, A.
Ogawa, K. Sato, I. Ryu, N. Kambe, N. Sonoda, J. Am. Chem. Soc. 1992,
114, 5902 – 5903; d) S. Nurhanna Riduan, J. Y. Ying, Y. Zhang, Org. Lett.
2012, 14, 1780 – 1783.

[11] a) K. Ozaki, H. Zhang, H. Ito, A. Lei, K. Itami, Chem. Sci. 2013, 4, 3416 –
3420; b) T. Guo, Q. Jiang, F. Huang, J. Chen, Z. Yu, Org. Chem. Front.
2014, 1, 707 – 711.

[12] a) C. Gioia, A. Hauville, L. Bernardi, F. Fini, A. Ricci, Angew. Chem. Int. Ed.
2008, 47, 9236 – 9239; Angew. Chem. 2008, 120, 9376 – 9379; b) J. L. Li,
T. Y. Liu, Y. C. Chen, Acc. Chem. Res. 2012, 45, 1491 – 1500; c) U. Pindur,
M. H. Kim, M. Rogge, W. Massa, M. Moliniert, J. Org. Chem. 1992, 57,
910 – 915; d) T. G. Back, A. Pandyra, J. E. Wulff, J. Org. Chem. 2003, 68,
3299 – 3302; e) C. B. Chen, X. F. Wang, Y. J. Cao, H. G. Cheng, W.-J. Xiao,
J. Org. Chem. 2009, 74, 3532 – 3535; f) Y. Liu, M. Nappi, E. C. E. -Adan, P.
Melchiorre, Org. Lett. 2012, 14, 1310 – 1313.

[13] a) K. M. Engle, D. H. Wang, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 14137 –
14151; b) M. D. K. Boele, G. P. F. van Strijdonck, A. H. M. de Vries, P. C. J.
Kamer, J. G. de Vries, P. W. N. M. van Leeuwen, J. Am. Chem. Soc. 2002,
124, 1586 – 1587; c) H. X. Dai, G. Li, X. G. Zhang, A. F. Stepan, J. Q. Yu, J.
Am. Chem. Soc. 2013, 135, 7567 – 7571; d) A. Deb, S. Bag, R. Kancherla,
D. Maiti, J. Am. Chem. Soc. 2014, 136, 13602 – 13605.

[14] a) N. P. Grimster, C. Gauntlett, C. R. A. Godfrey, M. J. Gaunt, Angew.
Chem. Int. Ed. 2005, 44, 3125 – 3129; Angew. Chem. 2005, 117, 3185 –
3189; b) E. M. Beck, N. P. Grimster, R. Hatley, M. J. Gaunt, J. Am. Chem.
Soc. 2006, 128, 2528 – 2529; c) A. Garc�a-Rubia, R. G. Arrayas, J. C. Carre-
tero, Angew. Chem. Int. Ed. 2009, 48, 6511 – 6515; Angew. Chem. 2009,
121, 6633 – 6637.

[15] a) A. K. Verma, T. Kesharwani, J. Singh, V. Tandon, R. C. Larock, Angew.
Chem. Int. Ed. 2009, 48, 1138 – 1143; Angew. Chem. 2009, 121, 1158 –
1163; b) T. Aggarwal, R. R. Jha, R. K. Tiwari, S. Kumar, S. K. R. Kotla, S.
Kumar, A. K. Verma, Org. Lett. 2012, 14, 5184 – 5187; c) R. K. Saunthwal,
M. Patel, A. K. Danodia, A. K. Verma, Org. Biomol. Chem. 2015, 13, 1521 –
1530; d) R. K. Saunthwal, M. Patel, R. K. Tiwari, K. Parang, A. K. Verma,
Green Chem. 2015, 17, 1434 – 1441; e) A. K. Verma, R. R. Jha, R. Chaudh-
ary, R. K. Tiwari, D. A. K. Verma, Adv. Synth. Catal. 2013, 355, 421 – 438;
f) R. K. Saunthwal, M. Patel, S. Kumar, A. K. Verma, Tetrahedron Lett.
2015, 56, 677 – 681; g) A. K. Verma, D. Choudhary, R. K. Saunthwal, V.
Rustagi, M. Patel, R. K. Tiwari, J. Org. Chem. 2013, 78, 6657 – 6669.

[16] a) B. A. Steinhoff, S. R. Fix, S. S. Stahl, J. Am. Chem. Soc. 2002, 124, 766 –
767; b) M. S. Chen, C. White, J. Am. Chem. Soc. 2004, 126, 1346 – 1347.

[17] a) C. Jia, W. Lu, T. Kitamura, Y. Fujiwara, Org. Lett. 1999, 1, 2097 – 2100;
b) S.-K. Xiang, B. Zhang, L.-H. Zhang, Y. Cui, N. Jiao, Chem. Commun.
2011, 47, 8097 – 8099; c) W.-L. Chen, Y.-R. Gao, S. Mao, Y.-L. Zhang, Y.-F.
Wang, Y.-Q. Wang, Org. Lett. 2012, 14, 5920 – 5923; d) S.-K. Xiang, G. Wu,
B. Zhang, Y. Cui, N. Jiao, Tetrahedron Lett. 2012, 53, 3802 – 3804; e) P. C.
Young, M. S. Hadeld, L. Arrowsmith, K. M. Macleod, R. J. Mudd, J. A.
Jordan-Hore, A.-L. Lee, Org. Lett. 2012, 14, 898 – 901; f) L. Jiao, E. Herdt-
weck, T. Bach, J. Am. Chem. Soc. 2012, 134, 14563 – 14572.

Received: September 11, 2015
Published online on November 3, 2015

Chem. Eur. J. 2015, 21, 18601 – 18605 www.chemeurj.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim18605

Communication

http://dx.doi.org/10.1021/jo00318a005
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1002/anie.201411808
http://dx.doi.org/10.1002/anie.201411808
http://dx.doi.org/10.1002/anie.201411808
http://dx.doi.org/10.1002/ange.201411808
http://dx.doi.org/10.1002/ange.201411808
http://dx.doi.org/10.1002/ange.201411808
http://dx.doi.org/10.1002/ange.201411808
http://dx.doi.org/10.1002/anie.201301165
http://dx.doi.org/10.1002/anie.201301165
http://dx.doi.org/10.1002/anie.201301165
http://dx.doi.org/10.1002/anie.201301165
http://dx.doi.org/10.1002/ange.201301165
http://dx.doi.org/10.1002/ange.201301165
http://dx.doi.org/10.1002/ange.201301165
http://dx.doi.org/10.1021/ja300168m
http://dx.doi.org/10.1021/ja300168m
http://dx.doi.org/10.1021/ja300168m
http://dx.doi.org/10.1021/ol4033804
http://dx.doi.org/10.1021/ol4033804
http://dx.doi.org/10.1021/ol4033804
http://dx.doi.org/10.1021/acscatal.5b00322
http://dx.doi.org/10.1021/acscatal.5b00322
http://dx.doi.org/10.1021/acscatal.5b00322
http://dx.doi.org/10.1002/ejoc.200390116
http://dx.doi.org/10.1002/ejoc.200390116
http://dx.doi.org/10.1002/ejoc.200390116
http://dx.doi.org/10.1016/S0040-4020(00)00543-3
http://dx.doi.org/10.1016/S0040-4020(00)00543-3
http://dx.doi.org/10.1016/S0040-4020(00)00543-3
http://dx.doi.org/10.1016/S0040-4020(00)00543-3
http://dx.doi.org/10.1080/14786410802006033
http://dx.doi.org/10.1080/14786410802006033
http://dx.doi.org/10.1080/14786410802006033
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/10.1016/j.bmcl.2010.01.159
http://dx.doi.org/10.1016/j.bmcl.2010.01.159
http://dx.doi.org/10.1016/j.bmcl.2010.01.159
http://dx.doi.org/10.1021/cm001218n
http://dx.doi.org/10.1021/cm001218n
http://dx.doi.org/10.1021/cm001218n
http://dx.doi.org/10.1021/cm001218n
http://dx.doi.org/10.1039/a705129h
http://dx.doi.org/10.1039/a705129h
http://dx.doi.org/10.1039/a705129h
http://dx.doi.org/10.1039/a705129h
http://dx.doi.org/10.1021/ol3029498
http://dx.doi.org/10.1021/ol3029498
http://dx.doi.org/10.1021/ol3029498
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/ol0474655
http://dx.doi.org/10.1021/ol0474655
http://dx.doi.org/10.1021/ol0474655
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/10.1002/ange.200603833
http://dx.doi.org/10.1002/ange.200603833
http://dx.doi.org/10.1002/ange.200603833
http://dx.doi.org/10.1002/ange.200603833
http://dx.doi.org/10.1021/ol201416u
http://dx.doi.org/10.1021/ol201416u
http://dx.doi.org/10.1021/ol201416u
http://dx.doi.org/10.1021/ol201416u
http://dx.doi.org/10.1021/acs.orglett.5b01476
http://dx.doi.org/10.1021/acs.orglett.5b01476
http://dx.doi.org/10.1021/acs.orglett.5b01476
http://dx.doi.org/10.1021/ol502721r
http://dx.doi.org/10.1021/ol502721r
http://dx.doi.org/10.1021/ol502721r
http://dx.doi.org/10.1021/ol502721r
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/ja806543s
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja806543s
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/ol501037j
http://dx.doi.org/10.1021/ol501037j
http://dx.doi.org/10.1021/ol501037j
http://dx.doi.org/10.1055/s-0029-1216977
http://dx.doi.org/10.1055/s-0029-1216977
http://dx.doi.org/10.1055/s-0029-1216977
http://dx.doi.org/10.1002/anie.201209239
http://dx.doi.org/10.1002/anie.201209239
http://dx.doi.org/10.1002/anie.201209239
http://dx.doi.org/10.1002/ange.201209239
http://dx.doi.org/10.1002/ange.201209239
http://dx.doi.org/10.1002/ange.201209239
http://dx.doi.org/10.1021/ja983949i
http://dx.doi.org/10.1021/ja983949i
http://dx.doi.org/10.1021/ja983949i
http://dx.doi.org/10.1021/ja00040a087
http://dx.doi.org/10.1021/ja00040a087
http://dx.doi.org/10.1021/ja00040a087
http://dx.doi.org/10.1021/ja00040a087
http://dx.doi.org/10.1021/ol3003699
http://dx.doi.org/10.1021/ol3003699
http://dx.doi.org/10.1021/ol3003699
http://dx.doi.org/10.1021/ol3003699
http://dx.doi.org/10.1039/c3sc51447a
http://dx.doi.org/10.1039/c3sc51447a
http://dx.doi.org/10.1039/c3sc51447a
http://dx.doi.org/10.1039/c4qo00122b
http://dx.doi.org/10.1039/c4qo00122b
http://dx.doi.org/10.1039/c4qo00122b
http://dx.doi.org/10.1039/c4qo00122b
http://dx.doi.org/10.1002/anie.200804275
http://dx.doi.org/10.1002/anie.200804275
http://dx.doi.org/10.1002/anie.200804275
http://dx.doi.org/10.1002/anie.200804275
http://dx.doi.org/10.1002/ange.200804275
http://dx.doi.org/10.1002/ange.200804275
http://dx.doi.org/10.1002/ange.200804275
http://dx.doi.org/10.1021/ar3000822
http://dx.doi.org/10.1021/ar3000822
http://dx.doi.org/10.1021/ar3000822
http://dx.doi.org/10.1021/jo00029a023
http://dx.doi.org/10.1021/jo00029a023
http://dx.doi.org/10.1021/jo00029a023
http://dx.doi.org/10.1021/jo00029a023
http://dx.doi.org/10.1021/jo0268714
http://dx.doi.org/10.1021/jo0268714
http://dx.doi.org/10.1021/jo0268714
http://dx.doi.org/10.1021/jo0268714
http://dx.doi.org/10.1021/jo900104r
http://dx.doi.org/10.1021/jo900104r
http://dx.doi.org/10.1021/jo900104r
http://dx.doi.org/10.1021/ol300192p
http://dx.doi.org/10.1021/ol300192p
http://dx.doi.org/10.1021/ol300192p
http://dx.doi.org/10.1021/ja105044s
http://dx.doi.org/10.1021/ja105044s
http://dx.doi.org/10.1021/ja105044s
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja400659s
http://dx.doi.org/10.1021/ja400659s
http://dx.doi.org/10.1021/ja400659s
http://dx.doi.org/10.1021/ja400659s
http://dx.doi.org/10.1021/ja5082734
http://dx.doi.org/10.1021/ja5082734
http://dx.doi.org/10.1021/ja5082734
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1021/ja058141u
http://dx.doi.org/10.1021/ja058141u
http://dx.doi.org/10.1021/ja058141u
http://dx.doi.org/10.1021/ja058141u
http://dx.doi.org/10.1002/anie.200902802
http://dx.doi.org/10.1002/anie.200902802
http://dx.doi.org/10.1002/anie.200902802
http://dx.doi.org/10.1002/ange.200902802
http://dx.doi.org/10.1002/ange.200902802
http://dx.doi.org/10.1002/ange.200902802
http://dx.doi.org/10.1002/ange.200902802
http://dx.doi.org/10.1002/anie.200804427
http://dx.doi.org/10.1002/anie.200804427
http://dx.doi.org/10.1002/anie.200804427
http://dx.doi.org/10.1002/anie.200804427
http://dx.doi.org/10.1002/ange.200804427
http://dx.doi.org/10.1002/ange.200804427
http://dx.doi.org/10.1002/ange.200804427
http://dx.doi.org/10.1021/ol3022935
http://dx.doi.org/10.1021/ol3022935
http://dx.doi.org/10.1021/ol3022935
http://dx.doi.org/10.1039/C4OB02286F
http://dx.doi.org/10.1039/C4OB02286F
http://dx.doi.org/10.1039/C4OB02286F
http://dx.doi.org/10.1039/C4GC02154A
http://dx.doi.org/10.1039/C4GC02154A
http://dx.doi.org/10.1039/C4GC02154A
http://dx.doi.org/10.1016/j.tetlet.2014.12.058
http://dx.doi.org/10.1016/j.tetlet.2014.12.058
http://dx.doi.org/10.1016/j.tetlet.2014.12.058
http://dx.doi.org/10.1016/j.tetlet.2014.12.058
http://dx.doi.org/10.1021/jo4009639
http://dx.doi.org/10.1021/jo4009639
http://dx.doi.org/10.1021/jo4009639
http://dx.doi.org/10.1021/ja016806w
http://dx.doi.org/10.1021/ja016806w
http://dx.doi.org/10.1021/ja016806w
http://dx.doi.org/10.1021/ja039107n
http://dx.doi.org/10.1021/ja039107n
http://dx.doi.org/10.1021/ja039107n
http://dx.doi.org/10.1021/ol991148u
http://dx.doi.org/10.1021/ol991148u
http://dx.doi.org/10.1021/ol991148u
http://dx.doi.org/10.1039/c1cc12220g
http://dx.doi.org/10.1039/c1cc12220g
http://dx.doi.org/10.1039/c1cc12220g
http://dx.doi.org/10.1039/c1cc12220g
http://dx.doi.org/10.1021/ol302840b
http://dx.doi.org/10.1021/ol302840b
http://dx.doi.org/10.1021/ol302840b
http://dx.doi.org/10.1016/j.tetlet.2012.05.053
http://dx.doi.org/10.1016/j.tetlet.2012.05.053
http://dx.doi.org/10.1016/j.tetlet.2012.05.053
http://dx.doi.org/10.1021/ol203418u
http://dx.doi.org/10.1021/ol203418u
http://dx.doi.org/10.1021/ol203418u
http://dx.doi.org/10.1021/ja3058138
http://dx.doi.org/10.1021/ja3058138
http://dx.doi.org/10.1021/ja3058138
http://www.chemeurj.org

