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Abstract: A new strategy for cascade assembly of substituted
indenes and polycyclic lactones based on reactions of donor–
acceptor cyclopropanes and styrylmalonates with aromatic
aldehydes in the presence of GaCl3 has been developed. The
use of GaCl3 makes it possible to principally change the
direction of the reaction known in this series of substrates and
to perform the process in a multicomponent version. Gener-
ation of formal 1,2-zwitterionic intermediates owing to com-
plexation of dicarboxylate groups with GaCl3 is the
driving force of the reactions discovered. This method
makes it possible to assemble indenylmalonates or
indano[1’,2’:2,3]indano[2,1-b]furan-2-ones in one synthetic
stage from readily available starting compounds with high
regio- and diastereoselectivity. A mechanism of the reactions
has been suggested using the 18O label in benzaldehyde.

Donor–acceptor cyclopropanes (DACs) that contain
a strained three-membered ring combined with functional
groups and act as sources of 1,3-zwitterions[1, 2] are widely used
in organic synthesis to assemble various carbo- and hetero-
cyclic compounds, including natural compounds and their
analogues.[1] To date, many types of DAC reactivity have been
identified. However, the majority of them come down to the
use of DACs as 1,3-zwitterions. Other possible directions of
DAC transformations are of limited use thus far. For example,
we have recently found a new type of processes that occur via
generation of formal 1,2-zwitterions mediated by gallium
compounds.[3] Thus, development of new ways for DAC
reactions is an important problem and many current studies
concentrate in this field.[2]

Only one pathway was known for reactions of DACs with
aldehydes, namely, [3++2]-cycloaddition to give substituted
tetrahydrofurans.[1, 4] In this study, we have implemented
a new strategy for controlling the DAC reactivity using the
same substrates as an example. This approach is based on the
strategy of the use of gallium arylalkylidenemalonate com-
plexes.[3] It involves controlled sequential generation of these
intermediates from arylcyclopropanedicarboxylates (ACDC)

or their isomers, styrylmalonates,[5] in the presence of gallium
compounds and their reactions with various substrates. The
use of the approach we suggested allows a new type of cascade
processes to be created, resulting in the assembly of complex
carbo- and heterocyclic structures from simple starting
compounds, and to cardinally change the known reaction
pathways of DACs. This approach is demonstrated in
Scheme 1.

Fused carbo- and heterocycles belong to important classes
of organic compounds. Thus, five-membered lactones and
indenes are contained in various natural compounds
(Figure 1) demonstrating a broad spectrum of biological
activity,[6] such as antileishmanial, antiplasmodial, neurotro-
phic, neuroregulatoric, and cytotoxic activity. Indenes are
used as ligands for the catalysis of stereoselective polymer-
ization of alkenes, hydroamination and other processes,[7a,b]

and also as precursors for synthesizing functional materi-
als[7c,d] and compounds with luminescent properties.[7e,f, 8]

Two different approaches were chosen for implementa-
tion of this strategy. The first one involved generation of

Scheme 1. New type of DAC reactivity with aldehydes.

Figure 1. Examples of natural compounds incorporating the indene
and condensed five-member lactone skeletons.
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gallium arylalkylidenemalonate complex from ACDC 1.[3a,b,d]

The former complex 2 was immediately used in the reaction
with an aldehyde in the presence of an additional amount of
GaCl3. The second approach that was found to be more
efficient involved preliminary isomerization of ACDC to
styrylmalonate 3,[5] which was then used in the reaction with
aldehyde 4 in the presence of GaCl3. Irrespective of the
reaction conditions, addition of GaCl3 to a mixture of
cyclopropane 1 and aldehyde 4 resulted in usual [3++2]-
cycloaddition to give ordinary tetrahydrofurans 5.[1, 4] Under
the conditions that we developed, it became possible to
perform the process in such a way that it gave substituted
indenes 6 or pentacyclic lactones 7 as the main reaction
products, whereas tetrahydrofurans 5 were not formed at all
(Scheme 2). Highly diastereoselective cascade assembly of
compounds 7 with formation of five stereocenters is partic-
ularly interesting.

To optimize the conditions that result in indenes 6 or
lactones 7, we performed a broad series of experiments using
cyclopropane 1a or isomeric styrylmalonate 3a and benzal-
dehyde 4a (Scheme 2, Ar1 = Ar2 = Ph). A few key points
required for successful implementation of the strategy chosen
should be noted. First, the reaction should be performed by
preliminary synthesis of compounds 2 or 3 with a mandatory
excess of anhydrous GaCl3 that neutralizes the formation of
water and methanol in the reaction (see below). Second, the
process should be carried out with some excess of the
aldehyde required for suppressing dimerization and oligome-
rization reactions. It is principally important to use GaCl3,
since the reaction does not occur at all with other Lewis acids.

The degree of formation of indenes 6a or lactones 7a is
determined by the reaction time to a considerable extent,
which allows one to obtain each of them selectively. This
regularity allows us to assume that lactone 7a is formed from
indene 6a, which is formed already in 20 min at 60 88C, while
its complete conversion into lactone 7a requires a few hours.

The two approaches used (A and B) are similar and only
differ in the number of dimers formed from the starting
ACDC. It should be noted that in the absence of an aldehyde,

all the three compounds 1 a, 2a and 3a react identically in the
presence of GaCl3 to give the same dimers.[3a,5b] However, if
an aldehyde is present, dimerization of styrylmalonate 3a
occurs much more slowly than that of Ga complex 2, which
explains the higher efficiency of the styrylmalonate approach.
At the same time, these two approaches result in nearly the
same composition of the products of the reaction with
aldehydes and manifest almost the same process regularities.

A number of substituted indenes 6b–j and lactones 7b–j
was obtained by the method that we developed. Each was
obtained selectively and in good yield (Scheme 2, Table 1,
Figures 2 and 3). Both ACDC (1 b–d) and aldehydes (4b–j)
can contain substituents. Moreover, heteroaromatic alde-
hydes can also be used. The reaction direction is mainly
controlled by time, as well as by using a smaller excess of an
aldehyde and GaCl3 in the case of the synthesis of indenes 6
(Table 1). The optimum time is 0.3–1 h for indenes and 3–6 h
for lactones. In the case of less-reactive and more sterically

Scheme 2. General synthetic method for the reaction of DACs and
aldehydes.

Table 1: Scope of the reactions.[a,b]

Entry Reagents GaCl3
[eq.]

4
[eq.]

T
[88C]

t
[h]

Product Yield
[%]

d.r.

1 3a 4a 2 4 60 0.25 6a 71 –
2 3a 4b 2 4 60 0.25 6b 78 –
3 3a 4c 1 2 60 2 6c 75 –
4 3a 4d 2 4 60 1.5 6d 77 –
5[c] 3a 4e 1 3 100 3 6e 74 –
6 3a 4 f 1 1.5 60 1 6 f 73 –
7[c] 3a 4g 1 1.5 85 1 6g 74 –
8 3b 4c 1 2 60 1 6h 72 –
9 3c 4a 2 4 60 1 6 i 88 –
10 3d 4a 1.2 6 50 2 6 j 26 –
11 3a 4a 2 4 60 2.5 7a 77 91/9
12 3a 4b 2 4 60 4 7b 85 94/6
13 3a 4h 2 4 60 4 7c 78 97/3
14 3a 4 i 3 4 60 5 7d 73 97/3
15 3a 4 j 1 4 60 3 7e +7 f 74[d] 90/10
16 3a 4c 2 4 60 6 7g 39 95/5
17 3b 4a 2.5 5 60 4 7h 66 88/12
18 3c 4a 2 4 60 6 7 i 75 87/13
19 3d 4a 1.5 6 60 3 7 j 15 95/5

[a] See Scheme 2, Figure 2, and Figure 3); for selected examples and full
tables, see the Supporting Information. [b] General reaction conditions:
0.5 mmol 1 or 3 in 4–6 mL of 1,2-dichloroethane. [c] PhCl as solvent.
[d] 7e/7 f ca. 1:1; d.r. for each isomer.

Figure 2. Scope of the reaction for indenes 6.
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loaded aldehydes, the reaction time increases and higher
temperatures are sometimes required.

To expand the method, we managed to create an efficient
approach for three-component selective coupling of two
different aldehydes. This approach is based on preliminary
generation of indenes 6 (or their complexes with GaCl3)
under strictly controlled conditions from a styrylmalonate and
one of aldehydes 4. After that, another aldehyde 4’ and an
additional amount of GaCl3 are added to the reaction
mixture. Provided that the conditions are strictly observed
at both stages, it becomes possible to perform the process with
high regioselectivity to give nearly a single cross-lactone 7’ of
the four possible compounds (Scheme 3, Table 2, Figure 3).

The synthetic potential and efficiency of this method were
well demonstrated in selective incorporation of two quite
similar aldehydes (4a and 4b) successively into different
positions of the pentacycle (7k and 7 l). The process
regioselectivity proved to be remarkably high, as almost no
coupling products from two same aldehydes were formed.

The method that we developed has a powerful synthetic
potential that allows one to assemble complex heteropolycy-
clic structures with high regio- and diastereoselectivity from
three simple starting compounds. Obviously, the suggested
approach has general applicability and can be easily expanded
to other substrates in the future.

In all cases, the high diastereoselectivity of formation of
pentacyclic lactones 7 should be noted: the reaction involving
the formation of five stereo centers gives only two diastereo-
mers with considerable predomination of one of them
(Figure 3). The minor diastereomer is related to the position
of the ester group.

The constitution and configuration of the obtained com-
pounds were uniquely determined by 1H, 13C, and 19F NMR
spectroscopy. A full set of modern 2D NMR experiments,
such as COSY, NOESY, HSQC, HSQC-TOCSY, and HMBC,
were used. For compounds 7a and 7p (Figure 4), X-ray
analysis was carried out.

The following simplified mechanism can be assumed. The
key point consists of generation of gallium intermediate I that
exists in solution in equilibrium with gallium arylalkylidene-
malonate complex 2. The aldehyde itself apparently does not
react with complex 2, since it also activated under these

Scheme 3. Synthetic method for the three-component reaction of 3
with two different aldehydes.

Table 2: Scope of the three-component reaction for cross-pentacyclic
lactones 7’’.[a]

Entry Reagents (3/4/
4’’)

GaCl3
[eq.][b]

4’’[b]

[eq.]
T[b]

[88C]
t[b]

[h]
Product Yield

[%]
d.r.

1 3a 4a 4b 2.5 8 60 4 7k 70 89/11
2 3a 4b 4a 2.5 8 60 4 7 l 72 90/10
3 3a 4c 4a 2.5 6 60 5 7m 74 94/6
4 3a 4c 4b 2.5 6 60 7 7n 75 90/10
5 3b 4c 4 i 2 6 60 4 7o 58 92/8
6 3a 4c 4k 2 3 80 6 7p 60 95/5
7 3a 4c 4 l 2.5 6 60 6 7q 62 91/9

[a] See Scheme 3, Figure 3. General reaction conditions on the first
stage: 3 (0.5 mmol) in 1,2-dichloroethane (4–6 mL) at 60 88C for 30 min
(entries 1 and 2) or 1 h (entries 3–7), molar ratio 3/4/GaCl3 = 1:1.5:1.
[b] Conditions on the second stage.

Figure 3. Scope of the two and three component reactions for pentacy-
clic lactones 7a–q.

Figure 4. ORTEP diagram of 7p, with ellipsoids set at 50 % probabil-
ity.[10]
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conditions and is an electrophile. At the same time, both
intermediates (complexes 2 and I) can give dimerization
products, this process being quite characteristic of gallium
arylalkylidenemalonate complex 2. Conversely, the dimeriza-
tion rate of intermediate I in the presence of an aldehyde is
noticeably smaller and the method for generation of inter-
mediates strongly affects the equilibrium between them. If
styrylmalonate 3 is used, generation of the target intermediate
I occurs initially (in this process, the reactive proton is
apparently transferred to the aldehyde). Subsequently, it
reacts with activated aldehyde II to give intermediate III with
polarized double bond. The latter undergoes intramolecular
electrophilic substitution at the aromatic ring to give indenes
6 (possibly as a gallium complex). This is accompanied by
elimination of water, which later participates at the lactoni-
zation stage. Indenes 6 can be either isolated at this stage or
used in further reactions (Scheme 4; for simplification,
complexation with GaCl3 is omitted everywhere after inter-
mediate III). For example, indene 6 can react at the double
bond with the second activated aldehyde molecule, with
cyclization through one of the carboxy groups (intermediates
IV–VI) and electrophilic substitution at Ar1.

It has been shown in the reaction of 3a with 18O-
benzaldehyde (degree of enrichment ca. 50%) that the final
product 7a contains the isotopic label in the keto group of the
lactone ring and the original isotopic enrichment remains
unchanged (the same aldehyde was used for both steps;
Scheme 4). The label leaves intermediates III and V in the
form of water H2

18O (possibly bound with gallium), which is
then used for hydrolysis of the lactone ring. Incorporation of
the isotopic label into compound 7 was detected using mass
spectrometry and NMR spectroscopy on 17O nuclei with

which labeled benzaldehyde was also enriched (13-fold
enrichment in comparison with the natural content).

The compounds obtained contain various functional
groups that can be easily modified. For example, the carboxy
group was converted into an amide group and reduced to
a hydroxy group to give compounds 8 and 9, as well as
hydrolyzed and decarboxylated to give compound 10 with
retention of the lactone ring (Scheme 5).

In conclusion, we have developed a new class of cascade
processes based on arylcyclopropanedicarboxylates or iso-
meric styrylmalonates with aldehydes in the presence of
gallium compounds as an alternative to the [3++2]-cyclo-
addition reaction known previously. This strategy based on
generation of formal 1,2-zwitterionic complexes of geminal
dicarboxylates with gallium halides makes it possible to
perform new selective reactions giving substituted indenes or
indanoindanes fused with a lactone ring. A three-component
version of coupling of styrylmalonates with two different
aldehydes has been developed. The suggested approach has
general applicability and allows one to assemble complex
heteropolycyclic structures from simple starting compounds
with high regio- and diastereoselectivity.
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Scheme 4. Proposed simplified mechanism.

Scheme 5. Some simple modifications for the furanoncarboxylate 7a.

Angewandte
ChemieCommunications

12236 www.angewandte.org T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 12233 –12237

http://www.angewandte.org


How to cite: Angew. Chem. Int. Ed. 2016, 55, 12233–12237
Angew. Chem. 2016, 128, 12421–12425

[1] Some reviews of DACs: a) H. U. Reissig, R. Zimmer, Chem. Rev.
2003, 103, 1151; b) M. Yu, B. L. Pagenkopf, Tetrahedron 2005, 61,
321; c) F. De Simone, J. Waser, Synthesis 2009, 20, 3353; d) C. A.
Carson, M. A. Kerr, Chem. Soc. Rev. 2009, 38, 3051; e) M. Y.
Mel’nikov, E. M. Budynina, O. A. Ivanova, I. V. Trushkov,
Mendeleev Commun. 2011, 21, 293; f) T. F. Schneider, J. Kaschel,
D. B. Werz, Angew. Chem. Int. Ed. 2014, 53, 5504; Angew. Chem.
2014, 126, 5608; g) F. de Nanteuil, F. de Simone, R. Frei, F.
Benfatti, E. Serrano, J. Waser, Chem. Commun. 2014, 50, 10912;
h) R. A. Novikov, Y. V. Tomilov, Mendeleev Commun. 2015, 25,
1; i) M. A. Cavitt, L. H. Phun, S. France, Chem. Soc. Rev. 2014,
43, 804.

[2] Selected recent examples: a) L. K. B. Garve, M. Petzold, P. G.
Jones, D. B. Werz, Org. Lett. 2016, 18, 564; b) L. K. B. Garve, M.
Pawliczek, J. Wallbaum, P. G. Jones, D. B. Werz, Chem. Eur. J.
2016, 22, 521; c) O. A. Ivanova, E. M. Budynina, V. N. Khrusta-
lev, D. A. Skvortsov, I. V. Trushkov, M. Y. Melnikov, Chem. Eur.
J. 2016, 22, 1223; d) Z. Wang, S. Chen, J. Ren, Z. Wang, Org. Lett.
2015, 17, 4184; e) W. Ma, J. Fang, J. Ren, Z. Wang, Org. Lett.
2015, 17, 4180; f) H. Liu, C. Yuan, Y. Wu, Y. Xiao, H. Guo, Org.
Lett. 2015, 17, 4220; g) Q.-J. Liu, W.-G. Yan, L. Wang, X. P.
Zhang, Y. Tang, Org. Lett. 2015, 17, 4014; h) Q.-Q. Cheng, Y.
Qian, P. Y. Zavalij, M. P. Doyle, Org. Lett. 2015, 17, 3568; i) A.
Ghosh, A. K. Pandey, P. J. Banerjee, Org. Chem. 2015, 80, 7235;
j) H. Xu, J.-L. Hu, L. Wang, S. Liao, Y. Tang, J. Am. Chem. Soc.
2015, 137, 8006; k) E. M. Budynina, K. L. Ivanov, A. O. Chagar-
ovskiy, V. B. Rybakov, I. V. Trushkov, M. Y. Melnikov, Chem.
Eur. J. 2016, 22, 3692; l) A. A. Tabolin, R. A. Novikov, Y. A.
Khomutova, A. A. Zharov, G. A. Stashina, Y. V. Nelyubina,
Y. V. Tomilov, S. L. Ioffe, Tetrahedron Lett. 2015, 56, 2102;
m) K. L. Ivanov, E. V. Villemson, E. M. Budynina, O. A. Iva-
nova, I. V. Trushkov, M. Y. Melnikov, Chem. Eur. J. 2015, 21,
4975; n) J. Sabbatani, N. Maulide, Angew. Chem. Int. Ed. 2016,
55, 6780.

[3] “1,2-zwitterionic” reactivity: a) R. A. Novikov, A. V. Tarasova,
V. A. Korolev, V. P. Timofeev, Y. V. Tomilov, Angew. Chem. Int.
Ed. 2014, 53, 3187; Angew. Chem. 2014, 126, 3251; b) R. A.
Novikov, A. V. Tarasova, V. A. Korolev, E. V. Shulishov, V. P.
Timofeev, Y. V. Tomilov, J. Org. Chem. 2015, 80, 8225; c) R. A.
Novikov, A. V. Tarasova, Y. V. Tomilov, Mendeleev Commun.
2015, 25, 341; d) R. A. Novikov, D. O. Balakirev, V. P. Timofeev,
Y. V. Tomilov, Organometallics 2012, 31, 8627.

[4] Selected [3++2]-cycloaddition with aldehydes: a) H.-U. Reissig,
Tetrahedron Lett. 1981, 22, 2981; b) H.-U. Reissig, H. Holzinger,
G. Glomsda, Tetrahedron 1989, 45, 3139; c) P. D. Pohlhaus, J. S.
Johnson, J. Am. Chem. Soc. 2005, 127, 16014; d) A. Gupta, V. K.
Yadav, Tetrahedron Lett. 2006, 47, 8043; e) P. D. Pohlhaus, S. D.
Sanders, A. T. Parsons, W. Li, J. S. Johnson, J. Am. Chem. Soc.
2008, 130, 8642; f) S. D. Sanders, A. Ruiz-Olalla, J. S. Johnson,
Chem. Commun. 2009, 34, 5135; g) S. Xing, W. Pan, C. Liu, J.
Ren, Z. Wang, Angew. Chem. Int. Ed. 2010, 49, 3215; Angew.
Chem. 2010, 122, 3283; h) G. Yang, Y. Shen, K. Li, Y. Sun, Y.
Hua, J. Org. Chem. 2011, 76, 229; i) A. G. Smith, M. C. Slade, J. S.
Johnson, Org. Lett. 2011, 13, 1996; j) S. Xing, Y. Li, Z. Li, C. Liu,

J. Ren, Z. Wang, Angew. Chem. Int. Ed. 2011, 50, 12605; Angew.
Chem. 2011, 123, 12813; k) S. Haubenreisser, P. Hensenne, S.
Schroder, M. Niggemann, Org. Lett. 2013, 15, 2262; l) S. Racine,
F. de Nanteuil, E. Serrano, J. Waser, Angew. Chem. Int. Ed. 2014,
53, 8484; Angew. Chem. 2014, 126, 8624.

[5] a) A. O. Chagarovskiy, O. A. Ivanova, E. R. Rakhmankulov,
E. M. Budynina, I. V. Trushkov, M. Y. Melnikov, Adv. Synth.
Catal. 2010, 352, 3179; b) R. A. Novikov, V. A. Korolev, V. P.
Timofeev, Y. V. Tomilov, Tetrahedron Lett. 2011, 52, 4996.

[6] a) C. Festa, C. DQAmore, B. Renga, G. Lauro, S. De Marino,
M. V. DQAuria, G. Bifulco, A. Zampella, S. Fiorucci, Mar. Drugs
2013, 11, 2314; b) S. R. Jensen, O. Kirk, B. J. Nielsen, R.
Norrestam, Phytochemistry 1987, 26, 1725; c) Y.-S. Li, K.
Matsunaga, R. Kato, Y. Ohizumi, J. Pharm. Pharmacol. 2001,
53, 915; d) T. J. Schmidt, E. Muller, F. R. Fronczek, J. Nat. Prod.
2001, 64, 411; e) J.-F. Liu, Y.-F. Wang, Y.-P. Bi, H.-J. Li, L. Jia, Y.-
F. Bi, Y.-B. Zhang, Tetrahedron Lett. 2013, 54, 4834; f) F. Rasser,
T. Anke, O. Sterner, Phytochemistry 2000, 54, 511; g) G.
Majetich, J. M. Shimkus, J. Nat. Prod. 2010, 73, 284; h) E.
Alcalde, N. Mesquida, J. Frigola, S. Lopez-Perez, R. Merce, Org.
Biomol. Chem. 2008, 6, 3795; i) G. M. Anstead, S. R. Wilson,
J. A. Katzenellenbogen, J. Med. Chem. 1989, 32, 2163.

[7] a) L. Resconi, L. Cavallo, A. Fait, F. Piemontesi, Chem. Rev.
2000, 100, 1253; b) M. Enders, R. W. Baker, Curr. Org. Chem.
2006, 10, 937; c) X. Shi, P. M. Burrezo, S. Lee, W. Zhang, B.
Zheng, G. Dai, J. Chang, J. T. L. Navarrete, K.-W. Huang, D.
Kim, J. Casado, C. Chu, Chem. Sci. 2014, 5, 4490; d) R. Tirfoin, S.
Aldridge, Dalton Trans. 2013, 42, 12836; e) C. Zhou, X. Chen, P.
Lu, Y. Wang, Tetrahedron 2012, 68, 2844; f) X. Zeng, L. Ilies, E.
Nakamura, J. Am. Chem. Soc. 2011, 133, 17638.

[8] Selected alternative methods for the formation of indenes:
Reviews: a) B. Gabriele, R. Mancuso, L. Veltri, Chem. Eur. J.
2016, 22, 5056; b) M. Enders, R. W. Baker, Curr. Org. Chem.
2006, 10, 937; Recent examples: c) S. Yang, Z. Li, X. Jian, C. He,
Angew. Chem. Int. Ed. 2009, 48, 3999; Angew. Chem. 2009, 121,
4059; d) S. Wang, Y. Zhu, Y. Wang, P. Lu, Org. Lett. 2009, 11,
2615; e) A. Mart&nez, P. Garc&a-Garc&a, M. A. Fern#ndez-
Rodr&guez, F. Rodr&guez, R. Sanz, Angew. Chem. Int. Ed. 2010,
49, 4633; Angew. Chem. 2010, 122, 4737; f) F. Zhou, X. Han, X.
Lu, J. Org. Chem. 2011, 76, 1491; g) D. Eom, S. Park, Y. Park, T.
Ryu, P. H. Lee, Org. Lett. 2012, 14, 5392; h) X. Jia, D. A.
Petrone, M. Lautens, Angew. Chem. Int. Ed. 2012, 51, 9870;
Angew. Chem. 2012, 124, 10008; i) E. R. Rakhmankulov, K. L.
Ivanov, E. M. Budynina, O. A. Ivanova, A. O. Chagarovskiy,
D. A. Skvortsov, G. V. Latyshev, I. V. Trushkov, M. Y. Melnikov,
Org. Lett. 2015, 17, 770.

[9] A. M. Tsedilin, A. N. Fakhrutdinov, D. B. Eremin, S. S. Zales-
skiy, A. O. Chizhov, N. G. Kolotyrkina, V. P. Ananikov, Mende-
leev Commun. 2015, 25, 454.

[10] CCDC 1475754 (7p) contains the supplementary crystallo-
graphic data for this paper. These data are provided free of
charge by The Cambridge Crystallographic Data Centre.

Received: April 22, 2016
Revised: June 10, 2016
Published online: August 30, 2016

Angewandte
ChemieCommunications

12237Angew. Chem. Int. Ed. 2016, 55, 12233 –12237 T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/cr010016n
http://dx.doi.org/10.1021/cr010016n
http://dx.doi.org/10.1016/j.tet.2004.10.077
http://dx.doi.org/10.1016/j.tet.2004.10.077
http://dx.doi.org/10.1039/b901245c
http://dx.doi.org/10.1002/anie.201309886
http://dx.doi.org/10.1002/ange.201309886
http://dx.doi.org/10.1002/ange.201309886
http://dx.doi.org/10.1039/C4CC03194F
http://dx.doi.org/10.1016/j.mencom.2015.01.001
http://dx.doi.org/10.1016/j.mencom.2015.01.001
http://dx.doi.org/10.1039/C3CS60238A
http://dx.doi.org/10.1039/C3CS60238A
http://dx.doi.org/10.1021/acs.orglett.5b03598
http://dx.doi.org/10.1002/chem.201504013
http://dx.doi.org/10.1002/chem.201504013
http://dx.doi.org/10.1002/chem.201502287
http://dx.doi.org/10.1002/chem.201502287
http://dx.doi.org/10.1021/acs.orglett.5b01928
http://dx.doi.org/10.1021/acs.orglett.5b01928
http://dx.doi.org/10.1021/acs.orglett.5b01927
http://dx.doi.org/10.1021/acs.orglett.5b01927
http://dx.doi.org/10.1021/acs.orglett.5b02003
http://dx.doi.org/10.1021/acs.orglett.5b02003
http://dx.doi.org/10.1021/acs.orglett.5b01909
http://dx.doi.org/10.1021/acs.orglett.5b01674
http://dx.doi.org/10.1021/acs.joc.5b00705
http://dx.doi.org/10.1021/jacs.5b04429
http://dx.doi.org/10.1021/jacs.5b04429
http://dx.doi.org/10.1002/chem.201504593
http://dx.doi.org/10.1002/chem.201504593
http://dx.doi.org/10.1016/j.tetlet.2015.03.011
http://dx.doi.org/10.1002/chem.201405551
http://dx.doi.org/10.1002/chem.201405551
http://dx.doi.org/10.1002/anie.201601340
http://dx.doi.org/10.1002/anie.201601340
http://dx.doi.org/10.1002/anie.201306186
http://dx.doi.org/10.1002/anie.201306186
http://dx.doi.org/10.1002/ange.201306186
http://dx.doi.org/10.1021/acs.joc.5b01179
http://dx.doi.org/10.1016/j.mencom.2015.09.007
http://dx.doi.org/10.1016/j.mencom.2015.09.007
http://dx.doi.org/10.1021/om301072v
http://dx.doi.org/10.1016/S0040-4039(01)81805-0
http://dx.doi.org/10.1016/S0040-4020(01)80140-X
http://dx.doi.org/10.1021/ja055777c
http://dx.doi.org/10.1016/j.tetlet.2006.09.064
http://dx.doi.org/10.1021/ja8015928
http://dx.doi.org/10.1021/ja8015928
http://dx.doi.org/10.1002/anie.201000563
http://dx.doi.org/10.1002/ange.201000563
http://dx.doi.org/10.1002/ange.201000563
http://dx.doi.org/10.1021/jo1020773
http://dx.doi.org/10.1021/ol200395e
http://dx.doi.org/10.1002/anie.201106368
http://dx.doi.org/10.1002/ange.201106368
http://dx.doi.org/10.1002/ange.201106368
http://dx.doi.org/10.1021/ol400809n
http://dx.doi.org/10.1002/anie.201404832
http://dx.doi.org/10.1002/anie.201404832
http://dx.doi.org/10.1002/ange.201404832
http://dx.doi.org/10.1002/adsc.201000636
http://dx.doi.org/10.1002/adsc.201000636
http://dx.doi.org/10.1016/j.tetlet.2011.07.001
http://dx.doi.org/10.3390/md11072314
http://dx.doi.org/10.3390/md11072314
http://dx.doi.org/10.1016/S0031-9422(00)82277-3
http://dx.doi.org/10.1211/0022357011776108
http://dx.doi.org/10.1211/0022357011776108
http://dx.doi.org/10.1021/np000487p
http://dx.doi.org/10.1021/np000487p
http://dx.doi.org/10.1016/j.tetlet.2013.06.081
http://dx.doi.org/10.1016/S0031-9422(00)00137-0
http://dx.doi.org/10.1021/np9004695
http://dx.doi.org/10.1039/b808641a
http://dx.doi.org/10.1039/b808641a
http://dx.doi.org/10.1021/jm00129a024
http://dx.doi.org/10.1021/cr9804691
http://dx.doi.org/10.1021/cr9804691
http://dx.doi.org/10.1039/C4SC01769B
http://dx.doi.org/10.1039/c3dt51894a
http://dx.doi.org/10.1016/j.tet.2012.01.093
http://dx.doi.org/10.1021/ja209300c
http://dx.doi.org/10.1002/chem.201503933
http://dx.doi.org/10.1002/chem.201503933
http://dx.doi.org/10.1002/anie.200900368
http://dx.doi.org/10.1002/ange.200900368
http://dx.doi.org/10.1002/ange.200900368
http://dx.doi.org/10.1021/ol901033h
http://dx.doi.org/10.1021/ol901033h
http://dx.doi.org/10.1002/anie.201001089
http://dx.doi.org/10.1002/anie.201001089
http://dx.doi.org/10.1002/ange.201001089
http://dx.doi.org/10.1021/jo1023574
http://dx.doi.org/10.1021/ol302271w
http://dx.doi.org/10.1002/anie.201204716
http://dx.doi.org/10.1002/ange.201204716
http://dx.doi.org/10.1021/ol5037562
http://dx.doi.org/10.1016/j.mencom.2015.11.019
http://dx.doi.org/10.1016/j.mencom.2015.11.019
https://summary.ccdc.cam.ac.uk/structure-summary?doi=10.1002/anie.201603927
http://www.ccdc.cam.ac.uk/
http://www.angewandte.org

