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The direct transformation of nonfunctionalized C—H bonds
into C—C bonds is a fundamental challenge in organic
chemistry and offers substantial benefits. The synthetic
method to generate C—C bonds directly from two different
C—H bonds under oxidative conditions, termed cross-dehy-
drogenative coupling (CDC), represents the state-of-art in
C—C bond-forming reactions."? Such a coupling allows the
use of simple nonfunctionalized substrates, thus making
syntheses shorter and more efficient. Two issues with CDC
methods are low reactivity and selectivity, owing to the high-
energy of dissociation and the ubiquity of C—H bonds in
organic molecules, respectively. The development of new and
efficient CDC reactions is a fundamental and important
challenge in organic synthesis.

Nitrogen-containing heterocycles are abundant in nature
and have extensive applications in chemistry and biology.”!
Numerous methods for the de novo synthesis of electron-
deficient heterocycles have been described, but their func-
tionalization by cross-dehydrogenative coupling is far less
studied. In contrast to the acylation of electron-rich aromatic
compounds (Friedel-Crafts reaction), very few methods are
available for the acylation of electron-deficient heterocycles.
Among these methods, the addition of nucleophilic acyl
radicals to electron-deficient heterocyclic aromatic bases, that
is, the Minisci reaction, is a commonly used approach.[*” But,
this reaction has been underutilized because of harsh reaction
conditions, such as heating in the presence of peroxy
compounds and metals. Additional reported issues include
low site selectivity, incomplete conversion of starting materi-
als, limited substrate scope, and the use of metals in up to
stoichiometric amounts.*”) Direct acylation of heterocycles
with aldehydes is difficult owing to the electron-deficient
nature of both partners, and because the products of radical
acylation can be more susceptible to radical attack than the
starting material. Based on previous reported acylations, we
hypothesized that the generation of nucleophilic acyl radicals
under mild reaction conditions could be key to eliminating
the difficulties in direct acylations."*! Herein, we describe an
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unprecedented metal-free, cross-dehydrogenative coupling of
heterocycles with aldehydes at ambient temperature. Fur-
thermore, this method was used for the synthesis of natural
products in one step.

In connection to our continued interest in developing
efficient metal-free C—H functionalization strategies,[s] we
decided to investigate the use of hypervalent iodine reagents
for the direct acylation of N-heterocycles with aldehydes.”!
Initially, we evaluated numerous reaction conditions for the
direct coupling of isoquinoline (1a) and benzaldehyde (2a).
To our delight, the cross-coupling occurred in presence of
(bis(trifluoroacetoxy)iodo)benzene (PhI(OCOCF;),) and
sodium azide at ambient temperature in ethylacetate to
form product 3a in 47 % yield (Table 1, entry 1).'’ Notably,
functionalization of isoquinoline (1a) occurred selectively at
the Cl-position to give only one regioisomer of 3a. Product
3a was not formed in the absence of either PhI(OCOCEFj), or
NaN;. A variety of polar and nonpolar solvents were
successfully employed (Table 1, entries 1-4 and the Support-
ing Information). The best yield (52 % of 3a) was achieved for
the reaction with benzene as the solvent.

Next, we examined the influence of various oxidants in
the cross-dehydrogenative coupling (Table 1, entries 4-11). A
number of other hypervalent iodine based oxidants were
screened, and only the use of Koser’s reagent and (bis(tri-
fluoroacetoxy)iodo)pentafluorobenzene (Table 1, entries 7
and 8) provided product 3a, although in lower yield than
with PhI(OCOCF;),. Other oxidizing agents, such as
tBuOOH and mCPBA, did not promote the desired trans-
formation (Table 1, entries 9-11, and Supporting Informa-
tion). With PhI(OCOCEF;), as the obvious choice of oxidant,
we tested different additives. Changing the additive from
NaNj; to TMSN; resulted in a dramatic rise of the yield to
90 % (Table 1, entry 12). The use of other sources of azide and
iodine did not lead to formation of the product (Table 1,
entries 13-15). With the optimized oxidant and additive
established, we looked into the relative ratio of reactants
(Table 1, entries 16-21 and Supporting Information).
Decreasing the amount of aldehyde from 4 equivalents to 3
and 1.5 equivalents led to a drop in yield to 70% and 26 %,
respectively, and lowering the amount of oxidant and/or
additive to 1 equivalent did not prove beneficial.

Equipped with a set of optimized conditions (Table 1,
entry 16), we explored the scope of this cross-coupling
reaction by investigating the reaction between isoquinoline
(1a) and various aldehydes (Scheme 1). The scope turned out
to be very broad, and various aliphatic, aromatic and
heteroaromatic aldehydes, including those with electron-
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Table 1: Optimization of reaction conditions.!

o)
X
.
N TH

oxidant
additive

—_—
solvent, RT

1a 2a

Entry Solvent  Oxidant Additive t[h] Yield [%]®
1 EtOAc  PhI(OCOCF;),  NaN, 2 47
2 CH,CN Phl(OCOCF;), NaN, 2 43
3 toluene  Phl(OCOCF;), NaN, 2 30
4 benzene  Phl(OCOCF;), NaN,; 2 52
5 benzene  Phl(OAc), NaN, 24 n.d.
6 benzene  PhI(OCOtBu), NaN, 24 n.d.
7 benzene  Phl(OH)OTs NaN,; 6 22
8 benzene  C¢FsI(OCOCF;), NaN, 4 34
9 benzene DMP NaN, 24 n.d.
10 benzene tBuOOH NaN, 24 n.d.
11 benzene mCPBA NaN, 24 n.d.
12 benzene  PhI(OCOCF;), TMSN;, 2 90
13 benzene  Phl(OCOCF;), (nBu)4NN, 24 n.d.
14 benzene  Phl(OCOCF;), (PhO),PON; 24 n.d.
15 benzene  PhI(OCOCF;), [ 24 n.d.
1611 benzene PhI(OCOCF;),  TMSN, 2 86
17¥0  benzene PhI(OCOCF;),  TMSN;, 2 70
181 benzene Phl(OCOCF,),  TMSN, 2 26
197 benzene PhI(OCOCF;),  TMSN, 2 60
200! benzene  Phl(OCOCF;), TMSN, 2 68
21" benzene PhI(OCOCF,),  TMSN, 2 49

[a] Reaction conditions: Ta (0.2 mmol), 2a (1.0 mmol), oxidant

(0.4 mmol), additive (0.4 mmol) in solvent (1.5 mL). [b] Yield of isolated
product after chromatography on silica gel. [c] 2a (0.8 mmol). [d] 2a
(0.6 mmol). [e] 2a (0.3 mmol). [f] PhI(OCOCF;), (0.2 mmol) and TMSN,
(0.2 mmol). [g] PhI(OCOCF;), (0.4 mmol) and TMSN; (0.2 mmol).

[h] Ph1(OCOCF;), (0.2 mmol) and TMSN; (0.4 mmol). DMP = Dess—
Martin periodinane, mCPBA = meta-chloroperbenzoic acid, n.d. =not
detected, TMS =trimethylsilyl, Ts = para-toluenesulfonyl.

donating and electron-withdrawing substituents in various
positions, and polysubstituted benzaldehydes, were efficiently
and selectively coupled to isoquinoline in 2 h under metal-
free conditions at ambient temperature. General trends
observed were: 1) aliphatic aldehydes can be efficiently
coupled with isoquinoline by using smaller amounts (1.1
equivalent) of iodine(IIT) and TMSNj; (Scheme 1, compounds
3b-3i); 2) products from aromatic aldehydes with electron-
donating groups at ortho, meta, and para positions were
obtained in comparable yields (Scheme 1, products 3j-31),
whereas the products from aldehydes with electron-with-
drawing groups at para position were obtained in better yields
than their ortho- and meta-substituted isomers (products 3m-—
30); 3) polysubstituted aromatic aldehydes were well-toler-
ated, thus indicating the minor role of the steric effect
(Scheme 1, products 3v-3ag). Aldehydes containing sensitive
groups, such as cyclopropyl, next to the reaction center can be
employed (Scheme 1, product 3f). Moreover, polymethoxy-
substituted benzaldehydes, which represent a common scaf-
fold for natural products, were well-tolerated (Scheme 1,
products 3ab-3af). Reactions of sulfur-containing hetero-
cyclic aldehydes (Scheme 1, products 3ah and 3ai) also
provided cross-coupled products in good yields without
overoxidation to sulfoxides or sulfones. Finally, compound
3b was obtained in 89 % yield from a large scale reaction (one
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Scheme 1. Scope of aldehydes in CDC. Reaction conditions: isoquino-
line 1a (0.2 mmol), aldehyde 2 (0.8 mmol), TMSN; (0.4 mmol), and
PhI(OCOCF;), (0.4 mmol) in benzene (1.5 mL) at room temperature
for 2 h. Yields are given for isolated products after column chromatog-
raphy. [a] Using PhlI(OCOCF;), (0.22 mmol), TMSN; (0.22 mmol).

[b] Using PhI(OCOCF;), (0.6 mmol), TMSN; (0.6 mmol). [c] Using
Phl(OCOCF;), (0.8 mmol), TMSN; (0.8 mmol).

gram of 1a) carried out in an open flask. These observations
clearly demonstrate the efficiency of this newly developed
mild direct cross-coupling method.

After investigating the scope of the aldehydes in the cross-
dehydrogenative coupling, we next focused our attention to
the scope of the heterocycles (Scheme 2). Pleasingly, a variety
of heterocycles reacted smoothly with aldehydes. Reactions
of electron-rich isoquinolines, which we expected to be less
reactive than isoquinoline, also provided products in good
yields (Scheme 2, products 4a-4s), and an acceptable yield
was achieved with 5-nitroisoquinoline (Scheme 2, product
4e). Although when quinoline was used a mixture of mono-
and disubstituted products was provided, the use of quino-
lines with either electron-rich or electron-poor groups at the
2-, 3-, or 4- positions provided products in very good yields
(Scheme 2, products 4g-4j). Interestingly, highly selective
functionalization at the 4-position was observed in case of 3-
bromoquinoline (see product 4j). Furthermore, quinaxaline

www.angewandte.org

2083


http://www.angewandte.org

Angewandte

2084

Communications
H PhI(OCOCFs),, 0 0
+ TMSN, RT, 2h 1o
J@Q BeS
. N N
N 7 pr SN N
R‘I

4a, 60% e%lal 4c, 58% 4d, 90%
Ph Cl
4e, 35% 4f, 72%151 4g, 84% 4h, 77%lbl 4i 70%
4j, 65%lal 3% 41, 81%lel 4m, 82%lel 4n, 75%
\
\>—R1 )\ />—Ac
40, 67% 4p, 64% 4q, 72% 4r, 74% 4s, 65%

Scheme 2. Scope of N-heterocycles in CDC. Reaction conditions:
heterocycle 1 (0.2 mmol), aldehyde 2 (0.8 mmol), TMSN; (0.8 mmol),
and Phl(OCOCF;), (0.8 mmol) in benzene (1.5 mL) at room temper-
ature for 2 h. Yields are given for isolated products after column
chromatography. [a] Using PhI(OCOCF;), (0.4 mmol), TMSN,

(0.4 mmol). [b] Using Phl(OCOCF,), (0.6 mmol), TMSN, (0.6 mmol).
Ac=acetyl.

and 2-substituted quinaxalines were selectively monofunc-
tionalized in good yield (Scheme 2, products 41, 4m, and 4n).
Other heterocycles, such as acridine (see product 4f),
benzothiazole (see product 40), and caffeine (see product
4p), were also functionalized smoothly. Finally, by using an
excess of reagents, selective double functionalization was
possible in good yield (Scheme 2, products 4 q-4s).
Isoquinoline alkaloids are widely distributed in nature and
exhibit important biological and medicinal properties.”!
Moreover, acylated heterocycles are present in numerous
drugs and pharmacologically significant biological probes. In
this context, we envisaged that the developed method for
C—H bond functionalization would provide rapid access to
natural alkaloids from simple, widely available chemicals,
thus representing an improvement on traditional multistep
approaches. To execute such an idea and to show the
application of the developed method, we synthesized several
natural alkaloids by one step cross-coupling between isoqui-
nolines and aldehydes (Scheme 3, products 5-9).'12l The
obtained products represent natural alkaloids and could be
used as starting materials for the preparation of related
alkaloids including simple derivatives of isoquinoline, apor-
phines, protoberberines, and pavines. For example, a reduc-
tion of the carbonyl group of § and 6 to give the corresponding
alcohol and alkane provided an additional set of natural
products (Scheme 3, products 11 and 12).'¥ Moreover,
a natural alkaloid based on the PB-carboline scaffold was
obtained in one step from commercially available chemicals
by using the developed method (Scheme 3, product 10).14
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Scheme 3. Selected examples of alkaloid synthesis. Reaction condi-
tions: N-Heterocycle (0.6 mmol), aldehyde (2.4 mmol), Phl(OCOCF,;),
(2.4 mmol), TMSN; (2.4 mmol) in benzene (5 mL). Yields are given for
isolated products after column chromatography. [a] Prepared from 5 by
reduction with NaBH,. [b] Prepared from 6 by Wolff—Kishner reduction.

Next the mechanism of the direct acylation was studied.
The formation of product 31 was suppressed in the presence of
radical traps (see the Supporting Information for the details).
An adduct of the 2,2,6,6-tetramethylpiperidine-1-oxyl free
radical and the aldehyde was isolated under our reaction
conditions, thus providing evidence of an acyl radical
formation. The kinetic isotopic effect is 5.7 and was measured
by using [Dg]benzaldehyde in a competition experiment (see
the Supporting Information for the details). This result could
indicate that the formation of the acyl radical is the rate-
limiting step of the developed direct acylation. Based on these
observations, a plausible mechanism is proposed (Scheme 4).
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F

Scheme 4. Proposed mechanism for the direct metal-free acylation.

Initial ligand exchange between PhI(OCOCF;), (A) and
TMSN; would provide intermediate B. A double exchange of
the trifluoracetyl groups in A by azide ions could also occur to
give PhI(N;),, which would have similar properties to B.
Intermediate B undergoes thermal homolytic cleavage owing
to a weak I-N bond to generate an azide radical and radical
C.'"1 The azide radical reacts with aldehyde 2 to generate
nucleophilic acyl radical D, and then subsequent attack of the
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acyl radical onto the protonated heterocycle E would provide
intermediate F.'°" The released hydrazoic acid could react
with A to provide the reactive intermediate B. The selectivity
of the acylation could be explained by the nucleophilic
character of the acyl radical D, which attacks at the electro-
philic position of the protonated heterocycle under thermo-
dynamic control (see Scheme 2, product 4j). Rearomatization
of F provides the desired product 4.

In conclusion we have developed an efficient, mild and
scalable method for the direct functionalization of hetero-
cycles with aldehydes under metal-free conditions that was
not sensitive to moisture. Desired compounds were obtained
at room temperature in short time. The generality of the
method was illustrated by the broad aldehyde and heterocycle
scope. Moreover, this one-step cross-coupling reaction was
utilized in the synthesis of a collection of natural products.

Received: November 4, 2012
Published online: January 10, 2013

Keywords: alkaloids - heterocycles - hypervalent iodine -
metal-free - radicals

[1] For recent reviews on CDC, see: a) C.S. Yeung, V. M. Dong,
Chem. Rev. 2011, 111, 1215-1292; b) M. Klussmann, D. Sure-
shkumar, Synthesis 2011, 353-369; c) S. H. Cho, J. Y. Kim, J.
Kwak, S. Chang, Chem. Soc. Rev. 2011, 40, 5068 —-5083; d) W.-J.
Yoo, C.-J. Li, Top. Curr. Chem. 2010, 292, 281-302; e) J. A.
Ashenhurst, Chem. Soc. Rev. 2010, 39, 540-548; f)C.J.
Scheuermann, Chem. Asian J. 2010, 5, 436-451; g) C.-J. Li,
Acc. Chem. Res. 2009, 42, 335-344.

For recent examples on metal-free C—C bond formation by
CDC, see: a) B. Zhang, Y. Cui, N. Jiao, Chem. Commun. 2012,
48, 4498-4500; b) H. Richter, R. Froehlich, C.-G. Daniliuc,
O. G. Mancheno, Angew. Chem. 2012, 124, 8784 —-8788; Angew.
Chem. Int. Ed. 2012, 51, 8656 —8660; c) T. Morofuji, A. Shimizu,
J. Yoshida, Angew. Chem. 2012, 124, 7371 -7374; Angew. Chem.
Int. Ed. 2012, 51,7259-7262; d) L. Mohlmann, M. Baar, J. Riess,
M. Antonietti, X. Wang, S. Blechert, Adv. Synth. Catal. 2012,
354,1909-1913;¢) Q. Liu, Y.-N. Li, H.-H. Zhang, B. Chen, C.-H.
Tung, L.-Z. Wu, Chem. Eur. J. 2012, 18, 620-627; f) T. Dohi, T.
Kamitanaka, S. Watanabe, Y. Hu, N. Washimi, Y. Kita, Chem.
Eur. J. 2012, 18, 13614-13618; g) K. Alagiri, P. Devadig, K. R.
Prabhu, Chem. Eur. J. 2012, 18, 5160-5164; h) Y. Ye, H. Wang,
R. Fan, Synlett 2011, 923-926; i) K. Morimoto, T. Nakae, N.
Yamaoka, T. Dohi, Y. Kita, Eur. J. Org. Chem. 2011, 6326 -6334;
j) T.He, L. Yu, L. Zhang, L. Wang, M. Wang, Org. Lett. 2011, 13,
5016-5019; k) T. He, H. Li, P. Li, L. Wang, Chem. Commun.
2011, 47, 8946 —8948; 1) D. P. Hari, B. Konig, Org. Lett. 2011, 13,
3852-3855; m)T. Dohi, M. Ito, I. Itani, N. Yamaoka, K.
Morimoto, H. Fujioka, Y. Kita, Org. Lett. 2011, 13, 6208 -6211;
n) A. Pintér, A. Sud, D. Sureshkumar, M. Klussmann, Angew.
Chem. 2010, 122, 5124-5128; Angew. Chem. Int. Ed. 2010, 49,
5004-5007; o) E. Faggi, R.M. Sebastian, R. Pleixats, A.
Vallribera, A. Shafir, A. Rodriguez-Gimeno, C. Ramirez de Ar-
ellano, J. Am. Chem. Soc. 2010, 132, 17980-17982; p) V.
Chudasama, R. J. Fitzmaurice, S. Caddick, Nat. Chem. 2010, 2,
592 -596.

For reviews on isoquinoline alkaloids, see: a) K. W. Bentley, Nat.
Prod. Rep. 2006, 23, 444-463; b) K. W. Bentley, Nat. Prod. Rep.
2005, 22, 249-268; c) K. W. Bentley, Nat. Prod. Rep. 2004, 21,
395-424; d) K. W. Bentley, Nat. Prod. Rep. 2003, 20, 342-365;

2

—_—

[3

[

Angew. Chem. Int. Ed. 2013, 52, 20822086

(4

—_—

(5]

[6

—_

[7

[

8

=

(9]

(10]

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

e) M. Chrzanowska, M. D. Rozwadowska, Chem. Rev. 2004, 104,
3341-3370.

For reviews on Minisci reaction, see: a) M. A. J. Duncton, Med.
Chem. Commun. 2011, 2, 1135-1161; b) C. Punta, F. Minisci,
Trends Heterocycl. Chem. 2008, 13, 1-68; c) F. Minisci, F.
Fontana, E. Vismara, J. Heterocycl. Chem. 1990,27,79-96; d) F.
Minisci, A. Citterio, C. Giordano, Acc. Chem. Res. 1983, 16, 27—
32; e) F. Minisci, Synthesis 1973, 1-24.

a) J. M. Pruet, J. D. Robertus, E. V. Anslyn, Tetrahedron Lett.
2010, 51, 2539-2540; b) M. A.J. Duncton, M. A. Estiarte, R. J.
Johnson, M. Cox, D.J. R. O’Mahony, W.T. Edwards, M. G.
Kelly, J. Org. Chem. 2009, 74, 6354—6357; c) F. Minisci, F.
Recupero, A. Cecchetto, C. Punta, C. Gambarotti, F. Fontana,
G. F. Pedulli, J. Heterocycl. Chem. 2003, 40, 325-328; d) O. A.
Phillips, K. S. K. Murthy, C.Y. Fiakpui, E. E. Knaus, Can. J.
Chem. 1999, 77,216-222; ¢) K. S. K. Murthy, E. E. Knaus, Drug
Dev. Res. 1999, 46, 155-162; f) L. Désaubry, J.-J. Bourguignon,
Tetrahedron Lett. 1995, 36, 7875-7876; g) R. Baur, T. Sugimoto,
W. Pfleiderer, Helv. Chim. Acta 1988, 71, 531-543; h) W.
Pfleiderer, Tetrahedron Lett. 1984, 25, 1031-1034; i) R. Baur,
T. Sugimoto, W. Pfleiderer, Chem. Lett. 1984, 13, 1025-1028;
j) C. A. Correia, L. Yang, C.-J. Li, Org. Lert. 2011, 13, 4581 -
4583.

For an excellent review on the applications of acyl radicals, see:
C. Chatgilialoglu, D. Crich, M. Komatsu, I. Ryu, Chem. Rev.
1999, 99, 1991 -2070.

For reviews on the radical reaction, see: a) M. A. Ischay, T. P.
Yoon, Eur. J. Org. Chem. 2012, 3359-3372; b) F. Recupero, C.
Punta, Chem. Rev. 2007, 107, 3800-3842; c) W. R. Bowman,
J. M. D. Storey, Chem. Soc. Rev. 2007, 36, 1803-1822;d) G. S. C.
Srikanth, S. L. Castle, Tetrahedron 2005, 61, 10377-10441; ¢) H.
Togo, M. Katohgi, Synlett 2001, 565-581; f) P. Renaud, M. P.
Sibi, Radicals in Organic Synthesis, Wiley-VCH, Weinheim,
2001.

For recent results from our group, see: a) R. Samanta, J.
Lategahn, A. P. Antonchick, Chem. Commun. 2012, 48, 3194 —
3196; b) R. Samanta, K. Kulikov, C. Strohmann, A.P. Anton-
chick, Synthesis 2012, 2325-2332; ¢) R. Samanta, J. O. Bauer, C.
Strohmann, A. P. Antonchick, Org. Lett. 2012, 14, 5518 -5521;
d) A.P. Antonchick, R. Samanta, K. Kulikov, J. Lategahn,
Angew. Chem. 2011, 123, 8764-8767; Angew. Chem. Int. Ed.
2011, 50, 8605 —8608.

For reviews on the chemistry of iodine (III), see: a) M.S.
Yusubov, V. V. Zhdankin, Curr. Org. Synth. 2012, 9, 247-272;
b) J. L. E. Silva, Jr., B. Olofsson, Nat. Prod. Rep. 2011, 28,1722 -
1754; c¢) E. A. Merritt, B. Olofsson, Synthesis 2011, 517-538;
d)J. P. Brand, D.F. Gonzalez, S. Nicolai, J. Waser, Chem.
Commun. 2011, 47, 102-115; e) V. V. Zhdankin, Arkivoc 2009,
1-62; f) M. Uyanik, K. Ishihara, Chem. Commun. 2009, 2086 —
2099; g) T. Dohi, M. Ito, N. Yamaoka, K. Morimoto, H. Fujioka,
Y. Kita, Tetrahedron 2009, 65, 10797 -10815; h) V. V. Zhdankin,
P.J. Stang, Chem. Rev. 2008, 108, 5299 -5358; i) S. Quideau, L.
Pouysegu, D. Deffieux, Synlett 2008, 467-495; j) M. Ochiai,
Chem. Rec. 2007, 7, 12-23; k) M. A. Ciufolini, N. A. Braun, S.
Canesi, M. Ousmer, J. Chang, D. Chai, Synthesis 2007, 3759 -
3772; 1) T. Wirth, Angew. Chem. 2005, 117, 3722—-3731; Angew.
Chem. Int. Ed. 2005, 44, 3656 —3665.

For the application of iodine (III) in combination with azide ions,
see: a) X.-Q. Li, W.-K. Wang, Y.-X. Han, C. Zhang, Adv. Synth.
Catal. 2010, 352, 2588-2598; b) W. Zhou, L. Zhang, N. Jiao,
Angew. Chem. 2009, 121, 7228-7231; Angew. Chem. Int. Ed.
2009, 48, 7094-7097; c) V.N. Telvekar, B.S. Takale, H. M.
Bachhav, Tetrahedron Lett. 2009, 50, 5056 -5058; d) P. S. Reddy,
B. Sreedhar, Synthesis 2009, 4203-4207; e) X.-Q. Li, W.-K.
Wang, C. Zhang, Adv. Synth. Catal. 2009, 351, 2342 -2350; f) X.-
Q. Li, X.-F. Zhao, C. Zhang, Synthesis 2008, 2589 -2593; g) D.
Kumar, S. Sundaree, V. S. Rao, Synth. Commun. 2006, 36, 1893 —

www.angewandte.org

208g


http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1055/s-0030-1258303
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1039/b907809f
http://dx.doi.org/10.1002/asia.200900487
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1039/c2cc30684k
http://dx.doi.org/10.1039/c2cc30684k
http://dx.doi.org/10.1002/ange.201202379
http://dx.doi.org/10.1002/anie.201202379
http://dx.doi.org/10.1002/anie.201202379
http://dx.doi.org/10.1002/ange.201202788
http://dx.doi.org/10.1002/anie.201202788
http://dx.doi.org/10.1002/anie.201202788
http://dx.doi.org/10.1002/adsc.201100894
http://dx.doi.org/10.1002/adsc.201100894
http://dx.doi.org/10.1002/chem.201102299
http://dx.doi.org/10.1002/chem.201202086
http://dx.doi.org/10.1002/chem.201202086
http://dx.doi.org/10.1002/chem.201200100
http://dx.doi.org/10.1002/ejoc.201100969
http://dx.doi.org/10.1021/ol201779n
http://dx.doi.org/10.1021/ol201779n
http://dx.doi.org/10.1039/c1cc13086b
http://dx.doi.org/10.1039/c1cc13086b
http://dx.doi.org/10.1021/ol201376v
http://dx.doi.org/10.1021/ol201376v
http://dx.doi.org/10.1021/ol202632h
http://dx.doi.org/10.1002/ange.201000711
http://dx.doi.org/10.1002/ange.201000711
http://dx.doi.org/10.1002/anie.201000711
http://dx.doi.org/10.1002/anie.201000711
http://dx.doi.org/10.1021/ja107467c
http://dx.doi.org/10.1038/nchem.685
http://dx.doi.org/10.1038/nchem.685
http://dx.doi.org/10.1039/b509523a
http://dx.doi.org/10.1039/b509523a
http://dx.doi.org/10.1039/b316108k
http://dx.doi.org/10.1039/b316108k
http://dx.doi.org/10.1039/b212259f
http://dx.doi.org/10.1039/b212259f
http://dx.doi.org/10.1039/b111626f
http://dx.doi.org/10.1021/cr030692k
http://dx.doi.org/10.1021/cr030692k
http://dx.doi.org/10.1039/c1md00134e
http://dx.doi.org/10.1039/c1md00134e
http://dx.doi.org/10.1002/jhet.5570270107
http://dx.doi.org/10.1021/ar00085a005
http://dx.doi.org/10.1021/ar00085a005
http://dx.doi.org/10.1055/s-1973-22123
http://dx.doi.org/10.1016/j.tetlet.2010.03.008
http://dx.doi.org/10.1016/j.tetlet.2010.03.008
http://dx.doi.org/10.1021/jo9010624
http://dx.doi.org/10.1002/jhet.5570400220
http://dx.doi.org/10.1139/v98-221
http://dx.doi.org/10.1139/v98-221
http://dx.doi.org/10.1002/(SICI)1098-2299(199902)46:2%3C155::AID-DDR9%3E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1098-2299(199902)46:2%3C155::AID-DDR9%3E3.0.CO;2-W
http://dx.doi.org/10.1016/0040-4039(95)01647-Z
http://dx.doi.org/10.1002/hlca.19880710305
http://dx.doi.org/10.1016/S0040-4039(01)80092-7
http://dx.doi.org/10.1021/ol201774b
http://dx.doi.org/10.1021/ol201774b
http://dx.doi.org/10.1021/cr9601425
http://dx.doi.org/10.1021/cr9601425
http://dx.doi.org/10.1002/ejoc.201101071
http://dx.doi.org/10.1021/cr040170k
http://dx.doi.org/10.1039/b605183a
http://dx.doi.org/10.1016/j.tet.2005.07.077
http://dx.doi.org/10.1039/c2cc30324h
http://dx.doi.org/10.1039/c2cc30324h
http://dx.doi.org/10.1021/ol302607y
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/10.1039/c0cc02265a
http://dx.doi.org/10.1039/c0cc02265a
http://dx.doi.org/10.1039/b823399c
http://dx.doi.org/10.1039/b823399c
http://dx.doi.org/10.1016/j.tet.2009.10.040
http://dx.doi.org/10.1021/cr800332c
http://dx.doi.org/10.1055/s-2008-1032094
http://dx.doi.org/10.1002/tcr.20104
http://dx.doi.org/10.1055/s-2007-990906
http://dx.doi.org/10.1055/s-2007-990906
http://dx.doi.org/10.1002/ange.200500115
http://dx.doi.org/10.1002/anie.200500115
http://dx.doi.org/10.1002/anie.200500115
http://dx.doi.org/10.1002/adsc.201000318
http://dx.doi.org/10.1002/adsc.201000318
http://dx.doi.org/10.1002/ange.200903838
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1016/j.tetlet.2009.06.097
http://dx.doi.org/10.1002/adsc.200900428
http://dx.doi.org/10.1080/00397910600602644
http://www.angewandte.org

Angewandte

2086

www.angewandte.org

Communications

1896; h) C. M. Pedersen, L. G. Marinescu, M. Bols, Org. Biomol.
Chem. 2005, 3, 816-822; i) J. Barluenga, E. Campos-Gdémez, D.
Rodriguez, F. Gonzélez-Bobes, J. M. Gonzalez, Angew. Chem.
2005, 117, 6001-6004; Angew. Chem. Int. Ed. 2005, 44, 5851 —
5854; j) R. Chung, E.S. Yu, C. D. Incarvito, D. J. Austin, Org.
Lett. 2004, 6, 3881-3884; k) C. Viuf, M. Bols, Angew. Chem.
2001, 713, 643-645; Angew. Chem. Int. Ed. 2001, 40, 623 -625;
1) D.-J. Chen, Z.-C. Chen, Tetrahedron Lett. 2000, 41, 7361 -
7363; m) A. Kirschning, M. A. Hashem, H. Monenschein, L.
Rose, K.-U. Schoning, J. Org. Chem. 1999, 64, 6522 —-6526; n) M.
Tingoli, A. Temperini, L. Testaferri, M. Tiecco, Synlett 1995,
1129-1130; o) V. V. Zhdankin, C.J. Kuehl, A.P. Krasutsky,
M. S. Formaneck, J. T. Bolz, Tetrahedron Lett. 1994, 35, 9677 —
9680; p) Y. Kita, H. Tohma, T. Takada, S. Mitoh, S. Fujita, M.
Gyoten, Synlett 1994, 427-428; q) Y. Kita, H. Tohma, K.
Hatanaka, T. Takada, S. Fujita, S. Mitoh, H. Sakurai, S. Oka, J.
Am. Chem. Soc. 1994, 116, 3684-3691; r) P. Magnus, J. Lacour,
W. Weber, J. Am. Chem. Soc. 1993, 115, 9347-9348; s) F.
Fontana, F. Minisci, Y. M. Yan, L. H. Zhao, Tetrahedron Lett.
1993, 34, 2517-2520; t) P. Magnus, J. Lacour, J. Am. Chem. Soc.
1992, 114, 767 -769.

(11]

[12]

(13]

[14]

a) B. Dobson, W. H. Perkin, J. Chem. Soc. 1911, 99, 135-138;
b) J. S. Buck, W. H. Perkin, R. D. Haworth, J. Chem. Soc. 1924,
125,2176-2185; ¢) K. H. C. Baser, J. Nat. Prod. 1982, 45, 704 —
706; d) M. Cushman, D. Nagatarathnam, D. Gopal, H.-M. He,
C. M. Lin, E. Hamel, J. Med. Chem. 1992, 35, 2293 -2306; ¢) C.
Botega, F. M. Pagliosa, V.D.S. Bolzani, M. Yoshida, O.R.
Gottlieb, Phytochemistry 1993, 32, 1331-1333; f) P. Pudjiastuti,
M. R. Mukhtar, A. H. A. Hadi, K. Awang, N. Saidi, H. Morita,
M. Litaudon, Molecules 2010, 15, 2339 —2346.

The natural products were obtained with “100 % ideality” based
on the quantitative equation by T. Gaich, P. S. Baran, J. Org.
Chem. 2010, 75, 4657 —4673. Furthermore their synthesis is ideal
according to Hendrickson’s definition of the “ideal synthesis”
J. B. Hendrickson, J. Am. Chem. Soc. 1975, 97, 5784 —5800.

J. Slavik, L. Slavikova, Collec. Czech. Chem. Commun. 1996, 61,
1047-1052.

a) T. Ohmoto, K. Koike, Chem. Pharm. Bull. 1982, 30, 1204 —
1209; b) R. Cao, W. Peng, Z. Wang, A. Xu, Curr. Med. Chem.
2007, 14, 479-500.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2013, 52, 20822086


http://dx.doi.org/10.1080/00397910600602644
http://dx.doi.org/10.1039/b500037h
http://dx.doi.org/10.1039/b500037h
http://dx.doi.org/10.1002/ange.200501195
http://dx.doi.org/10.1002/ange.200501195
http://dx.doi.org/10.1002/anie.200501195
http://dx.doi.org/10.1002/anie.200501195
http://dx.doi.org/10.1021/ol0490532
http://dx.doi.org/10.1021/ol0490532
http://dx.doi.org/10.1002/1521-3757(20010202)113:3%3C643::AID-ANGE643%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3757(20010202)113:3%3C643::AID-ANGE643%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3773(20010202)40:3%3C623::AID-ANIE623%3E3.0.CO;2-G
http://dx.doi.org/10.1016/S0040-4039(00)00990-4
http://dx.doi.org/10.1016/S0040-4039(00)00990-4
http://dx.doi.org/10.1021/jo990478p
http://dx.doi.org/10.1055/s-1995-5200
http://dx.doi.org/10.1055/s-1995-5200
http://dx.doi.org/10.1016/0040-4039(94)88357-2
http://dx.doi.org/10.1016/0040-4039(94)88357-2
http://dx.doi.org/10.1055/s-1994-22875
http://dx.doi.org/10.1021/ja00088a003
http://dx.doi.org/10.1021/ja00088a003
http://dx.doi.org/10.1021/ja00073a084
http://dx.doi.org/10.1016/S0040-4039(00)60456-2
http://dx.doi.org/10.1016/S0040-4039(00)60456-2
http://dx.doi.org/10.1021/ja00028a058
http://dx.doi.org/10.1021/ja00028a058
http://dx.doi.org/10.1021/np50024a010
http://dx.doi.org/10.1021/np50024a010
http://dx.doi.org/10.1021/jm00090a021
http://dx.doi.org/10.1016/S0031-9422(00)95115-X
http://dx.doi.org/10.3390/molecules15042339
http://dx.doi.org/10.1021/jo1006812
http://dx.doi.org/10.1021/jo1006812
http://dx.doi.org/10.1021/ja00853a023
http://dx.doi.org/10.1135/cccc19961047
http://dx.doi.org/10.1135/cccc19961047
http://dx.doi.org/10.1248/cpb.30.1204
http://dx.doi.org/10.1248/cpb.30.1204
http://www.angewandte.org

