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Synthesis of (Z)-N-Alkenylazoles and
Pyrroloisoquinolines from a-N-Azole-
ketones through Pd-Catalyzed Tosyl-
hydrazone Cross-Couplings

Azoles reacting in tandem : The ortho-
stereodirecting effect is the key to the
stereoselective synthesis of (Z)-N-alke-
nylazoles I through the tosylhydrazide-
mediated Pd-catalyzed cross-coupling
reaction of a-N-azoleacetophenones
with ortho-substituted aryl halides and

nonaflates (see scheme). Additionally,
the preorganization of the alkene
allowed for the development of an
auto-tandem reaction involving an
intramolecular C�H arylation leading
to pyrroloisoquinolines II.
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In recent years, the chemistry of tosylhydrazones has
gained increasing attention as a result of the development of
new metal-catalyzed and metal-free cross-coupling reac-
tions.[1] In particular, the Pd-catalyzed cross-coupling of to-
sylhydrazones and organic halides represents a very efficient
method to transform a carbonyl compound into the nucleo-
philic component of a C�C bond forming cross-coupling re-
action.[2] Currently, this transformation can be regarded as a
powerful method for the synthesis of polysubstituted olefins.
Moreover, these reactions have been applied in the synthe-
sis of heterocycles through one-pot and auto-tandem Pd-cat-
alyzed cascades.[3,4]

One particular feature of this Pd-catalyzed coupling reac-
tion is the stereoselective formation of Z-trisubstituted ole-
fins if ortho-substituted aromatic halides or sulfonates are
employed (Scheme 1).[5] Thus, in the synthesis of trisubstitut-
ed 1,1-diarylolefins C from hydrazones derived from a-sub-
stituted acetophenones A and ortho-substituted aromatic
electrophiles B, the substituent at C2 in C is placed cis rela-
tive to the ortho-substituted aryl group, and therefore, the
ortho substituent can be regarded as a stereodirecting group.

The Z stereoselectivity can be explained by the mechanism
proposed for the coupling process.[2a] Thus, after formation
of Pd–carbene D, migratory insertion gives alkylpalladium
complex E. Next, syn-b-hydride elimination provides the
final olefin. The last step defines the stereochemistry of the
final product. With the aid of DFT computations, it has
been determined that, to avoid steric interactions, the opti-
mal arrangement for the transition state of the syn-b-hy-
dride elimination places the R substituent on the same side
of the incipient double bond as the ortho-substituted
arene.[5a]

The stereoselective synthesis of trisubstituted olefins is a
highly interesting and challenging task that usually requires
stepwise processes to introduce the different substituents in
a sequential manner.[6] Unlike most methodologies, in the
ortho-directed cross-coupling reaction with tosylhydrazones,
no previous stereochemical restrictions are required for the
stereoselective synthesis of the alkenes. Therefore, we en-ACHTUNGTRENNUNGvisioned that this methodology might be useful for the prep-
aration of functionalized trisubstituted olefins not easily
available through conventional methods. In particular, we
focused on 1,1-diaryl-2-N-azoleethylenes F (Scheme 2), a

particularly appealing class of alkenes that might find inter-
esting applications in medicinal chemistry,[7] agrochemistry,[8]

and materials science.[9] The synthesis of N-alkenylazoles
has generally been accomplished by reaction of the corre-
sponding N�H-free azoles with alkynes[10] or carbonyl com-
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Scheme 1. Synthesis of Z-trisubstituted olefins by ortho-directed Pd-cata-
lyzed cross-coupling reactions (Ts= tosyl; DG =directing group).

Scheme 2. Stereoselective synthesis of N-alkenylazoles and auto-tandem
C�C/C�C reactions reported in this paper.
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pounds,[11] under harsh conditions and without stereochemi-
cal control, or by Pd-catalyzed cross-couplings with vinyl
bromides or triflates.[12] Furthermore, the introduction of a
potentially reactive ortho-stereodirecting group might allow
for additional transformations to occur in a cascade. In par-
ticular, and continuing with our interest in auto-tandem-cat-
alyzed processes,[13,14] we wanted to explore the combination
of tosylhydrazone cross-coupling with an intramolecular
C�H arylation reaction that might lead to complex pyr ACHTUNGTRENNUNGrolo-ACHTUNGTRENNUNGiso ACHTUNGTRENNUNGquin ACHTUNGTRENNUNGo ACHTUNGTRENNUNGline derivatives G in a simple manner (Scheme 2).
Herein, we wish to report our initial progress towards these
goals.

In a preliminary experiment, we studied the coupling re-
action between tosylhydrazone 3 a, obtained from a-N-in-ACHTUNGTRENNUNGdole ACHTUNGTRENNUNGaceto ACHTUNGTRENNUNGphenone 1 a, with ortho-methoxybenzene nonaflate
(2 a ; Scheme 3). After some experimentation, we found that,

under reaction conditions similar to those previously report-
ed for the coupling of other classes of tosylhydrazone with
aryl nonaflates,[4,5a] the trisubstituted alkene 4 a could be ob-
tained in high yield. As expected, the Z isomer was obtained
as the major isomer in very high stereoselectivity. Moreover,
the reaction could be carried out directly from carbonyl
compound 1 a, without isolation of tosylhydrazone 3 a. Thus,
(Z)-N-alkenyl azole 4 a was obtained in high yield and very
high stereoselectivity by stirring a solution of ketone 1 a
(1.5 equiv) and tosylhydrazide (1.65 equiv) in dioxane at
110 8C for 6 h and then adding nonaflate 2 a (1 equiv) and
all components for the coupling reaction ([Pd2ACHTUNGTRENNUNG(dba)3] (3 %
mol) as metal source, 2-dicyclohexylphosphino-2’,4’,6’-triiso-
propylbiphenyl (Xphos; 6 % mol) as ligand, LiOH as base
(3 equiv), and LiCl (3 equiv) and stirring for a further 12 h
at 110 8C.

These reaction conditions were applied to a set of ortho-
substituted aryl nonaflates (2) and a-N-azoleacetophenones

(1) to provide the corresponding N-alkenylazoles (4) with
high yields and Z stereoselectivities (Table 1, entries 1–9).
The reaction has been tested with a variety of azoles, includ-
ing indoles, pyrroles, and imidazoles. With regard to the di-
recting ortho substituent, alkyl, alkoxy, and chlorine sub-
stituents were able to drive the reaction to form the Z
isomer, although a drop in selectivity was observed for an
ortho-cyano substituent (Table 1, entry 6). The reaction in
the presence of a chlorine substituent is noteworthy
(Table 1, entry 2) because it may enable further modification
of the stereodirecting substituent. As expected, further di-
versity can be incorporated by the use of acetophenones
with substituents on the aryl group (Table 1, entries 7 and
9).

The cross-coupling reaction was then studied with aryl
bromides 5 instead of nonaflates (2). After some experimen-
tation, we found that for these systems the coupling product
could be obtained by employing the same {Pd}/Xphos cata-
lytic system, but with LiOtBu as the base and without an ad-
ditional additive. In this manner, and again in a one-pot
process from the carbonyl compounds, N-alkenylazoles 4
were obtained in very high Z stereoselectivities and good
yields in most cases. It is noteworthy that both ortho-chloro
and ortho-bromo substituents are compatible with the cou-
pling reaction, allowing for further modifications of the di-
recting group. To test the functional group tolerance of the
reaction, the coupling process was conducted with ethyl
ortho-bromobenzoate, leading to the corresponding alkene
in good yield and stereoselectivity (Table 1, entry 12).
Again, the reaction is compatible with a variety of azoles,
including indoles, pyrroles, imidazoles, indazoles, and tri-ACHTUNGTRENNUNGazoles (Table 1, entries 10–21). Notably, the use of 2-bromo-
3-chlorothiophene as a coupling partner also led to the cor-
responding trisubstituted alkene (Table 1, entry 22), widen-
ing the scope of the method to include heterocyclic deriva-
tives.

As a result of the Z stereoselectivity of the coupling reac-
tion, the systems that feature a halogen substituent as the di-
recting group are properly preorganized to participate in a
Pd-catalyzed intramolecular cyclization through a C�H aryl-ACHTUNGTRENNUNGation reaction of the hetACHTUNGTRENNUNGero ACHTUNGTRENNUNGcyclic nucleus[15, 16] (Scheme 2).
Thus, we set out to investigate this transformation in order
to develop a new auto-tandem-catalyzed process. It is worth
noting that auto-tandem Pd-catalyzed reactions involving to-
sylhydrazones have previously been included in C�C/C�N
cascades,[3,17] but not in the more challenging C�C/C�C
auto-tandem processes.[18] Furthermore, this cascade process
would lead to pyrrolo ACHTUNGTRENNUNG[2,1-a]isoquinoline derivatives, a het-ACHTUNGTRENNUNGero ACHTUNGTRENNUNGcyclic fragment that is present in a number of natural
products with biological activity.

Our initial experiments were conducted with 4 b, the
indole derivative featuring a chlorine atom in the ortho posi-
tion. However, this molecule turned out to be extremely un-
reactive, and the starting material was recovered unaltered
when treated under several different reaction conditions
typical for C�H arylation reactions.[16] Therefore, we turned
our attention to the more reactive bromo-substituted deriva-

Scheme 3. Cross-coupling between tosylhydrazone 3 a and nonaflate 2 a
and the one-pot reaction from 1 a.
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Table 1. Stereoselective synthesis of (Z)-N-alkenylazoles.[a]

Entry Electrophile 2, 5 Alkene 4 Z/E Yield
[%][b]

Entry Electrophile 2, 5 Alkene 4 Z/E Yield
[%][b]

1 4 a 96:4 93 12 4 l 84:16 76

2 4 b 85:15 98 13 4m 91:9 67

3 4 c 85:15 82 14 4n 95:5 51

4[c] 4 d 94:6 84 15 4o 98:2 65

5 4 e 90:10 97 16 4p 98:2 79

6 4 f 70:30 70 17 4q 100:0 87

7 4 g 88:12 82 18 4r 100:0 95

8 4 h 85:15 76 19 4s 80:20 55

9[c] 4 i 100:0 57 20[d] 4t 100:0 46

10 4 j 98:2 74 21[d] 4u 100:0 58

11 4 k 96:4 85 22 4v 100:0 55

[a] See the Supporting Information for experimental details. [b] Yields after column chromatography. [c] Carried out from the preformed tosylhydrazone.
[d] Carried out from the preformed tosylhydrazone under microwave heating at 150 8C.
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tives. In this case, preliminary experiments starting from car-
bonyl 1 a, tosylhydrazide, and 1,2-dibromobenzene, under
reaction conditions similar to those employed in Table 1, but
with an excess of the base, led to the formation of substan-
tial amounts of cyclization product 6 a, together with cou-
pling product 4 j, and therefore showed the feasibility of the
C�C/C�C auto-tandem process (Scheme 4).

Encouraged by these observations, optimization of the
auto-tandem-catalyzed process was conducted. After a set
of experiments, it was found that to achieve the C�C/C�C
cascade process with high conversion it was necessary to in-
crease the catalyst loading and reaction time. Under the op-
timized reaction conditions, indoloisoquinoline 6 a was iso-
lated in high yield.

This methodology could be applied to the synthesis of a
set of polyheterocyclic compounds featuring the pyrroloiso-
quinoline scaffold (Scheme 5). The sequence was carried out
in a one-pot fashion in all cases, leading directly to the poly-
cyclic structures 6 from the carbonyl compounds. The auto-
tandem reaction was conducted with N-indole and N-pyrrole
a-substituted acetophenones, leading to the corresponding
indolo- and pyrrolo ACHTUNGTRENNUNG[2,1-a]isoquinoline derivatives, respec-
tively, in yields ranging from excellent to moderate.[19, 20,21]

It is worth noting that the pyrrolo ACHTUNGTRENNUNG[2,1-a]isoquinoline sub-
structure is present in lamellarins, a class of marine natural
products with useful biological properties such as antitumor
and anti-HIV activities.[22] Taking into consideration that the
starting ketones 1 are readily prepared from the correspond-
ing N�H azoles and bromoketones, this methodology may
represent a highly modular approach for the preparation of
this class of heterocycles.

In conclusion, we have presented a new method for the
stereoselective synthesis of (Z)-N-alkenylazoles, taking ad-
vantage of the ortho-stereodirecting effect in the cross-cou-

pling reaction. The process is quite general, allowing for the
participation of any azole ring, and opening the door to the
preparation of unprecedented molecules featuring these
privileged heterocyclic structures. Moreover, the preorgani-
zation of the trisubstituted alkene products has permitted
the development of a novel C�C/C�C auto-tandem process,
giving rise to new compounds featuring the biologically rele-
vant pyrrolo ACHTUNGTRENNUNG[2,1-a]isoquinoline substructure.
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2010, 75, 2302; d) C. S. Nervig, P. J. Waller, D. Kalyani, Org. Lett.
2012, 14, 4838; for the intermolecular C�H arylation of indoles, see:
e) E. T. Nadres, A. Lazareva, O. Daugulis, J. Org. Chem. 2011, 76,
471.

[17] M. Roche, A. Hamze, J.-D. Brion, M. Alami, Org. Lett. 2013, 15,
148.

[18] For selected examples of C�C/C�C Pd-catalyzed auto-tandem proc-
esses, see: a) M. Szlosek-Pinaud, P. Diaz, J. Martinez, F. Lamaty, Tet-
rahedron Lett. 2003, 44, 8657; b) J.-P. Leclerc, M. Andr�, K. Fagnou,
J. Org. Chem. 2006, 71, 1711; c) A. Pinto, L. Neuville, J. Zhu,
Angew. Chem. 2007, 119, 3355; Angew. Chem. Int. Ed. 2007, 46,
3291; d) D. I. Chai, M. Lautens, J. Org. Chem. 2009, 74, 3054; e) S.
Ye, J. Liu, J. Wu, Chem. Commun. 2012, 48, 5028.

[19] For other approaches to indolo- and pyrrolo ACHTUNGTRENNUNG[2,1-a]isoquinolines, see:
a) C. A. Olsen, N. Parera, F. Albericio, M. Alvarez, Tetrahedron
Lett. 2005, 46, 2041; b) S. Su, J. A. Porco, J. Am. Chem. Soc. 2007,
129, 7744; c) S.-C. Lu, X.-X. Zhang, Z.-J. Shi, Y.-W. Ren, B. Li, W.
Zhang, Adv. Synth. Catal. 2009, 351, 2839; d) L.-L. Sun, Z.-Y. Liao,
R.-Y. Tang, C.-L. Deng, X.-G. Zhang, J. Org. Chem. 2012, 77, 2850;
e) L. Ackermann, L. Wang, A. V. Lygin, Chem. Sci. 2012, 3, 177.

[20] The reaction with systems containing a 3-susbtituted indole did not
undergo the tandem process and compound 4m was the only prod-
uct under the reaction conditions given in Scheme 5.

[21] The reaction with an ortho-bromononaflate led to the formation of
the cross-coupling product by the selective reaction of the bromine,
but no auto-tandem reaction occurred under various conditions (see
the Supporting Information for details).

[22] For some recent reviews on the synthesis and biological activities of
lamellarins, see: a) D. Pla, F. Albericio, M. Alvarez, MedChem-
Comm 2011, 2, 689; b) T. Fukuda, F. Ishibashi, M. Iwao, Heterocy-
cles 2011, 83, 491.

Received: March 19, 2013
Revised: May 23, 2013

Published online: && &&, 0000

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0 – 0

�� These are not the final page numbers!
&6&

C. Vald�s et al.

http://dx.doi.org/10.1021/ol300810p
http://dx.doi.org/10.1021/ol102884g
http://dx.doi.org/10.1021/ol102884g
http://dx.doi.org/10.1016/j.tetlet.2010.12.093
http://dx.doi.org/10.1002/ejoc.201101735
http://dx.doi.org/10.1002/chem.200500958
http://dx.doi.org/10.1021/ja075234y
http://dx.doi.org/10.1021/ol800105r
http://dx.doi.org/10.1021/ol800105r
http://dx.doi.org/10.1021/ol901566e
http://dx.doi.org/10.1021/ol901566e
http://dx.doi.org/10.1021/jo1003218
http://dx.doi.org/10.1021/jo1003218
http://dx.doi.org/10.1002/adsc.201100420
http://dx.doi.org/10.1002/adsc.201100420
http://dx.doi.org/10.1021/ja306025d
http://dx.doi.org/10.1021/ja307670k
http://dx.doi.org/10.1021/ja307670k
http://dx.doi.org/10.1371/journal.pntd.0001736
http://dx.doi.org/10.1002/1099-0518(20010101)39:1%3C253::AID-POLA280%3E3.0.CO;2-M
http://dx.doi.org/10.1002/macp.1979.021800101
http://dx.doi.org/10.1002/pol.1974.170121004
http://dx.doi.org/10.1021/ol062918m
http://dx.doi.org/10.1023/A:1025502016921
http://dx.doi.org/10.1023/A:1025502016921
http://dx.doi.org/10.1021/jo900526p
http://dx.doi.org/10.1021/jo900526p
http://dx.doi.org/10.1021/bc070001h
http://dx.doi.org/10.1021/bc070001h
http://dx.doi.org/10.1002/cber.19630961014
http://dx.doi.org/10.1021/ol0172370
http://dx.doi.org/10.1021/jo051450i
http://dx.doi.org/10.1002/chem.200401274
http://dx.doi.org/10.1002/chem.200401274
http://dx.doi.org/10.1002/ange.200604407
http://dx.doi.org/10.1002/anie.200604407
http://dx.doi.org/10.1002/anie.200604407
http://dx.doi.org/10.1016/j.tet.2007.10.112
http://dx.doi.org/10.1021/ja808652a
http://dx.doi.org/10.1021/ja808652a
http://dx.doi.org/10.1016/j.ccr.2004.05.012
http://dx.doi.org/10.1002/chem.200901486
http://dx.doi.org/10.1002/chem.200901486
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1016/j.tet.2009.10.015
http://dx.doi.org/10.1039/b805701j
http://dx.doi.org/10.1039/b410394g
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ja055819x
http://dx.doi.org/10.1021/ol302166n
http://dx.doi.org/10.1021/ol302166n
http://dx.doi.org/10.1021/jo1018969
http://dx.doi.org/10.1021/jo1018969
http://dx.doi.org/10.1021/ol303194s
http://dx.doi.org/10.1021/ol303194s
http://dx.doi.org/10.1016/j.tetlet.2003.09.169
http://dx.doi.org/10.1016/j.tetlet.2003.09.169
http://dx.doi.org/10.1021/jo0523619
http://dx.doi.org/10.1002/ange.200605192
http://dx.doi.org/10.1002/anie.200605192
http://dx.doi.org/10.1002/anie.200605192
http://dx.doi.org/10.1021/jo900053b
http://dx.doi.org/10.1039/c2cc31301d
http://dx.doi.org/10.1016/j.tetlet.2005.01.145
http://dx.doi.org/10.1016/j.tetlet.2005.01.145
http://dx.doi.org/10.1021/ja072737v
http://dx.doi.org/10.1021/ja072737v
http://dx.doi.org/10.1002/adsc.200900540
http://dx.doi.org/10.1021/jo3000404
http://dx.doi.org/10.1039/c1sc00619c
http://dx.doi.org/10.1039/c1md00003a
http://dx.doi.org/10.1039/c1md00003a
www.chemeurj.org

