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Cinnolines and cinnolinium salts represent pharmaceuti-
cally and biologically important structures with anticancer,
antimicrobial, antiinflammatory, antiparasitic, trypanocidal,
and foliar herbicide activities as well as structural motifs
with optical and luminescent characteristics (Scheme 1).0:2
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Scheme 1. Selected pharmaceutically and biologically active molecules and photoelectric materials with the

cinnoline or cinnolinium structural motif.

However, accessible and efficient synthetic methods for
these privileged structures are surprisingly under-represent-
ed. Traditional strategies for the preparation of cinnolines
usually suffer from limited substrate scope and nontrivial
multistep reaction sequences (Scheme 2, route A).F!
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Very recently, two significant contributions were made for
the synthesis of cinnolines independently by Willis and Ge.!
Willis et al. disclosed a two-step reaction sequence for the
synthesis of cinnolines through the copper-catalyzed annula-
tion of 2-(2-bromoalkenyl)aryl bromide with diethyl-1,2-hy-

drazinedicarboxylate and subse-

O._OCH,8 quent aromatization (Scheme 2,

o route B)."! Ge et al. developed
X the copper-catalyzed intramo-
NN lecular dehydrogenative cycliza-

tion of N-methyl-N-phenylhy-
drazones to give cinnolines
through sequential C(sp’)—H
oxidation, cyclization, and aro-
matization  (Scheme 2, rou-
te ).  However, both of
these catalytic methods were
not yet extended to the prepa-
ration of cinnolinium salts.
Compared with cinnolines, the
synthesis of cinnolinium salts is
less developed. Traditionally, 2-
alkylcinnolinium salts could be
synthesized by alkylation of the
corresponding cinnolines, which
frequently leads to a mixture of
1-  and  2-alkylcinnolinium
salts.’! However, 2-arylcinnoli-
nium salts cannot be obtained
by direct N-arylation of cinno-
lines.” To the best of our knowledge, there is still no transi-
tion-metal-catalyzed version describing the formation of cin-
nolinium salts. In particular, none of the previously reported
routes have a singularly high capacity for the synthesis of
both cinnolines and cinnolinium salts. Undoubtedly, the de-
velopment of a general and efficient route to both cinno-
lines and cinnolinium salts with easily tunable substitution
patterns is highly warranted to enable a set of diverse scaf-
folds.

In recent years, it has become increasingly important to
construct various heterocycles by transition-metal-catalyzed
(including Pd, Rh, Ru, etc.) ortho-directed C—H bond acti-
vation and subsequent functionalization to the directing
groups.”! By using different types of imines as the directing
group, Fagnou, Chiba, and Cheng et al. have independently
developed versatile Rh™-catalyzed chelation-assisted C—H
bond activation strategies to synthesize isoquinolines®"!
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Scheme 2. Existing routes for the formation of cinnolines. PG = protecting group.
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and isoquinolinium salts®™ (Scheme 3). However, the utility
of this concept for the synthesis of cinnolines and cinnolini-
um salts has not yet been documented. Along the same
lines, we envisioned that we could develop a general route
to diverse cinnolines and cinnolinium salts with complete
control of the substituent pattern through the rhodium(III)-
catalyzed oxidative C—H activation/cyclization of azo com-
pounds with various alkynes (Scheme 3).

Our initial investigation focused on the coupling of azo-
benzene (1a) with diphenylacetylene (2a; for screening of
reaction conditions, see Table S1 in the Supporting Informa-
tion). The cinnolinium salt 3a was obtained in 98 % isolated
yield in the presence of [RhCL(Cp*)], (Cp*=CsMes)
(2.0 mol %), AgBF, (1.0 equiv), and Cu(OAc), (1.0 equiv) in
tert-amyl alcohol at 110°C for 3 h (see Table S1, entry 4 in
the Supporting Information). The structure of 3a was con-
firmed to contain a cinnolinium cation and a tetrafluorobo-
rate anion by single-crystal X-ray analysis (Figure 1).'% Con-
sidering the high cost of the silver source, we envisioned

Dt Europe

that 10 mol% of Ag,CO; in
combination with NaBF,
(2.0 equiv) as the counteranion
could afford 3a in 96% yield
by using Cu(OAc), (2.0 equiv)
as the oxidant (Table1 and
Table S1, entry 11 in the Sup-
porting Information).

The counteranions are critical
for regulating the properties of
quaternary ammonium salts,
such as melting point, density,
viscosity, solubility, fluorescence
characteristics, and electrocon-
ductivity."!! Thus, it stimulated
us to develop a concise route to
the cinnolinium salts with dif-
ferent counteranions. Gratify-
ingly, the coupling of azoben-
zene (1a) with diphenylacety-
lene (2a) could smoothly give
the cinnolinium salts 3 with di-
verse counteranions, such as
BF,”, NO;~, NTf,”, SbF,~, and
OTf™ through an extra addition
of stoichiometric alkali metal
salts with different anions
(Table 1). Notably, the nitrate
salt 3b has excellent water solu-
bility, which may offer a pre-
condition for the application in
biological systems.

whether the amount of AgBF, could be reduced to the sub- Figure 1. ORTEP diagrams of 3a, 4r, and 6f Thermal ellipsoids are
stoichiometric level. Subsequently, we were pleased to find shown at the 50 % probability level.
www.chemeurj.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0-0
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Table 1. Preparation of the cinnolinium salts 3 with different counteranions.*!

2.0 mol% [RhCly(Cp*)]2
2.0 equiv Cu(OAc),
10 mol% Ag>CO3, 2.0 equiv MX

t-AmylOH, 110°C, 16 h
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zation, and desilylation [Eq. (1)]. The previous re-
search demonstrated that the reaction failed when
bis(trimethylsilyl)acetylene was reacted with the cy-
clopalladated azobenzene complexes.”

To further establish the validity of the methodol-

ogy, we tried to synthesize neutral cinnolines. After

extensive efforts we found that treatment of N-tert-
BF4 NOs Nsz SbFa N OTH butyl-aryldiazene with the dialkyl-substituted
N N N alkyne gave 3.4-dialkyl-substituted cinnolines

3a (96% 3b (97%) c (93%) 3d (95% 3e (95%) ’

(Table 4, 6a-d). However, surprisingly we found

[a] MX: NaBF,, NaNO;, LiNTf,, NaSbF, or NaOTf. Tf=trifluoromethanesulfonyl,

t-AmylOH = fert-amyl alcohol.

Subsequently, we examined the scope of internal alkynes
and azo compounds in the oxidative cross-coupling/cycliza-
tion. Overall, we were pleased with the generality of this
method. As shown in Table 2, various azo compounds and
internal alkynes proceeded smoothly to afford the desired
cinnolinium salts in satisfactory yields. For example, the re-
actions occurred preferentially at the more sterically accessi-
ble position when a meta-substituent was attached to the
phenyl ring of the azo compounds (Table 2, 4a). The aryl
group was installed at the 3-position of the cinnolinium salts
when an unsymmetrical alkyl aryl alkyne was employed
(Table 2, 4r and 4s). The structure of 4r was confirmed by
an X-ray analysis of single crystals (Figure 1).1'’ The synthe-
sis of unsymmetrical 3,4-bis(aliphatic)-substituted cinnolini-
um salts is a challenging task. It is important to stress that
the reaction of an enyne with an azobenzene exclusively
yielded the 3-alkenyl cinnolinium regioisomer under the op-
timized reaction conditions (Table 2, 4u), which could offer
an opportunity to unsymmetrical 3,4-bis(aliphatic)-substitut-
ed cinnolinium salts through a simple hydrogenation. In par-
ticular, this method was remarkably compatible with a varie-
ty of important functional groups such as halogens, hydrox-
yl, ester, acetyl, nitrile, and methoxy groups, which could be
subjected to further synthetic transformations (Table 2, 4b—
h, 4j-m, 4p, and 4t).

One of the commonly encountered limitations of the ex-
isting rhodium-catalyzed oxidative synthesis of N-heterocy-
cles is the difficulty to incorporate terminal alkynes. As a
result, it is challenging to construct monosubstituted hetero-
cycles. Fortunately, the terminal alkynes, such as phenylacet-
ylene, could undergo this type of oxidative cross-coupling/
cyclization with azo compounds to give the monosubstituted
cinnolinium salts 5 while the solvent was changed to di-
chloroethane (DCE) and the reaction time was prolonged
to 20 h in the presence of stoichiometric AgBF,. As shown
in Table 3, both alkyl and aryl-substituted terminal alkynes
gave the desired cinnolinium salts in yields of 75-83%. In
addition, the regioselectivity of insertion was highly predict-
able with the terminal end located at the 4-position of cin-
nolinium salts.

To our delight, our synthetic strategy could be applied to
the synthesis of 3,4-unsubstituted 2-arylcinnolinium salts by
the reaction of azobenzene with 1,2-bis(trimethylsilyl)-
ethyne, which underwent a sequential C—H activation, cycli-

Chem. Eur. J. 2013, 00, 0-0
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that N-tert-butyl-aryldiazene could not give the de-
sired neutral cinnolines when diaryl alkynes were

N:N,Ph N
+ TMS——TMS N
H N+

59 (43%)
employed as the substrate. Instead, the sequential C—H acti-
vation/cyclization/C—H activation/cyclization cascade occur-
red to afford a variety of 5,6,13-trisubstituted isoquinolino-
[2,1-b]cinnolinium tetrafluoroborates (Table 4, 6e-g), which
were confirmed by an X-ray analysis of single crystals of 6 f
(Figure 1).'% These novel polycyclic cinnolinium salts would
find potential applications in materials science.

To afford the structurally diverse neutral cinnolines, we
tried to remove the alkyl group from 2-alkyl cinnolinium
salts. Upon treatment of the 2-methyl cinnolinium salt 4i in
pyridine at 140°C, the corresponding 3,4-diphenyl cinnoline
7a was obtained in 96 % yield (Table 5). According to this
method, we obtained various cinnolines including 3,4-diaryl-
substituted, 3-aryl-4-alkyl-substituted, and monosubstituted
cinnolines, which constituted an unprecedented route to
neutral cinnolines with diverse substituent patterns incorpo-
rated and demonstrates the high-throughput of the method-
ology.

Although a more detailed investigation of the reaction
mechanism is currently underway, we proposed a plausible
catalytic cycle illustrated in Scheme 4. The catalytic pro-
cess was initiated through removal of chloride from [RhCl,-
(Cp*)], with AgBF, to form the active Rh™ species, fol-
lowed by coordination with an azo compound to generate

2.0 mol% [RhCl,(Cp*)]»
1.1 equiv Cu(OAc),
0.95 equiv AgBF,4

t-AmylOH, 110°C, 4h

BF,
Ph

1

N:, R’
ref TN
AgBF, AgCl N N BF.
[RhCI,(Cp")], —>—*— [Rnlicpr| ———— RZ(IW R'
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. RI A \Cp*
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Scheme 4. Proposed mechanism for the Rh'"'-catalyzed synthesis of cin-
nolinium salts.
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Table 2. Scope of internal alkynes and azo compounds in the oxidative
cross-coupling/cyclization.

2.0 mol% [RhCy(Cp*)l» R4
" 2.0 equiv Cu(OAc), R3
2 N N°N'R . Ri— g 10 mol% Ag,CO3 2.0 equiv NaBF, re i XX B
N t-AmylOH, 110°C, 16 h ANl
1 2 4
Ph
x Ph_
-N
N \©/
4a (94%)
OMe Ph

© o
Ol

4d (91%) 4e (78%) 4f (81%)

Ph Ph
EtO,C L Ph N ph_
BFA BF, N BFa

N"f‘\@\ N7

CO,Et OH
4g (84%) 4h (88%) 4i (85%)

BF;
mPh

4m (92%) 4n (91%) 0 (90%)
CH,OMe nPr Me
CH,OMe X nP[ L\ Ph
N, BF, N .BFa 1 er
N“+Ph N+ "Me N Nph
4p (71%) 4q (81%) 4r (78%)
Me Ph nHex
(_Ph : L\ COOEt ©\)\/\/nHex
BF, BF.
SNE 4 _N.BFa
N° N?AE N"."Ph N"+"Ph
4s (75%) 4t (82%) 4u (90%)

[a] Reactions were carried out by using [RhClL(Cp*)], (2.0 mol %), Cu-
(OAc), (2.0 equiv), Ag,CO; (10 mol %), NaBF, (2.0 equiv), azo com-
pound (0.30 mmol), and internal alkyne (0.25mmol) in -AmylOH
(1.5 mL) at 110°C for 16 h.

the five-membered rhodacycle intermediate A through an
ortho-directed C—H bond activation. Subsequently, the
seven-membered rhodacycle intermediate C was formed
through regioselective insertion of an alkyne into the rhodi-
um-—carbon bond of the intermediate B. C(sp*)—N(sp?) bond
reductive elimination of C gave the cinnolinium salt and Rh'
species, which was oxidized by Cu(OAc), to regenerate the
Rh™ species.

In summary, we have developed a highly efficient and
general method to create both cinnoline and cinnolinium
frameworks through the rhodium(III)-catalyzed oxidative

www.chemeurj.org
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Table 3. Reactions of azo compounds with terminal alkynes.
2.0 mol% [RhCly(Cp*)],
1.0 equiv Cu(OAC),
1.3 equiv AgBF,

DCE, 100°C, 20 h

BF,
N~ '1‘ Ph
5a (75%) 5b (78%) 5¢ (80%)
BF, BF, _N.BF;
NN ph NN e N"+"Me
5d (82%) 5e (79%) 5f (83%)

Table 4. Preparation of neutral cinnolines and polycyclic cinnolinium
salts by starting from N-tert-butyl-aryldiazene.”)

2.0 mol% [RhCly(Cp*)],
el B N:NJ< . Rl_— pg¢ 10-20equivAgBF,
2 " DCE or t-AmylOH,

100-120°C, 20 h

trisubstituted

isoquinolino[2,1-
b]cinnolinium salt

1 2
\©\)\( n-Pr  Cl \©\)\( @/ @(1\(
6a (66%) b (70%) c (69%) 6d (64%)

6e (80%)

6f (84%)

[a] For the detailed reaction conditions, see the Supporting Information.

Table 5. Demethylation of 2-methyl cinnolinium salts to diverse cinno-
lines.

R4 R4
©\)\(R3 pyridine ©\)\(R3
N'—'}‘EF‘; 140°C, 8 h N
Ph Me
N Ph N Ph N Ph N nHex
N N N N
7a (96%) 7b (94%) 7c (91%) d (88%)

C—H activation/cyclization of azo compounds with alkynes,
which exhibits an unprecedented capacity to install versatile
functional groups at various positions of the cinnoline ring.
The catalytic protocol can be extended to synthesize polycy-
clic cinnolinium salts through twice ortho-directed C—H acti-
vation and cyclization. In this work, we have overcome a
series of barriers: 1) the obstacle for establishing the catalyt-
ic cycle due to the high stability and general unreactivity of
the cyclometalated azobenzene complexes,® 2) the installa-

Chem. Eur. J. 0000, 00, 0-0
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tion of a facile leaving group as one N-substitutent of azo
compounds to afford the neutral cinnolines, 3) the regiose-
lectivity control including the activation of aryl C—H bonds
and the insertion of unsymmetrical alkynes, 4) the hindrance
of insertion of terminal alkynes, and 5) the competitive reac-
tion from the rhodium-catalyzed addition of alkynes with
azo compounds to form I-(arylamino)indoles.”? However,
the current methodology also suffers from some limitations.
For example, these azobenzene derivatives are not always
straightforward to prepare. In particular, some alkyl-substi-
tuted azobenzene derivatives need to be prepared by diazo-
nium intermediates."®! Additional applications of this meth-
odology to the synthesis of biologically active molecules as
well as luminescent materials and investigations into the de-
tailed mechanisms are in progress.

Acknowledgements

This work was supported by the National Basic Research Program of
China (973 Program, 2011CB808600), and grants from the National NSF
of China (nos. 21025205, 21272160, and 21021001). We thank the Centre
of Testing & Analysis, Sichuan University for NMR spectroscopic meas-
urements.

Keywords: catalysis - cinnolines - cinnolinium salts -
heterocycles - rhodium

[1] For a review on cinnoline derivatives with biological activity, see: W.
Lewgowd, A. Stanczak, Arch. Pharm. Chem. Life Sci. 2007, 340, 65.
[2] For selected examples, see: a) J. R. Kenneford, E. M. Lourie, J.S.
Morley, J. C. E. Simpson, J. Williamson, P. H. Wright, Nature 1948,
161, 603; b) E.M. Lourie, J.S. Morley, J. C.E. Simpson, J. M.
Walker, Br. J. Pharmacol. Chemother. 1951, 6, 643; c) A.J. Nunn, K.
Schofield, J. Chem. Soc. 1953, 3700; d) C. T. Bahner, L. M. Rives,
S. W. McGaha, D. Rutledge, D. Ford, E. Gooch, D. Westberry, D.
Ziegler, R. Ziegler, Arzneim.-Forsch. 1981, 31, 404; ¢) G. Gardner,
J. J. Steffens, B. T. Grayson, D. A. Kleier, J. Agric. Food Chem. 1992,
40, 318; f) A. Stanczak, W. Kwapiszewski, A. Szadowska, W. Pakul-
ska, Pharmazie 1994, 49, 406; g) A. Molina, J.J. Vaquero, J. L.
Garcia-Navio, J. Alvarez-Builla, B. Pascual-Teresa, F. Gago, M. M.
Rodrigo, J. Org. Chem. 1999, 64, 3907; h) T. Mitsumori, M. Bendi-
kov, J. Sed6, F. Wudl, Chem. Mater. 2003, 15, 3759; i) A. L. Ruchel-
man, S. K. Singh, A. Ray, X. Wu, J.-M. Yang, N. Zhou, A. Liu, L. F.
Liu, E. J. LaVoiea, Bioorg. Med. Chem. 2004, 12, 795; j) N. Gautam,
O. P. Chourasia, Indian J. Seric. 2010, 49, 830; k) H. Tsuji, Y. Yokoi,
Y. Sato, H. Tanaka, E. Nakamura, Chem. Asian J. 2011, 6, 2005.
a) V. von Richter, Chem. Ber. 1883, 16, 677; b) A.S. Kiselyov, C.
Dominguez, Tetrahedron Lett. 1999, 40, 5111; c) M. A.-M. Gomaa,
Tetrahedron Lett. 2003, 44, 3493; d) D.J. Brown, in Chemistry of
Heterocyclic Compounds: A Series of Monographs, Vol. 64 (Eds:
E. C. Taylor, P. Wipf, A. Weissberger), WILEY-VCH, Weinheim,
2005; e) O. V. Vinogradova, V. N. Sorokoumoyv, S. F. Vasilevsky, I. A.
Balova, Tetrahedron Lett. 2007, 48, 4907; f) O. V. Vinogradova, 1. A.
Balova, Chem. Heterocycl. Compd. 2008, 44, 501; g) M. Alajarin, B.
Bonillo, M. Marin-Luna, A. Vidal, R.-A. Orenes, J. Org. Chem.
2009, 74, 3558; h) C. Zhu, M. Yamane, Tetrahedron 2011, 67, 4933.
a) C.J. Ball, J. Gilmore, M. C. Willis, Angew. Chem. Int. Ed. 2012,
51, 5718; b) G. Zhang, J. Miao, Y. Zhao, H. Ge, Angew. Chem. Int.
Ed. 2012, 51, 8318.
[5] J. C. Simpson, in The Chemistry of Heterocyclic Compounds: Pyrida-
zine and Pyrazine Rings, Vol. 5, WILEY-VCH, Weinheim, 2008.

[3

[

4

=

Chem. Eur. J. 2013, 00, 0-0

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

COMMUNICATION

[6] Heck and co-workers reported the synthesis of 2-arylcinnolinium

salts through the cyclization of alkynes with cyclopalladated azoben-

zene complexes. However, the catalytic version of the reaction proc-

ess could not be established, see: G. Wu, A.L. Rheingold, R. F.

Heck, Organometallics 1987, 6, 2386.

For reviews and selected examples on Pd catalytic systems, see:

a) V.S. Thirunavukkarasu, K. Parthasarathy, C.-H. Cheng, Angew.

Chem. 2008, 120, 9604; Angew. Chem. Int. Ed. 2008, 47, 9462; b) Y.

Tan, J. F. Hartwig, J. Am. Chem. Soc. 2010, 132, 3676; c) Y. Lu, D.-

H. Wang, K. M. Engle, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 5916;

d) X. Wang, Y. Lu, H.-X. Dai, J.-Q. Yu, J. Am. Chem. Soc. 2010,

132, 12203; e) G.-W. Wang, T.-T. Yuan, D.-D. Li, Angew. Chem.

2011, 123, 1416; Angew. Chem. Int. Ed. 2011, 50, 1380; f) B. Xiao,

T.-J. Gong, Z.-J. Liu, J-H. Liu, D.-F. Luo, J. Xu, L. Liu, J. Am.

Chem. Soc. 2011, 133, 9250; g) J. Karthikeyan, C.-H. Cheng, Angew.

Chem. 2011, 123, 10054; Angew. Chem. Int. Ed. 2011, 50, 9880;

h) K. J. Stowers, K. C. Fortner, M. S. Sanford, J. Am. Chem. Soc.

2011, 133, 6541.

For reviews and selected examples on Rh catalytic systems, see:

a) J. C. Lewis, R. G. Bergman, J. A. Ellman, Acc. Chem. Res. 2008,

41, 1013; b) D. A. Colby, R. G. Bergman, J. A. Ellman, Chem. Rev.

2010, 710, 624; c) J. Bouffard, K. Itami, Top. Curr. Chem. 2010, 292,

231; d) T. Satoh, M. Miura, Chem. Eur. J. 2010, 16, 11212; e) D. A.

Colby, A.S. Tsai, R. G. Bergman, J. A. Ellman, Acc. Chem. Res.

2012, 45, 814; f) G. Song, F. Wang, X. Li, Chem. Soc. Rev. 2012, 41,

3651; g) F. W. Patureau, J. Wencel-Delord, F. Glorius, Aldrichimica

Acta 2012, 45, 31; h) N. Umeda, H. Tsurugi, T. Satoh, M. Miura,

Angew. Chem. 2008, 120, 4083; Angew. Chem. Int. Ed. 2008, 47,

4019; i) D.R. Stuart, M. Bertrand-Laperle, K. M. N. Burgess, K.

Fagnou, J. Am. Chem. Soc. 2008, 130, 16474; j) L. Li, W. W. Bren-

nessel, W. D. Jones, J. Am. Chem. Soc. 2008, 130, 12414; k) N. Gui-

mond, K. Fagnou, J. Am. Chem. Soc. 2009, 131, 12050; 1) N. Gui-

mond, C. Gouliaras, K. Fagnou, J. Am. Chem. Soc. 2010, 132, 6908;

m) S. Rakshit, F. W. Patureau, F. Glorius, J. Am. Chem. Soc. 2010,

132, 9585; n) T. K. Hyster, T. Rovis, J. Am. Chem. Soc. 2010, 132,

10565; o) K. Morimoto, K. Hirano, T. Satoh, M. Miura, Org. Lett.

2010, 12, 2068; p) P. C. Too, Y.-F. Wang, S. Chiba, Org. Lett. 2010,

12, 5688; q) M. P. Huestis, L. Chan, D. R. Stuart, K. Fagnou, Angew.

Chem. 2011, 123, 1374; Angew. Chem. Int. Ed. 2011, 50, 1338; r) N.

Guimond, S.I. Gorelsky, K. Fagnou, J. Am. Chem. Soc. 2011, 133,

6449; s) X. Wei, M. Zhao, Z. Du, X. Li, Org. Lett. 2011, 13, 4636;

t) J. Jayakumar, K. Parthasarathy, C.-H. Cheng, Angew. Chem. Int.

Ed. 2012, 51, 197; u) X. Tan, B. Liu, X. Li, B. Li, S. Xu, H. Song, B.

Wang, J. Am. Chem. Soc. 2012, 134, 16163; v) M. V. Pham, B. Ye, N.

Cramer, Angew. Chem. Int. Ed. 2012, 51, 10610; w) H. Wang, C.

Grohmann, C. Nimphius, F. Glorius, J. Am. Chem. Soc. 2012, 134,

19592.

For reviews and selected examples on Ru catalytic systems, see:

a) P. B. Arockiam, C. Bruneau, P. H. Dixneuf, Chem. Rev. 2012, 112,

5879; b) L. Ackermann, A.V. Lygin, N. Hofmann, Angew. Chem.

2011, 123, 6503; Angew. Chem. Int. Ed. 2011, 50, 6379; c) L. Acker-

mann, A. V. Lygin, N. Hofmann, Org. Lett. 2011, 13, 3278; d) L. Ac-

kermann, A. V. Lygin, Org. Lett. 2012, 14, 764; e) V. S. Thirunavuk-

karasu, M. Donati, L. Ackermann, Org. Lett. 2012, 14, 3416; f) R. K.

Chinnagolla, M. Jeganmohan, Chem. Commun. 2012, 48, 2030.

[10] CCDC-894757 (3a), CCDC-895040 (4r), and CCDC-895037 (6f)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

[11] a) S. Tsuzuki, H. Tokuda, K. Hayamizu, M. Watanabe, J. Phys.
Chem. B 2005, 109, 16474; b) Y. Wang, H. Li, S. Han, J. Chem. Phys.
2006, 124, 044504; c¢) K. Fumino, A. Wulf, R. Ludwig, Angew. Chem.
2008, 120, 3890; Angew. Chem. Int. Ed. 2008, 47, 3830; d) Y. Gao, L.
Zhang, Y. Wang, H. Li, J. Phys. Chem. B 2010, 114, 2828; ¢) K.
Fumino, A. Wulf, S. P. Verevkin, A. Heintz, R. Ludwig, ChemPhy-
sChem 2010, 11, 1623; ) S. Wei, X.-G. Wei, X. Su, J. You, Y. Ren,
Chem. Eur. J. 2011, 17, 5965; g) A.J. Boydston, P.D. Vu, O.L.
Dykhno, V. Chang, A. R. WyattIl, A.S. Stockett, E. T. Ritschdorff,

[7

—

8

—_

[9

—

www.chemeurj.org

These are not the final page numbers! 77


http://dx.doi.org/10.1002/ardp.200500194
http://dx.doi.org/10.1111/j.1476-5381.1951.tb00675.x
http://dx.doi.org/10.1039/jr9530003700
http://dx.doi.org/10.1021/jf00014a030
http://dx.doi.org/10.1021/jf00014a030
http://dx.doi.org/10.1021/jo982216d
http://dx.doi.org/10.1021/cm0340532
http://dx.doi.org/10.1016/j.bmc.2003.10.061
http://dx.doi.org/10.1002/asia.201100234
http://dx.doi.org/10.1016/S0040-4039(99)00949-1
http://dx.doi.org/10.1016/S0040-4039(03)00686-5
http://dx.doi.org/10.1016/j.tetlet.2007.05.055
http://dx.doi.org/10.1007/s10593-008-0070-0
http://dx.doi.org/10.1021/jo900304a
http://dx.doi.org/10.1021/jo900304a
http://dx.doi.org/10.1016/j.tet.2011.04.079
http://dx.doi.org/10.1002/anie.201201529
http://dx.doi.org/10.1002/anie.201201529
http://dx.doi.org/10.1002/anie.201204339
http://dx.doi.org/10.1002/anie.201204339
http://dx.doi.org/10.1021/om00154a019
http://dx.doi.org/10.1002/ange.200804153
http://dx.doi.org/10.1002/ange.200804153
http://dx.doi.org/10.1002/anie.200804153
http://dx.doi.org/10.1021/ja100676r
http://dx.doi.org/10.1021/ja101909t
http://dx.doi.org/10.1021/ja105366u
http://dx.doi.org/10.1021/ja105366u
http://dx.doi.org/10.1002/ange.201005874
http://dx.doi.org/10.1002/ange.201005874
http://dx.doi.org/10.1002/anie.201005874
http://dx.doi.org/10.1021/ja203335u
http://dx.doi.org/10.1021/ja203335u
http://dx.doi.org/10.1002/ange.201104311
http://dx.doi.org/10.1002/ange.201104311
http://dx.doi.org/10.1002/anie.201104311
http://dx.doi.org/10.1021/ja2015586
http://dx.doi.org/10.1021/ja2015586
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1021/ar200190g
http://dx.doi.org/10.1021/ar200190g
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1002/ange.200800924
http://dx.doi.org/10.1002/anie.200800924
http://dx.doi.org/10.1002/anie.200800924
http://dx.doi.org/10.1021/ja806955s
http://dx.doi.org/10.1021/ja802415h
http://dx.doi.org/10.1021/ja904380q
http://dx.doi.org/10.1021/ja102571b
http://dx.doi.org/10.1021/ja104305s
http://dx.doi.org/10.1021/ja104305s
http://dx.doi.org/10.1021/ja103776u
http://dx.doi.org/10.1021/ja103776u
http://dx.doi.org/10.1021/ol100560k
http://dx.doi.org/10.1021/ol100560k
http://dx.doi.org/10.1021/ol102504b
http://dx.doi.org/10.1021/ol102504b
http://dx.doi.org/10.1002/ange.201006381
http://dx.doi.org/10.1002/ange.201006381
http://dx.doi.org/10.1002/anie.201006381
http://dx.doi.org/10.1021/ja201143v
http://dx.doi.org/10.1021/ja201143v
http://dx.doi.org/10.1021/ol2018505
http://dx.doi.org/10.1002/anie.201105755
http://dx.doi.org/10.1002/anie.201105755
http://dx.doi.org/10.1021/ja3075242
http://dx.doi.org/10.1002/anie.201206191
http://dx.doi.org/10.1021/ja310153v
http://dx.doi.org/10.1021/ja310153v
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1002/ange.201101943
http://dx.doi.org/10.1002/ange.201101943
http://dx.doi.org/10.1002/anie.201101943
http://dx.doi.org/10.1021/ol201244s
http://dx.doi.org/10.1021/ol203309y
http://dx.doi.org/10.1021/ol301387t
http://dx.doi.org/10.1039/c2cc16916a
http://dx.doi.org/10.1021/jp0533628
http://dx.doi.org/10.1021/jp0533628
http://dx.doi.org/10.1063/1.2161174
http://dx.doi.org/10.1063/1.2161174
http://dx.doi.org/10.1002/ange.200705736
http://dx.doi.org/10.1002/ange.200705736
http://dx.doi.org/10.1002/anie.200705736
http://dx.doi.org/10.1021/jp910528m
http://dx.doi.org/10.1002/cphc.201000140
http://dx.doi.org/10.1002/cphc.201000140
http://dx.doi.org/10.1002/chem.201002839
www.chemeurj.org

CHEMISTRY J. You et al.

A EUROPEAN JOURNAL

J. B. Shear, C. W. Bielawski, J. Am. Chem. Soc. 2008, 130, 3143; [13] a) Y.M. Wu, L. Y. Ho, C. H. Cheng, J. Org. Chem. 1985, 50, 392;
h) K. Tanabe, Y. Suzui, M. Hasegawa, T. Kato, J. Am. Chem. Soc. b) A. Citterio, F. Minisci, J. Org. Chem. 1982, 47, 1759.
2012, 134, 5652.
[12] U.R. Aulwurm, J. U. Melchinger, H. Kisch, Organometallics 1995, Received: January 16, 2013
14, 3385. Published online: 1l 11, 0000
www.chemeurj.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0-0

SR These are not the final page numbers!


http://dx.doi.org/10.1021/ja7102247
http://dx.doi.org/10.1021/ja3001979
http://dx.doi.org/10.1021/ja3001979
http://dx.doi.org/10.1021/om00007a045
http://dx.doi.org/10.1021/om00007a045
http://dx.doi.org/10.1021/jo00203a024
http://dx.doi.org/10.1021/jo00348a033
www.chemeurj.org

A General Method to Diverse Cinnolines and Cinnolinium Salts
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N"+R cyclization

Rhodium catalysis: A highly efficient
and general method has been estab-
lished to prepare cinnolines, cinnoli-
nium salts, and polycyclic cinnolinium
salts through the rhodium(III)-cata-
lyzed oxidative C—H activation/cycliza-

N, .R'
N R*
H Rh'" catalysis LS R3
—_ =
C-H activation A 2N
cyclization N
R4

tion of azo compounds with alkynes
(see scheme). Key features of this
methodology include the unprece-
dented capacity to create both cinno-
line and cinnolinium frameworks.
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