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Abstract: Treatment of 2-aryl- and 2-heteroarylindoles with propargyl ethers in the presence of a catalytic
amount of indium nonafluorobutanesulfonate [In(ONf)s] gave aryl- and heteroaryl-annulated[a]carbazoles
in good yields. The synthetically attractive feature is reflected by its applicability to a wide range of 2-aryl-
and 2-heteroarylindoles. In the annulation reaction, propargyl ethers act as C3 sources (HC=C—CH,0OR).
Among these, two carbon atoms are incorporated into the product as members of a newly constructed
aromatic ring and the remaining carbon atom forms a methyl group on the aromatic ring, where the methyl
group is always located next to the C3 position of the indole nucleus. The methyl group can be easily
removed through SeO;, oxidation followed by decarbonylation with RhCI(CO)(PPhsz).—Ph,P(CH,)sPPh, as
a catalyst. The new annulation strategy is applicable also to symmetrical dimers such as bithiophene and
bifuran derivatives. Mechanistic studies suggest that the first step is addition reaction initiated by
regioselective nucleophilic attack of the C3 of 2-aryl- and 2-heteroarylindoles to the internal carbon atom
of the C=C bond in propargyl ethers. The next stage is ring-closing Sn2 process kicking out the alkoxy
group and then aromatization via a 1,3-hydrogen shift is the final step. The two carbon—carbon bond-
forming reactions achieved in one-pot contribute largely to the reduction in the number of steps for the
synthesis of aryl- and heteroaryl-annulated[a]carbazoles. Furthermore, utilization of the Fischer indole
synthesis for efficient supply of the substrates, 2-aryl- and 2-heteroarylindoles, is another important factor
shortening the overall process. The development of the annulation with a wide substrate scope provided
a unique opportunity to evaluate photophysical properties of a series of aryl- and heteroaryl-annulated[a]-
carbazoles. Almost all the compounds evaluated in this study were found to emit purple to green light in
the visible region. Some interesting structure—property correlations are also described.

literature. Although other analogues are rather rare in nature,’®

Aryl- and heteroaryl-annulated carbazoles (AHACSs) have
received considerable attention in view of their remarkable
biological and pharmacological activities.' AHACs are classified
into [a]-, [b]- and [c]-annulated carbazoles based on the position
at which an aryl or a heteroaryl ring is fused to a carbazole
nucleus (Chart 1). In the case of heteroaryl derivatives, each
positional isomer is further sorted according to the mode of
annulation, as exemplified by tetracyclic heteroaryl[2,3-a] and
-[3,2-a]carbazoles. Among these derivatives, indolo[2,3-a]-
carbazole alkaloids including tjipanazoles and staurosporine (A,
B and C in Chart 1) are the most abundant. Actually, indolo[2,3-
alcarbazoles with diverse biological activities,! such as anti-
microbial,? antifungal3 and antitumor® activities in addition to
protein kinase C inhibitory action,” have appeared in the
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a variety of synthetic compounds and some natural products
have been targets of research because of their broad spectrum
of potential applications. In this context, the first total syntheses
of furostifoline,” furoclausine A® and eustifoline D° (D, E and

(1) For reviews, see: (a) Pindur, U.; Lemster, T. Recent Res. Dev. Org.
Bioorg. Chem. 1997, 1, 33-54. (b) Kirsch, G. H.
2001, 5, 507-518. (c) Bergman J.; Janosik, T.; Wahlstrom, N. m
. 2001, 80, 1-71. (d) Knolker, H.-J.; Reddy, K. R.
. 2002, 102, 4303-4427. (e) Frohner, W.; Krahl, M. P.;
Reddy, K. R.; Knolker, H.-J. Heterocycles 2004, 63, 2393-2407. (f)
Agarwal, S.; Cammerer, S.; Filali, S.; Frohner, W.; Knéll, J.; Krahl,
M. P.; Reddy, K. R.; Knolker, H.-J. sinnnSaiis. 2005, 9, 1601-
1614. (g) Bellina, F.; Rossi, R. feiishadiag 2006, 62, 7213-7256.
For reviews on biological properties, see: (h) Prudhomme, M. Cyzr,
m 1997, 3, 265-290. (i) Pindur, U.; Kim, Y.-S.; Mehrabani,
. 1999, 6, 29-69. (j) Prudhomme, M. M
m. 2003, 38, 123 140. (k) Prudhomme, M.
I 2004, 4, 509-521. See also the following report: (1)
Appukkuttan, P.; Van der Eycken, E.; Dehaen, W. Synlett 2005, 127—
133.
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Chart 1. Classification of AHACs? and Structural Examples of
Indolo[2,3-a]-, Furo[3,2-a]- and Furo[2,3-c]carbazole Alkaloids

[N
Z=CH=CH,NR, 0, § o i
tqj ot off
N
L H

[al-annulated carbazole [b]-annulated carbazole

[2,3-g]-annulated carbazole [3,2-a]-annulated carbazole

mdﬁ

A: TJ[panazoIeD (R"=Cl)
B: Tjipanazole | (R' = H) MeO

C: Staurosporine
NHMe

afts afh

F: Eustifoline D

D: Furostifoline E: Furoclausine A

“ Bold lines indicate the position of [a], [b] and [c] in a carbazole nucleus.

F in Chart 1) consisting of a furocarbazole framework have
been accomplished by Knolker and co-workers and also Beccalli
and co-workers.

On the other hand, applications of AHACs have recently been
increasing in the field of material chemistry. In this regard,
benzola]-, benzo[c]- and indolo[3,2-b]carbazoles have been
utilized as molecular platforms for luminescent, hole-transport-
ing and host materials in organic light-emitting diodes (OLEDs)

(2) (a) Anizon, F.; Moreau, P.; Sancelme, M.; Voldoire, A.; Prudhomme,
M.; Ollier, M.; Severe, D.; Riou, J.-F.; Bailly, C.; Fabbro, D.; Meyer,
T.; Aubertin, A. M. | 1998, 6, 1597-1604. (b)
Moreau, P.; Sancelme, M.; Bailly, C.; Leonce, S.; Pierre, A.; Hickman,
J.; Pfeiffer, B.; Prudhomme, M. RN 2001, 36, 887-
897.

(3) (a) Tamaoki, T.: Nomoto. H.: Takahashi. I.: Kato, Y.; Morimoto, M.;
Tomita, F. . 1986, 135, 397-402. (b)
Balamurali, R.; Prasad, K. J. R. Egiugeg 2001 56, 229-232.

(4) (a) Morioka, H.; Ishihara, M.; Shibai, H.; Suzuki, T. s
1985, 49, 1959 1963. (b) Bush J. A Long, B. H.; Catino, J. J.;
Bradner, W. T.; Tomita, K. Ladtiliad 1987, 40, 668478. (©) Fukuda,
M.; Nishio, K.; Kanzawa, F.; Ogasawara, H.; Ishida, T.; Arioka, H.;
Bojanowski, K.; Oka, M.; Saijo, N. (asiissialgs 1996, 56, 789-793.
(d) Arakawa, H.; Morita, M.; Kodera, T.; Okura, A.; Ohkubo, M.;
Morishima, H.; Nishimura, S. | 1999, 90, 1163—
1170. (e) Goossens, J.-F.; Hénichart, J.-P.; Anizon, F.; Prudhomme,
M.; Dugave, C.; Riou, J.-F.; Bailly, C. il 2000, 389,
141-146. (f) Cavazos. C. M.: Keir. S. T.: Yoshinari, T.; Bigner, D. D.;
Friedman, H. S. . 2001, 48, 250-254.
(g) Facompre, M.; Carrasco, C.; Colson, P.; Houssier, C.; Chisholm,
J.D.; Van, V.; David, L.; Bailly, C. juimimiii 2002, 62, 1215-
1227. (h) Garaeva, L. D.; Bakhmedova, A. A.; Yartseva, I. V.; Melnik,
S. Y.; Adanin, V. M. . 2003, 29, 160-167. (i)
Faul, M. M.; Sullivan, K. A.; Grutsch, J. L.; Winneroski, L. L.; Shih,
C.; Sanchez-Martinez, C.; Cooper, J. T. iy 2004, 45,
1095-1098.
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Chart 2. Structural Examples of Electroactive Indolocarbazoles

Al CgHiz CaHi7
N N N
OO H
N N ~
Ar CgHy7
: hole;transpoyting matgrial (Ar = 1-naphtyt) \ 1: semiconducting material

(G in Chart 2).'° Benzofuro[2,3-cJoxazolocarbazoles are of
interest as donor—acceptor 7-conjugated fluorescent dyes.'' The
starburst monodisperse macromolecules with a diindolo[3,2-a:
3',2'-c]carbazole core have recently been synthesized as promis-
ing blue luminescent materials.'> Moreover, N, N'-disubstituted
indolo[3,2-b]carbazoles exhibit high performance as p-channel
semiconductors (H in Chart 2)."* As ladder-type molecules,
diindolo[3,2-b:2',3'-h]carbazoles with amphiphilic side chains
have been shown to have potential for fabricating well-defined
thin films (I in Chart 2)."* Incorporation of indolo[3,2-
b]carbazoles into a polymer chain and its effect on optical,
electrochemical, magnetic and conductive properties have also
been investigated.'® Besides their organic electronic applications,
indolo[2,3-a]carbazoles are important as anion sensors'® and
diindolo[3,2-a:3' 2'-c]carbazoles as liquid crystals."”

(5) (a) Takahashi, I.; Saitoh, Y.; Yoshida, M.; Sano, H.; Nakano, H.;
Morimoto, M.; Tamaoki, T. Ledigiiliigé 1989, 42, 571-576. (b) Kinnel,
R. B.; Scheuer, P. J. jnniiesssisamy 1992, 57, 6327-6329. (c)
McCombie, S. W.; Bishop, R. W.; Carr, D.; Dobek, E.; Kirkup, M. P.;
Kirschmeier, P.; Lin, S.-1.; Petrin, J.; Rosinski, K.; Shankar, B. B.;
Wilson, O. . 1993, 3, 1537-1542. (d) Vice,
S. F.; Bishop, R. W.; McCombie, S. W.; Dao, H.; Frank, E.; Ganguly,
L 1994 _4.1333-1338. (e) Schollmeyer,

D Kim, Y. S.; Pindur, U.

1251 1258. (f) Ho, C.; Slater, S. J.; Stubbs, C. D.

siakieled 2001, 142, 163-168. (g) Shah, B. H.; Olivares-Reyes,

J. A Catt, K. J. i 2005, 67, 1522-1533.

For pyrrolo[2,3-c]carbazole natural products, see: (a) Sato, A.;

Morishita, T.; Shiraki, T.; Yoshioka, S.; Horikoshi, H.; Kuwano, H.;

Hanzawa, H.; Hata, T. - 1993, 58, 7632-7634. (b)

Fiirstner, A.; Domostoj, M. M.; Scheiper, B. jiuniiaiay. 2006,

128, 11620-11621.

(a) Ito, C.; Furukawa, H. i 1990. 38, 1548-1550.

(b) Beccalli, E. M.; Clerici, F.; Marchesini, A. dstishasdiay 1998, 54,

11675-11682. (c) Soos T T1mar1 G.; Hajés, G. i

1999, 40, 8607-8609. (d) Knolker, H.-J.; Frohner, W. Suathesis 2000,

2131-2136. (e) Hagiwara, H.; Choshi, T.; Nobuhiro, J.; Fujimoto, H.;

Hibino, S. _ 2001, 49, 881-886. (f) Yasuhara, A.;

Suzuki, N.; Sakamoto, T. | 2002, 50, 143-145.

See also references le and 1f.

(8) (a) Wu, T.-S.; Huang, S.-C.; Wu, P.-L.; Kuoh, C.-S.
1999, 52, 523-527. (b) Knoélker, H.-J.; Krahl, M. P. Syulegz 2004, 528—
530. See also references le and 1f.

(9) Forke, R.; Krahl, M. P.; Krause, T.; Schlechtingen, G.; Knolker, H.-
J. Synlett 2007, 268-272. See also reference 7a.

(10) (a) Hu, N.-X; Xie, S.; Popovic, Z.; Ong, B.; Hor, A.-M. jaisiiefalisiit
Soc. 1999, 121, 5097-5098. (b) Hu, N.-X.; Xie, S.; Popovic, Z. D.;
Ong, B.; Hor, A.-M. Synth. Met. 2000, 111—112, 421-424. (c) Richter,
A. M.; Hinh, L. V. Ger. Offen. DE 19831427 A1, 1983. (d) Chen,
J.-P. PCT Appl. WO 2003 059014 A1, 2003. (¢) Thomas, T.; Okada,
S.; Chen, J.-P.; Furugori, M. sl 2003, 436, 264-268.
(f) Zhao, H.-P.; Tao, X.-T.; Wang, F.-Z.; Ren, Y.; Sun, X.-Q.; Yang,
J.-X.; Yan, Y.-X.; Zou, D.-C.; Zhao, X.; Jiang, M.-H.

Lett. 2007, 439, 132-137. (g) Zhao, H.-P.; Tao, X.-T.; Wang, P.; Ren,
Y.; Yang, J.-X.; Yan, Y.-X.; Yuan, C.-X.; Liu, H.-J.; Zou, D.-C.; Jiang,
M.-H. Sussisiestuay 2007, 8, 673-682. (h) Liu, H.-J.; Tao, X.-T.;
Yang, J.-X.; Yan, Y.-X.; Ren, Y.; Zhao, H.-P.; Xin, Q.; Yu, W.-T;
Jiang, M.-H. | 2008, 8, 259-2064.
(11) (a) Ooyama, Y.; Shimada, Y.; Kagawa, Y.; Imae, I.; Harima, Y. Qrg,
. 2007, 5, 2046 2054. (b) Ooyama Y.; Kagawa, Y.;
Harima, Y. _ 2007, 3613-3621. (c) Ooyama, Y.;
Shimada, Y.; Kagawa, Y.; Yamada, Y.; Imae, I.; Komaguchi, K.;
Harima, Y. jinaiy. 2007, 48, 9167-9170.

(12) Lai, W.-Y.; Chen, Q.-Q.; He, Q.-Y.; Fan, Q.-L.; Huang, W. Clheum,

. 2006, 1959-1961.

(6
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Obviously, AHACs play a vital role in a variety of aspects.
However, a major concern as photoactive and electroactive
materials has been poured into indolo[3,2-b]carbazole frame-
works probably due to the structural accessibility. Scarcity of
straightforward synthetic methods for other AHACs could
potentially restrict their application. Therefore, development of
convenient and practical synthetic routes for various aryl- and
heteroaryl[a]carbazoles (AHA[a]Cs) surely opens up a further
opportunity to utilize AHA[a]Cs as material sources. Although
a vast amount of synthetic research on individual AHA[a]Cs
has been performed so far,"'® only two strategies have been
reported for synthesis of a variety of AHA[a]Cs to the best of
our knowledge. Thus, Marchesini and co-workers have synthe-
sized benzo[a]-, thieno[a]-, furo[3,2-a]-, benzofuro[3,2-a]-,
pyrido[a]-, pyrrolo[3,2-a]- and indolo[2,3-a]carbazoles by pho-
tochemical cyclization of 3-(2-styryl)indole derivatives.'® Pho-
tochemical cyclization of 3-indolyl-4-arylmaleimides or the
Mizoroki—Heck-type cyclization of 3-indolyl-4-bromoarylma-
leimides reported by Sanchez-Martinez and co-workers is
another approach for synthesis of benzo[a]-, naphtho[a]-,
tetrahydronaphtho[2,1-a]-, thieno[a]-, benzothieno[2,3-a]-, imi-
dazolo[4,5-a]-, pyrido[a]- and 7-aza-indolo[2,3-a]carbazoles.?
However, none of these examples that focus on biological
research seem to provide suitable structures for material design.

Recently, we demonstrated that metal sulfonates such as
indium triflate [In(OTY)3;, Tf = SO,CF;3] are efficient catalysts
for addition of arenes and heterocyclic arenes to alkynes,”'
where activation of C=C bonds with metal sulfonates is
crucial.?>* We have reported also that metal triflates catalyze
alkylation of arenes with alcohols or acetals via activation of
C—O bonds.** We thus envisaged that the metal sulfonate-
catalyzed annulation of 2-aryl- and 2-heteroarylindoles with
propargyl ethers through two successive carbon—carbon bond-
forming reactions utilizing the activation of both the C=C and
C—0 bonds in one-pot would lead to a short-step synthesis of
various AHA[a]Cs. A variety of starting indoles are readily
accessible through an established protocol such as the Fischer
indole synthesis. The overview of our strategy is summarized
in Scheme 1. Herein we report a new method for synthesis of
a wide range of AHA[a]Cs utilizing an indium-catalyzed
addition—substitution sequence of various 2-aryl- and 2-het-
eroarylindoles with propargyl ethers.”> Furthermore, the devel-
opment of the protocol with substrate versatility gave us an
opportunity to understand the effect of frameworks and sub-
stituents on the optical properties of AHA[a]Cs.

Scheme 1. Retrosynthetic Strategy for the Synthesis of AHA[a]Cs
(Z=CH=CH, S, O, NH, NMe; R' = H, Me, aryl; R? = alkyl)

annulation 0 synthesis

OR
- _ . Q
NN z\ @i@ NHNH

1 |

: Nz ’

R

a8
z

fal

2. Results and Discussion

2.1. Optimization of Reaction Conditions. We first investi-
gated the effect of Lewis acid catalysts (entries 1—9 of Table
1), solvents (entries 10—17) and leaving groups (LGs) at the
propargylic position of propargyl alcohol derivatives 2 (entries
18—22) in the reaction of commercially available 2-phenylindole

Table 1. Lewis Acid-Catalyzed Annulation of 2-Phenylindole with
Propargyl Alcohol Derivatives: Optimization of Reaction

Conditions?

M . :—/LG cat. Lewis acid
B N solvent, 70 °C _
i 1:1.1 H

; o\b vield (9)P
entry Lewis acid LGin2 solvent t|(rr1]1)e COZ\;H(a/O) y'e;? éa/")
1 In(OTf); OMe (2a) Bu,O 72 78 62
2 In(ONf); OMe (2a) Bu,O 24 87 69
3 In(ONf); OMe (2a) Bu,O 35 >99 64
4 In(ONf);* OMe (2a) Bu,O 120 68 53
5 Sc(OTf); OMe (2a) Bu,O 24 1 <1
6 Zr(OTf)s OMe (2a) Bu,O 24 1 <1
7 InCl; OMe (2a) Bu,O 24 1 <1
8 BF;*OEt; OMe (2a) Bu,O 24 1 <1
9 TiCly OMe (2a) Bu,O 24 14 <1
10 In(ONf); OMe (2a) DME 24 3 1
11  In(ONf); OMe (2a) 1,4-dioxane 24 1 <1
12 In(ONf); OMe (2a) MeCN 24 2 1
13 In(ONf); OMe (2a) MeNO, 24 45 29
14 In(ONf); OMe (2a) CICH,CH»Cl 24 53 50
15 In(ONf); OMe (2a) PhCl 24 72 66
16 In(ONf); OMe (2a) PhH 24 49 48
17 In(ONf); OMe (2a) methylcyclohexane 24 49 13
18 In(ONf); OH Bu,O 24 96 56
19 In(ONf); OSiMe;  Bu,O 24 94 27
20 In(ONf); OCO;Et Bu,O 24 84 23
21 In(ONf); OCOBu  Bu,O 24 82 29
22 In(ONf); OSOMe Bu,O 24 67 16

“The reaction was carried out in a solvent (1.5 mL) at 70 °C using
1a (0.10 mmol) and 2 (0.11 mmol) in the presence of a Lewis acid (30
umol). ”Determined by GC using o-dichlorobenzene as an internal
standard. < In(ONf)3 (10 umol) was used.

(1a). The use of 30 mol % of In(OTf);, which exhibited high
performance for the activation of alkynes in the addition of
arenes or heterocyclic arenes,' for the reaction of la with
methyl propargyl ether (2a, LG = OMe) in dibutyl ether (Bu,O)
at 70 °C for 72 h gave 6-methyl-11H-benzo[a]carbazole (3a)*
in 62% yield (entry 1). This involves two successive inter- and
intramolecular carbon—carbon bond-forming reactions. Replac-
ing the catalyst with the corresponding nonaflate salt [In(ONf)s,
Nf = SO,C4F¢] accelerated the reaction and increased the yield
up to 69% (entry 2). The higher activity of In(ONf); should be
due partially to the stronger Lewis acidity>” based on the higher
electron-withdrawing character of the ligand.®® The other
important factor is likely to be the superior solubility of In(ONf)3
in Bu,O, giving an almost homogeneous solution. A prolonged
reaction period reduced the yield slightly, in spite of the
complete consumption of 1a (entry 3). With a lower loading of
In(ONf); (10 mol %), the annulation also proceeded but
sluggishly (entry 4). In contrast to the promising activity of

(13) (a) Wakim, S.; Bouchard, J.; Simard, M.; Drolet, N.; Tao, Y.; Leclerc,
M. slaiiieddsiini 2004, /6, 4386-4388. (b) Wu, Y.; Li, Y.; Gardner,
S.; Ong, B. S. il 2005. /27, 614-618. (c) Kawaguchi,
K.; Nakano, K.; Nozaki, K. jftusetslegs. 2007, 72, 5119-5128. (d)
Boudreault, P.-L. T.; Wakim, S.; Blouin, N.; Simard, M.; Tessier, C.;
Tao, Y.; Leclerc, M. . 2007, 129, 9125-9136.

(14) Wakim, S.; Bouchard, J.; Blouin, N.; Michaud, A.; Leclerc, M. Qrg,
Lert. 2004, 6, 3413-3416.

(15) Blouin, N.; Michaud, A.; Wakim, S.; Boudreault, P.-L. T.; Leclerc,
M.; Vercelli, B.; Zecchin, S.; Zotti, G. | N I 2006.
207, 166-174.

(16) (a) Curiel, D.; Cowley, A.; Beer, P. D. . 2005, 236—
238. (b) Kim, N.-K.; Chang, K.-J.; Moon, D.; Lah, M. S.; Jeong, K.-
S. inta 2007, 3401-3403.

(17) Gémez-Lor, B.; Alonso, B.; Omenat, A.; Swrrano, J. L. Clhem,
. 2006, 5012-5014.
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Table 2. In(ONf)s-Catalyzed Annulation of 2-Arylindoles with Propargyl Ethers®

H

IN(ONf); (30 mol%)

(D

Z )
g4

o

ORS
é | N/ N + }<
N —J~R2 Rt Bu,O or PhCl
R' 1:11 70-100 °C R 1 2
1 2a;: R®=Me, R*=H 3
2b: R® = Bu, R* = Me
2c.25 S BB pnenil
propargyl time conv. (%) yield (%)
entry 2-arylindole 1 ether 2 solvent (h) of1 product 3 of 3
vy 0
1 O ) Q 2a Bu,O 24 91 . Q 65
H 1a H 3a
> D (Y Pl 2 75 O OQ 7
N N
H 1b H 3b
. On e
3 OMe 2a BuO 11 78 OMe 67
H 1c H 3¢
\ 0
4 O N Q 2a BuO 10 88 N Q 59
H e 19 HoGve X
o e
5 O | O oH 2a Bu,O 45 90 . Q o 48
H 1e H 3e
6 O \ O 2a BuO 1l 76 O O 52
\ R,
\ 1" \ 3f
\ 0
7 O | Q 2a PhCl 20 73 R} Q 57
o O
o e
8 O h Q 2a PhCl 60 64 . Q 60
1h l 3h
OMe OMe
9 O 3 O 2a PhCl 85 80 O OQ 48
N N
? 1 ) 3i
CN CN
\ e
10 O A Q P Bu,O 18 77 68
H 1a H 3
1 O 3 2 Bu,O 20 82 O O 74
> a2

“ The reaction was carried out in Bu,O or PhCI (3.0 mL) at 70 °C using 1 (0.20 mmol) and 2 (0.22 mmol) in the presence of In(ONf)3 (60 xmol).
% Isolated yield based on the 2-arylindole (1). € In PhCI (9.0 mL). ¢ In Bu,O (9.0 mL) at 100 °C. ¢ In Bu,O (9.0 mL).

Chart 3. Incompatible Alkynes in the In(ONf)s-Catalyzed

indium sulfonates, triflates of other metals and halide salts were Annulation Reaction.

totally inactive (entries 5—9). The soft character of indium?° is

likely to contribute to the reliable activity of indium sulfonates, OR” OBuU
which shows strong affinity for soft Lewis bases such as the — <Ph = 2
alkyne moiety in 2a on the basis of the hard and soft acids and

.. 30 R3 = Me (2d) OMe
bases (HSAB) principle. 1Pr (2€) Ph—=—"" 2

With In(ONf); as a catalyst, we next investigated the effect SiMeg (2f)

of solvents and found that less coordinating solvents such as Si(i-Pr); (2g) OMe
BuO and chlorobenzene (PhCl) were superior to strong H2h) RO C—e 2
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Table 3. In(ONf)s-Catalyzed Annulation of 2-(2-Heteroaryl)indoles with Propargyl Ethers®

7
N_/ H
| | B _—<
R 1:14

1 2a:R?=Me, R®=H
“-uz,n D3 _pa

R OR®  |n(ONf)3 (30 mol%) L7,
SR g S

™ N 7 2 R Bu,0, 70-100 °C

=5

N z7
R1
3

propargyl  time
lentry 2-heteroarylindole 1 ether 2 (h)
O 2
N S
H 1j
2 > ] 2a 50
N S
H 1k
3 > ] 2a 8
N O
H 1
4 O > O 2a 8
N S
H im
5 O o O 2a 40
N ¢}
H in
6 O =4 O 2a 24
N N
H H1o
7 O > O 2a 25
N N
\ ! 1p
8 > 1 2b 110
N S
H 1k

conv. (%) yield (%)
of 1 product 3 of 3
w  C%T
N S
H 3l
83 O i | 79
N S
H 3m
61 O i \ 57
N @)
H 3n
76 ] §2 () e
N S
H 30
e Ys oK
N O
H 3p
73 O i O 54
N N
H H 3q
v LD «
N N
\ | 3r
84 O Q ‘ 74
N S
al 3s

“ The reaction was carried out in BupO (3.0 mL) at 70 °C using 1 (0.20 mmol) and 2 (0.22 mmol) in the presence of In(ONf); (60 umol). * Isolated

yield based on the 2-heteroarylindole (1). < At 100 °C.

coordinating solvents such as 1,2-dimethoxyethane (DME), 1,4-
dioxane and acetonitrile (MeCN). Solvents of the latter type
plausibly make In(ONf)s inactive by the coordination (entries
2 and 10—16). Methylcyclohexane, a noncoordinating and
nonpolar solvent, was ineffective because of the low solubility
of both In(ONf); and substrate 1a in the medium (entry 17).

The yield of 3a depends also on the nature of LGs in 2. The
reaction of 1a with propargyl alcohol (LG = OH) gave 3a in a
moderate yield (entry 18). However, the use of 3-trimethylsi-
lyloxy-1-propyne (LG = OSiMe;3) and propargyl electrophiles
2 having a good leaving functionality such as OCO,Et, OCOBu

or OSO;Me resulted in a low yield albeit relatively high
conversion of la, as was confirmed by the formation of a
considerable amount of unidentified oligomeric products includ-
ing a moiety of 1a and/or 2 (entries 19—22). These results show
that 2a with an alkoxy leaving group is the substrate of choice
for the annulation.

2.2. Synthesis of Aryl-Annulated[a]carbazoles (AA[a]Cs). The
optimized reaction conditions were applied to the synthesis of
various AA[a]Cs (Table 2). Besides 1a, 2-arylindoles 1b—1e
having a methyl, methoxy or hydroxy group on the phenyl group
underwent the indium-catalyzed annulation with methyl propargyl
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Scheme 2. In(ONf)s-Catalyzed Synthesis of HA[3,2-a]Cs

R'é
In(ONH)
Z 3
m OR' (30 mol%) O 7
H ’/ \n + = ) BuO N >
SR RN R 2 N
~ L\\\ u
2a:R'=Me,R2=H 3 ~
g@s 1% 0 1% NH  oh-R! = Bu, R2= Me
o
19 1r 1s
= ) S |
N N =
H
3t (1q + 2a) 3u (Ir + 2a) 3v (1s + 2a) 3w (1s + 2b)
70°C,95h 70°C, 22 h 100 °C, 48 h 100 °C, 65 h
58% vyield 65% yield 22% yield 26% vyield
(63%.conv.) (85% conv ) (41% conv.) (45% conv.)

Scheme 3. In(ONf)s-Catalyzed Annulation of Bithiophenes or a
Bifuran with Methyl Propargyl Ether

R Rl IN(ONf),y =X R’
M . — OMe (30 mol%) @1
R ~Z Z7 > ge BuO R2">~Z 727 R?

1:141
a:R'=R2=Me, Z=S 2a 5a:R'=R?=Me, Z2=5
Eb:R‘:H,F{Q:Et,Z:S 5b:R'=H,R2=Et, Z=
c:R'=RZ2=Me,Z=0 5c:R'=RZ2=Me, Z=0
4 time temp. conv.of4 yieldof§ OMe
4a 2h  90°C  69% 40% (6: 13%)
4b 5h 70°C 46% 40% =4
4c__20h 70°C__76% 43% 5 . S

ether (2a) to give the corresponding AA[a]Cs (3b—3e) in moderate
to good yields (entries 1—5). With respect to the reaction of 2-(o-
tolyl)indole (1b) in BuyO instead of PhCI, solvent BuyO itself
reacted with 1b to produce undesired 3-butyl-2-(o-tolyl)indole in
6% yield, along with 59% yield of 3b. Therefore, in such cases,
PhCl was used as a solvent in subsequent experiments. 2-Phe-
nylindoles 1f—1i*' bearing an alkyl or aryl group with diverse
electronic character on the nitrogen atom also reacted with 2a to
afford desired 3f, 3g, 3h and 3i (entries 6—9). Among these, 6,11-
dimethyl-11H-benzo[a]carbazole (3f) reportedly exhibits a pro-
nounced antitumor activity against leukemia, renal tumor, colon
cancer and malignant melanoma tumor cell lines.*> Remarkably,
the indium-catalyzed annulation provides 3f in only one step from
commercially available 1f and 2a, in contrast to the five-step
synthesis reported by Fiirstner and co-workers.'®* It is worth noting
that the methyl group derived from 2a is always located at the C6
of annulation products 3. In addition to 2a, propargyl ethers with
an alkyl group at the propargylic position such as 3-butoxy-1-
butyne (2b, R? = Bu, R* = Me) and 3-butoxy-1-octyne (2c, R* =
Bu, R* = n-pentyl) participated in the annulation with 1a in perfect
regioselectivities (entries 10 and 11). On the other hand, the
synthesis of 3a having a phenyl group at the C5 could not be
achieved successfully due to dominant oligomerization between
1a and propargyl ether 2d, 2e, 2f, 2g or propargyl alcohol 2h (Chart
3). No annulation proceeded in the reaction of la with internal
alkynes 2i—2k (Chart 3).

2.3. Synthesis of Heteroaryl-Annulated[2,3-a]carbazoles
(HA[2,3-a]Cs). We next examined the annulation of 2-(2-het-
eroaryl)indoles 1j—1p with propargyl ether 2a or 2b (Table 3).
The treatment of 2-(2-thienyl)- and 2-(2-furyl)indoles 1j—11 with
methyl propargyl ether (2a) in Bu,O in the presence of In(ONf)3
as a catalyst brought about the formation of tetracyclic HA[2,3-
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al]Cs in 57—79% yields (entries 1—3). In spite of nucleophilic
character of a-positions of thiophene,>* no problematic side
reactions were observed in the reaction of 1j. However, application
of our strategy to 2-(2-pyrrolyl)- and 2-(5-methyl-2-pyrrolyl)indole
was unsuccessful; only a trace amount of the desired annulation
products was produced due to low solubility of the substrates in
Buy,O. In contrast, a series of pentacyclic analogues 30—3r
comprising two heterocyclic rings such as thiophene, furan or
pyrrole were prepared successfully (entries 4—7). In these cases,
no competing butylation of 2-(2-heteroaryl)indoles occurred even
with Bu,O as a solvent. Note that the perfect regioselectivities of
the methyl groups were observed here again in all cases. The use
of 3-butoxy-1-butyne (2b) instead of 2a allowed us to introduce
another methyl group onto a thieno[2,3-a]carbazole framework,
giving 3s in 74% yield (entry 8).

2.4. Synthesis of Heteroaryl-Annulated[3,2-a]carbazoles
(HA[3,2-a]Cs). We found that the annulation protocol is compat-
ible also with 2-(3-heteroaryl)indoles, being transformed into
HA[3,2-a]Cs (Scheme 2). 2-(3-Thienyl)indole (1q) thus reacted
with methyl propargyl ether (2a) to give 5-methyl-10H-
thieno[3,2-a]carbazole (3t) as the sole product. To our delight,
no [3,4-al-isomer, which would be produced by the participation
of the C4 atom instead of the C2 in the thienyl part, was
observed at all. Benzofuro[3,2-a]carbazole 3u was produced in
65% yield by the annulation between 2-(3-benzofuranyl)indole
(Ir) and 2a. The reaction of 2,3'-biindolyl (1s)** with 2a or 2b
also proceeded, albeit in a lower yield probably due to the low
solubility of 1s in Bu,O.

2.5. Application to Synthesis of Benzodiheteroarenes. In order
to demonstrate further the potential of our method, we performed
the annulation of symmetric dimers of heteroarenes leading to
benzodiheteroarenes (Scheme 3), which also are important
frameworks as electroactive materials.>> Both 4,4',5,5'-tetram-
ethyl-2,2'-bithiophene (4a) and the diethyl analogue (4b) reacted
with methyl propargyl ether (2a) under similar conditions to
afford benzodithiophenes 5a and 5b, respectively.*® In the
reaction of 4a, the formation of 1:1 adduct 6 was observed,
which contributed to our understanding of the reaction mech-
anism (vide infra). Benzodifuran Sc also was synthesized in
43% vyield by the reaction of tetramethylbifuran 4¢ with 2a.>’

2.6. Reaction Mechanism. In the present annulation, 2-(het-
ero)arylindoles 1 behave as nucleophiles, and the character of
propargyl ethers 2 should be electrophilic through the coordination
of the mr-electrons of the C=C bond or the lone pair of the oxygen
atom to indium(IIl).?"** The fact that 2 loses one degree of
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Scheme 4. Possible Reaction Mechanisms
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Scheme 5. In(ONf)s-Catalyzed Annulation of 1:1 Adduct 6

OWe

IN(ONM), (20 mol%)

I > 4 ] BuyO,70°C, 3 h lls Sl

5a
97% yield

addition: the first step

L
in
EQ—/
M . electrophilic site

unsaturation and the alkoxy group through the annulation reaction
strongly suggests that the reaction mechanism includes both
addition and substitution as crucial steps. Taking into consideration
that terminal alkynes such as 2 accept attack of arenes and
heterocyclic arenes exclusively at the internal carbon atom of the
C=C bond?' and that the Sx2 or Sy2' reaction takes place as the
substitution process, we draw all possibilities leading to the same
structure as 3 (Scheme 4). This is exemplified by the formation of
tetracyclic AHA[a]Cs using deuterated propargyl ether 2. In both
paths A and B, the first step is the addition of the indolyl C3—H
bond to the C=C bond in a Markovnikov fashion, and the next
stage is intramolecular SN2 or SN2’ cyclization. In contrast, paths
C and D start with the intermolecular Sy2 and Sny2' reactions,
respectively, by the nucleophilic attack of the (hetero)aryl part of
1, followed by the intramolecular addition. In all cases, isomer-
ization of the resulting C=C bond via a 1,3-hydrogen shift, i.e.,
aromatization, is the final step.®®

Scheme 6. In(ONf)s-Catalyzed Addition of 2-Phenyl- or
2-(5-Methyl-2-thienyl)indole to Phenylacetylene

3
" 2
|\ /|+:—Ph
~~~N71 Z
H

1:15

1 7 -§@ ) conv.

In(ONf)3 JBUQO z time of 1

(30 mol%) | 70°C
-§©1a 7h  85%

yield of 8§

73% (8a

Ph
@g\:{j ‘Eqﬂ( 6h 93% 82%(8b
N z s
H

2

Some pieces of experimental observations are available to
specify the most plausible route among paths A—D. We first
focused on the result of the reaction of tetramethylbithiophene 4a
with methyl propargyl ether (2a) giving 1:1 adduct 6 and desired
5a (Scheme 3), though no formation of 1:1 adducts was observed
in the annulation of 2-(hetero)arylindoles. Thus, the treatment of
6 under milder conditions [20 mol % of In(ONf)3, 70 °C] than
those in Scheme 3 gave Sa in an almost quantitative yield (Scheme
5).>° This result implies the following: the 1:1 adduct 6 is an
intermediate for 5a, and thus the first step of the annulation is
addition, and the internal carbon atom of the C=C bond of 2 is
the most electrophilic among the three possible electrophilic sites.
Next, we carried out the indium-catalyzed reaction of 1 with
phenylacetylene (7) and found that both 1a and 1k add to 7 at the
C3 of the indole nucleus regioselectively (Scheme 6).* These
results clearly show that the C3 position of 1 is the most
nucleophilic to add to C=C bonds, which reasonably excludes the
possibilities of paths C and D starting with the nucleophilic attack
by the (hetero)aryl ring. Therefore, it is reasonable to consider that
the present annulation starts with the regioselective addition as in
paths A and B. Among two possibilities, SN2 (path A) or SN2'(path
B), after the addition process, the fact that the indium-catalyzed

J. AM. CHEM. SOC. = VOL. 130, NO. 47, 2008 15829


http://pubs.acs.org/action/showImage?doi=10.1021/ja803954e&iName=master.img-011.png&w=340&h=295
http://pubs.acs.org/action/showImage?doi=10.1021/ja803954e&iName=master.img-012.jpg&w=189&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/ja803954e&iName=master.img-013.png&w=201&h=94

ARTICLES

Tsuchimoto et al.

Scheme 7. Transformation of AHA[a]Cs?®

81% yield

[+

/ 35% yield

R 0
NN Q 94% yield N Q
H 3a O}\O
13
QT
50% yield g\
7N 14
N\\) 0
SN e
g Rar
63% yield O @
15
W, OO
O e O 56% yield No©O
H
3p Q 16
CN
8¢ o s
M e R
Ho Ove V' OMe
'“ 17

“ Reagents and conditions: (a) NBS (1.0 equiv), FeClz (30 mol %), CH>Cl,, 0
(3.0 equiv), DMF, 100 °C, 24 h; (c) SeO; (1.5 equiv), K2COs3 (0.5 equiv), pyridi
xylenes, 140 °C, 24 h; (e) (Boc),O (2.0 equiv), DMAP (1.0 equiv), MeCN, rt,

°C, 30 min; (b) 4-MeO-CsHs—B(OH); (2.0 equiv), Pd(PPh3)4 (20 mol %), K3PO4
ne, 115 °C, 19 h; (d) RhCI(CO)(PPh;3), (10 mol %), Ph,P(CH,)3PPh, (25 mol %),
5 h; (f) 2-Cl-pyrimidine (1.8 equiv), NaH (2.2 equiv), DMF, 130 °C, 25 h; (g)

4-Br—CgHs—NPh; (1.0 equiv), Cul (5.0 mol %), MeHN(CH,),NHMe (20 mol %), K3PO4 (2.1 equiv), toluene, 110 °C, 65 h; (h) 4-Br—C¢H4—CN (1.0 equiv), Cul

(20 mol %), MeHN(CH>),NHMe (40 mol %), K3POy4 (2.1 equiv), toluene, 110

reaction of 2,2'-bis(N-methylindolyl) (1p) with 1-deuterio-3-
hexyloxy-1-propyne (2I) gave 3r-d with the deuterium atom
exclusively at the methyl group supports the probability of path A
(eq 1). Supposing that path B via SN2’ process works, the deuterium
atom should be observed mainly on the aromatic ring, whereas a
part of the deuterium atom may migrate onto the methyl group
according to deuterium isotope effects through the aromatization.*'
Thus, path A proceeding in the order of addition, SN2 cyclization
and aromatization is concluded to be the most plausible pathway.
It is noteworthy that high selectivities for the annulation should be
attributed to the first contact of indium with C=C bonds that
triggers regioselective carbon—carbon bond formation.

8]
oH IN(ONf)3
= X (30 mol%, O
D10 - o= B o
X N N Buy0, 70 °C N N
\ / 45 min \ !
ip 2 33% conv. 3r-d
of ip 25% yield
Ow o
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°C, 60 h; (i) Mel (2.0 equiv), KOH (4.0 equiv), DMSO, 1t, 2.5 h.

2.7. Transformation of AHA[a]Cs.*> The utility of our
method can be enhanced by the synthetic application of
AHA[a]Cs (Scheme 7). Regioselective mono-bromination of
3a was chosen as the first application. After screening various
conditions for bromination, we found that a bromine atom can
be introduced exclusively at the C5 of 3a using an N-
bromosuccinimide (NBS)-FeCls system.**** The palladium-
catalyzed cross-coupling reaction is highly useful for extending
the sz7-system of bromide 9. For example, the Suzuki—Miyaura
cross-coupling of 9 with 4-methoxyphenylboronic acid gave 10
quantitatively.*> SeO, oxidation*® and rhodium-catalyzed de-
carbonylation*’ sequence enabled us to remove the methyl group
of 3a, giving 11H-benzo[a]carbazole (12).

We have demonstrated that the annulation of 2-(hetero)arylin-
doles having alkyl or aryl groups on the nitrogen atom proceeds
efficiently (entries 6—9 of Table 2 and entry 7 of Table 3). In
addition to the installation of these groups prior to the
annulation, various organic functional groups were found to be
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introduced successfully onto the nitrogen atom of AHA[a]Cs
after the annulation. Thus, annulation product 3a reacted with
di-tert-butyl dicarbonate [(Boc),O] with the aid of 4-(N,N-
dimethylamino)pyridine (DMAP) to give 13 in a high yield.*®
The 3a—Na complex prepared in situ from 3a and NaH reacted
with 2-chloropyrimidine through SyAr process to give 14.*° The
Buchwald N-arylation also worked well for the transformation
of 3a or 3p to 15 or 16, respectively.3 ' Furthermore, the
treatment of 3d with Mel and KOH in DMSO gave N-
methylated compound 17 in a high yield>® Such flexible
behavior of AHA[a]Cs that accepts a variety of organic
transformations is promising, for instance, for structural design
in the case of their application to electroactive materials as
shown in the next section.

2.8. Photophysical Properties of AHA[a]Cs. Because of the
broad substrate diversity on the indium-catalyzed annulation,

(18) For recent representative examples on synthesis of AHA[a]Cs.

Indolo[2,3-a]carbazole: (a) Faul, M. M.; Sullivan, K. A.
Lerz. 2001, 42, 3271-3273. (b) Trost, B. M.; Krische, M. J.; Berl, V.;
Grenzer, E. M. Qugaalglt. 2002, 4, 2005-2008. (c) Garaeva, L. D.;
Bakhmedova, A. A.; Yartseva, I. V.; Melnik, S. Y.; Adanin, V. M.
. 2003, 29, 160-167. (d) Kuethe, J. T.; Wong,
A.; Davies, 1. W. Qugealegld. 2003, 5, 3721-3723. (e) Kuethe, J. T.;
Davies, I. W. . 2004, 45, 4009-4012. (f) Somei, M.;
Yamada, F.; Suzuki, Y.; Ohmoto, S.; Hayashi, H. Ssisicstsies 2004,
64, 483-489. (g) Cai, X.; Snieckus, V. Qugabel. 2004, 6, 2293-2295.
(h) Witulski, B.; Schweikert, T. Suuthesis 2005, 1959-1966. (i) Pelly,
S. C.; Parkinson, C. J.; van Otterlo, W. A. L.; de Koning, C. B. J.
- 2005, 70, 10474-10481. (j) Hu, Y.-Z.; Chen, Y.-Q. Syuley
2005, 42-48. (k) Abbiati, G.; Arcadi, A.; Beccalli, E.; Bianchi, G.;
Marinelli, F.; Rossi, E. fsiisdgsiag 2006, 62, 3033-3039. (1) Howard-
Jones, A. R.; Walsh, C. T. iy 2007, /29, 11016—
11017. (m) Wada, Y.; Nagasaki, H.; Tokuda, M.; Orito, K. L[Qzg,
Chew. 2007, 72, 2008-2014. (n) Wilson, L. J.; Yang, C.; Murray,
W. V. inesinsisiny 2007, 48, 7399-7403. (o) Hinze, C.; Kreipl,
A.; Terpin, A.; Steglich, W. Synthesis 2007, 608-612. (p) Banerji,
A.; Bandyopadhyay, D.; Basak, B.; Biswas, P. K.; Banerji, J.;
Chatterjee, A. [N 2007, 80, 1199-1201. Indolo[3,2-
a]carbazole: (q) Wahlstrom, N.; Bergman, J. Tetrahedron Lett. 2004,
45, 7273-7275. Benzofuro[2,3-a]carbazole: (r) Hudkins, R. L.;
Johnson, N. W. J. Heterocycl. Chem. 2001, 38, 591-595. Ben-
zothieno[2,3-a]carbazole: (s) Wang, J.; Soundarajan, N.; Liu, N.;
Zimmermann, K.; Naidu, B. N. Tetrahedron Lett. 2005, 46, 907-910.
See also reference 18r. Pyrrolo[3,2-a]carbazole: (t) Pudlo, M.; Csanyi,
D.; Moreau, F.; Hajos, G.; Riedl, Z.; Sapi, J. Tetrahedron 2007, 63,
10320-10329. Furo[3,2-a]carbazole: reference le. Thieno[2,3-a]car-
bazole: (u) Ferreira, I. C. F. R.; Queiroz, M.-J. R. P.; Kirsch, G.
J. Heterocycl. Chem. 2001, 38, 749-754. Thieno|3,2-a]carbazole:
reference 18i. Benzo[a]carbazole: (v) de Koning, C. B.; Michael, J. P.;
Rousseau, A. L. J. Chem. Soc., Perkin Trans. 1 2000, 1705-1713.
(w) Pindur, U.; Lemster, T. Recent Res. Dev. Org. Bioorg. Chem.
2002, 5, 99-115. (x) Mamane, V.; Hannen, P.; Fiirstner, A. Chem,
Lu L 2004, 10, 4556-4575. (y) Yamamoto, M.; Matsubara, S. Cheg,
Lett. 2007, 36, 172-173. See also reference 18g.

(19) (a) Beccalli, E. M.; Marchesini, A.; Pilati, T. Suuthesis 1992, 891—
894. (b) Beccalli, E. M.; Marchesini, A. fgiiskasiog 1993. 49, 4741-
4758.

(20) (a) Sanchez-Martinez, C.; Faul, M. M.; Shih, C. S.; Sullivan, K. A.;
Grutsch, J. L.; Cooper, J. T.; Kolis, S. P. jnfiussfisss 2003, 68,
8008-8014. (b) Sanchez-Martinez, C.; Shih, C.; Faul, M. M.; Zhu,
G.; Paal, M.; Somoza, C.; Li, T.; Kumrich, C. A.; Winneroski, L. L.;
Kun, Z.; Brooks, H. B.; Patel, B. K. R.; Schultz, R. M.; DeHahn,
T. B.; Spencer, C. D.; Watkins, S. A.; Considine, E.; Dempsey, J. A.;
Ogg, C. A.; Campbell, R. M.; Anderson, B. A.; Wagner, J. Bigare

. 2003, /3, 3835-3839.

(21) (a) Tsuchimoto, T.; Maeda, T.; Shirakawa, E.; Kawakami, Y. Chem,
eguau. 2000, 1573-1574. (b) Tsuchimoto, T.; Hatanaka, K.;
Shirakawa, E.; Kawakami, Y. S 2003, 2454-2455.

(22) For recent reviews on transition metal-catalyzed hydroarylation of
alkynes, see: (a) Nevado, C.; Echavarren, A. M. Synthesis 2005, 167—
182. (b) Goj, L. A.; Gunnoe, T. B. . 2005, 9, 671—
685. (c) Bandini, M.; Emer, E.; Tommasi, S.; Umani-Ronchi, A. Eur,
Emiiiseinligis. 2006, 3527-3544. (d) Jiménez-Nufiez, E.; Echavarren,
A. M. sisentiass. 2007, 333-346. (e) Gorin, D. J.; Toste, F. D.
Nauge 2007, 446, 395-403. (f) Fiirstner, A.; Davies, P. W. Aggaie

(. 2007, 46, 3410-3449.

we were intensely interested in the potential of the AHA[a]Cs
as electroactive materials. We therefore investigated the pho-
tophysical properties of the AHA[a]Cs; the results are collected
in Table 4.

First, we focused on evaluating the effect of substituents on
AA[a]Cs and HA[a]Cs. For example, in the UV —vis spectrum
of 6-methyl-11H-benzo[a]carbazole (3a), the absorption bands
ascribed to the s—x* transitions with the relatively large
extinction coefficients were detected, ranging from 260 to 300
nm.”" It was then found that 3a (®r = 0.165) exhibits purple
emission derived from the emission Amay around 360—400 nm.>2
Although the absorption and emission patterns of 3b, 3f, 3j and
3k that have another alkyl group at the different position of 3a
resemble those of 3a, the introduction of the alkyl group was
always accompanied by a red-shift of the emission spectra
regardless of the position of the alkyl group (3a vs 3b, 3f, 3j or
3Kk). A similar correlation was observed also between indolo[2,3-
a]carbazoles 3q and 3r. Moreover, FL efficiency was found to
be highly dependent on the methoxy group (3a vs 3c or 3d).
Thus, though the @ value of 3c slightly decreased compared
with that of 3a, the installation of the methoxy group onto the
C1 position resulted in higher ® value. Comparisons between
3a and the N-arylated derivatives (3a vs 3g, 3h, 15 or 3i) also
showed significant differences in photophysical properties.
Phenyl and electron-rich aryl groups on 3a (3g: —Ph, 3h:
—C¢Hs4—p-OMe, 15: —CcH4—p-NPhy) made their absorption bands
around 250—260 nm indefinite, whereas the corresponding band
of 3i having an aryl group with electron-deficient character
(-C¢Hs—p-CN) was intensified. Furthermore, the structural
change from 3a to 3g, 3h or 15 resulted in a red-shift of the FL
spectra and an increase in the FL quantum yield. Interestingly,
the electron-deficient aryl group caused a drastic color change
from purple to green light (3a vs 3i, Adma = 92 nm). The effect
of —C¢Hs—p-CN holds true also for benzofuro[2,3-a]carbazole
3p, where blue-emitting 16 was derived from purple-fluorescent
3p 3p vs 16, Al = 51 nm). Compound 14 with a

(23) For other carbon—carbon bond-forming reactions through activation
of m-electrons of alkynes with an indium(III) salt as a Lewis acid
catalyst, see: (a) Fiirstner, A.; Mamane, V. iy 2003,
2112-2113. (b) Jiang, N.; Li, C.-J. . 2004, 394-395.
(c) Song, C. E.; Jung, D.-U.; Choung, S. Y.; Roh, E. J.; Lee, S.-G.

. 2004, 43, 6183-6185. (d) Zang, J.; Blazecka,
P. G.; Angell, P.; Lovdahl, M.; Curran, T. T. diickssticg 2005, 6/,
7807-7813. (e) Takita, R.; Fukuta, Y.; Tsuji, R.; Ohshima, T.;
Shibasaki, M . 2005, 7, 1363-1366. (f) Takita, R.; Yakura,
K.; Ohshima, T.; Shibasaki, M. jnuiumiissias. 2005, /27, 13760
13761. (g) Sakai, N.; Kanada, R.; Hirasawa, M.; Konakahara, T.
2005, 61, 9298-9304. (h) Miyanohana, Y.; Chatani, N.
M 2006, 8, 2155-2158. (i) Sakai, N.; Annaka, K.; Konakahara
. 2006, 71, 3653-3655. (])Nakdmura M gatanl
m 2006, 78, 425-434, and Nakamura’s original reports published
heretofore cited therein. (k) Miura, K.; Fujisawa, N.; Toyohara, S.;
Hosomi, A. Syuletz 2006, 1883—-1886. (l) Endo, K.; Hatakeyama, T.;
Nakamura, M.; Nakamura, E. L 2007, 129, 5264—
5271. (m) Tsuji, H.; Yamagata, K.; Itoh, Y.; Endo, K.; Nakamura,
M.; Nakamura, E. | 2007, 46, 8060-8062. (n)
Otani, T.; Kunimatsu, S.; Nihei, H.; Abe, Y.; Saito, T. ghgebg. 2007,
9, 5513-5516. (o) Harada, S.; Takita, R.; Ohshima, T.; Matsunaga,
S.; Shibasaki, M. . 2007, 948-950. (p) Yoon, M. Y.;
Kim, J. H.; Choi, D. S.; Shin, U. S.; Lee, J. Y.; Song, C. E. Ady,
hiiilentasdad 2007, 349, 1725-1737. (q) Angell, P.; Blazecka, P. G.;
Lovdahl, M.; Zhang, J. sisiteisbis 2007, 72, 6606—-6609. (r) Nakai,
H.; Chatani, N. (ahgidebgs 2007, 36, 1494-1495. (s) Peng, W.; Lee,
C.-S. Synlett 2008, 142-146. (t) Tsuji, H.; Fujimoto, T.; Endo, K.;
Nakamura, M.; Nakamura, E. Qugalgg 2008, /0, 1219-1221. (u)
Fujimoto, T.; Endo, K.; Tsuji, H.; Nakamura, M.; Nakamura, E. L Az,
hgiiaas 2008, /30, 4492-4496. (v) Sakai, N.; Annaka, K.; Fujita,
A.; Sato, A.; Konokahara, T. janfussstsiesg 2008, 73, 4160-4165,
See also ref 18x. For a review, see: (w) Ghosh, R.; Maiti, S. LMoL

it 2007, 264, 1-8.
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Table 4. Photophysical Properties of AHA[a]Cs?
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262 (4.60), 284 (4.73), 305 (4.37)

262 (4.71), 297 (4.41), 360 (4.13)

264 (4.51), 281 (4.56), 300 (4.31)

268 (4.66), 304 (4.39), 370 (3.95)

279 (4.64), 303 (4.37)

280 (4.63), 303 (4.35)

281 (4.73), 304 (4.61)

256 (4.68), 274 (4.61), 303 (4.31)

257 (4.69), 303 (4.31)

271 (4.76), 300 (4.33)

363, 378, 395sh

365, 384, 404

371, 389, 408sh

380, 398, 420sh

366, 384, 403sh

367, 385, 404sh

404

470

nd*

355, 373, 391

UV-vis fluorescence”
AHA[z]Cs A, /nm (log €) Ao/ NMC D
259 (4.64), 278 (4.70), 300 (4.38) 360, 378, 397 0.165
N
3a
261 (4.53), 276 (4.52), 296 (4.25) 364, 382, 402 0.223

0.109

0.284

0.184

0.215

0.239

0.264

0.262

0.040

nd*

0.185
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Table 4. Continued

UV-vis fluorescence’
AHA|a|Cs Ana/nm (log €) Ao/ M d,?
264 (4.61), 281 (4.64), 302 (4.38) 370, 388, 407sh 0.156
N
3 H
Pent
264 (4.60), 282 (4.62), 302 (4.37) 369, 388, 407 0.167
3k M
O S ) 253 (4.70), 310 (4.34) 351, 367, 383sh 0.037
N
31 H
O O \ 255 (4.74), 312 (4.38) 351, 367, 383sh 0.047
N S
3mH
O O \ 252 (4.79), 302 (4.32) 338, 353, 368sh 0.200
N (6]
anH
O S O 258 (4.62), 295 (4.46), 320 (4.60) 365, 383, 400sh 0.058
N
30
O NO O 254 (4.78), 280 (4.57), 314 (4.58) 353, 369, 385sh 0.444
3pH
259 (4.76), 287 (4.45), 323 (4.54) 371, 388, 403sh 0.075
O §2 (O 275476),3294.57) 391,410,431sh 0114
N N
3r \ i
O v, O 254 (4.76), 316 (4.63), 354 (4.26) 420 0.267
;Q O
16 EN
I /S 245 (4.69), 290 (4.41) 346, 362, 378sh 0.053
N
3thH
I O ? 271 (4.63), 297 (4.53), 337 (4.05) 342,357, 375sh 0.485
N
wl O
I O N 268 (4.68), 282 (4.61), 305 (4.47) 355, 370 0.223
N =
3v H A ’
“ Dichloromethane was used as a solvent for measurement of UV—vis (¢ = 1.5 x 107> M) and fluorescence (¢ = 1.5 x 10~° M) spectra. * Excited

at 265 nm. © sh = shoulder. ¢ Determined with reference to the quantum yield of p-terphenyl. ¢ nd = not detected.
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2-pyrimidyl group resulted in quenching of fluorescence. In
contrast to the bathochromic effect in the FLL maxima wave-
lengths of alkyl, methoxy and aryl groups, only a Boc group
exhibited a hypsochromic effect (3a vs 13).

Next, we focused on evaluating structure—property correla-
tions of HA[a]Cs. Among a series of pentacyclic HA[2,3-a]Cs
30, 3p and 3q, benzofuro[2,3-a]carbazole 3p having a furan
ring was found to be the most emissive,” which is likely to be
responsible for the largest extinction coefficients. Although we
could not synthesize a pyrrolo[2,3-a]carbazole, tetracyclic 3n
(®r = 0.200) with the furan moiety also showed higher FL
efficiency in comparison to the corresponding thiophene deriva-
tive (3m, ®p = 0.047). The trend holds true for HA[3,2-a]Cs,
and thus a larger @ value of benzofuro[3,2-a]carbazole 3u (Pr
= 0.485) was confirmed compared with that of indolo[3,2-
alcarbazole 3v (Pr = 0.223). The consistency that HA[3,2-
a]Cs are always superior to HA[2,3-a]Cs in view of the FL
efficiency is of particular importance (31 vs 3t, 3p vs 3u, and
3q vs 3v).

To gain further insight into the photophysical properties of
AHA[a]Cs, we investigated their spectral dependence on solvent
polarity. When benzo[a]carbazole 3a and benzofuro[2,3-a]carba-
zole 3p were excited at 265 nm in three kinds of solvents, i.e.,
ethyl acetate (AcOEt), dichloromethane (CH,Cl,) and dimethyl
sulfoxide (DMS0),>* their emission spectra were not affected
irrespective of the solvent polarity. In contrast, significant positive
solvatochromism in the fluorescence spectrum of 15, which has
an N,N-diphenylaminophenyl group on the nitrogen atom of 3a,
was observed as the solvent polarity increased (Figure 1). Thus, a
42 nm red-shift was confirmed by changing the solvent from
AcOEt to DMSO. In addition to 15, p-cyanophenyl-substituted 16
derived from 3p similarly exhibited solvatochromic behavior as
shown in Figure 2 (61 nm red-shift from AcOEt to DMSO). These
results clearly show that the solvatochromic properties appear for
the N-aryl-AHA[a]Cs. The considerable red-shift observed in 15
and 16 should be due mainly to the charge transfer character of
the fluorescent state leading to the significant change in the dipole
moment from the ground state to the excited state in polar
solvents.>

3. Conclusion

We have developed the first annulation reaction that allows
the assembly of two readily accessible building blocks, 2-(het-
ero)arylindoles and propargyl ethers, into aryl- and heteroaryl-
annulated[a]carbazoles (AHA[a]Cs). The methodology with
substrate diversity enables us to synthesize various AA[a]Cs,
HA[2,3-a]Cs and HA[3,2-a]Cs. The achievement of the short-
step process is attributed to the indium-catalyzed annulation
including two carbon—carbon bond-forming reactions in com-
bination with the reliable Fischer indole synthesis. The reaction
can be applied also to bithiophene and bifuran derivatives. The
annulation most likely proceeds in the following order: inter-
molecular addition reaction, intramolecular Sy2 reaction and
then aromatization, which reasonably explains the regiochemical
outcome of AHA[a]Cs. In the transformation of AHA[a]Cs,
some organic functional groups are efficiently introduced.
Furthermore, a methyl group on an AHA[«a]C is successfully
removed. Photophysical properties of AHA[a]Cs are described
on the basis of the novel annulation reaction. The evaluation of
FL properties showed that almost all their emission bands appear
in the visible region (purple to green) and that FL. quantum
yields are highly dependent on the core structures, character of
substituents and position of substituents attached. Some
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Figure 1. Solvent-dependent fluorescence spectra of 15 (¢ = 1.1 x 10~¢
M in each solvent) excited at 265 nm. a.u. = arbitrary units.
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Figure 2. Solvent-dependent fluorescence spectra of 16 (¢ = 1.1 x 107°
M in each solvent) excited at 265 nm. a.u. = arbitrary units.

structure—property correlations on AHA[a]Cs elucidated in the
present study are as follows: (1) Introduction of an electron-
rich aryl group onto the nitrogen atom enhances FL efficiency
and causes a red-shift of FL spectra. (2) A p-cyanophenyl group
on the nitrogen atom has a large bathochromic effect. (3) Furan
rings are more effective than pyrrole and thiophene rings for
achieving higher @ values. (4) HA[3,2-a]Cs are more fluo-
rescent compared with the corresponding HA[2,3-a]Cs. (5)

(24) (a) Tsuchimoto, T.; Tobita, K.; Hiyama, T.; Fukuzawa, S. Syulez 1996,
557-559. (b) Tsuchimoto, T.; Hiyama, T.; Fukuzawa, S. Clhem,
ey 1996, 2345-2346. (c) Tsuchimoto, T.; Tobita, K.; Hiyama,
T.; Fukuzawa, S. janfusishess. 1997, 62, 6997-7005.
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(bciaas. 2002, 124, 11684—11688.
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AHA[a]Cs having an aryl group on the nitrogen atom exhibit
positive solvatochromic behavior as solvent polarity increases.
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