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In this work, CuSO, is utilized as a practical redox catalyst for a
tandem dual annulation in the synthesis of indole-fused tetracyclic
heteroacenes, important skeletons in both medicinal chemistry and
materials chemistry. Preparation of such skeletons in a convenient
and efficient manner is in high demand. This method realizes
modular synthesis of benzofuro-, benzothieno-, and indoloindoles
from abundant feedstocks such as 2-halobenzyl halides and nitrile
derivatives in up to 99% yields, providing a rapid access to diverse
indole-fused heteroacenes with biological or optoelectronic
properties.

Indole-fused  heteroacenes, such as benzofuro-,12
benzothieno-,3* and indolo[3,2-bJindoles,>® are important
skeletons in both medicinal chemistry and materials chemistry.
They are usually utilized to develop pharmaceutical agents
exhibiting promising biological activities as well as in the
engineering organic materials possessing attractive optical or
electronic properties. However, the reported indole-fused
heteroacenes are often prepared by multiple step procedures
and are usually involved with noble metal reagents.1! Several
reports have been known for the synthesis of indole-fused
heteroacenes, such as benzofuro-,*2 benzothieno-,315 or
indolo[3,2-bJindoles,'®17 respectively, but divergent access to a
variety of indole-fused heteroacenes directly from simple
starting materials is scarce.'®?* Given the importance of
functionalized indole-fused heteroacenes, the development of
a concise, efficient and environmentally benign method
towards their synthesis is in high demand.

Potassium tert-butoxide plays a key role in a variety of organic
reactions as a powerful base or a reagent for electron transfer
reactions.?>3¢ |t was found that ‘BuOK could promote the
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cleavage of benzylic C-H bond, and the resulting carbanion can
pass through a radical addition to unsaturated bonds like C-O
double bonds which is followed by an intramolecular alkoxy
radical addition to haloarenes.3” Recently, a catalytic approach
has been reported for the generation of substituted indoles
with naturally abundant cupric sulfate.3® As part of our ongoing
research interest in potassium tert-butoxide promoted
heterocycles synthesis, we envisaged that a strategy through
benzylic C-H addition and iminyl radical relay can enable the
cyclization of 2-halobenzyl halides and nitriles to indole-fused
heteroacenes. Herein, we report our recent results in details.

Reaction conditions were first investigated using 2-((2-
iodobenzyl)oxy)benzonitrile 3a, generated from 2-halobenzyl
halides 1a and nitrile 2a, as a model substrate and potassium
tert-butoxide as a base. The cyclization of 3a in the absence of
any catalyst affords the corresponding product benzofuro[3,2-
blindole 4a in 18% of yield (Table 1, entry 1). However, the
addition of 5 mol% of cupric sulfate improves the yields of 4a
dramatically, and decreasing the concentration results in the
increase of yield up to 98% (entries 2-4). The reaction in the
presence of toluene or DMF could also progress smoothly albeit
with slightly decreased yields (entries 5-6), while the reaction in
dioxane affored the desired product in only 44% yield (entry 7).
In addition, other copper salts such as CuCl,, CuO, Cu,0 could
also catalyze the cyclization reaction of 3a giving 4a in moderate
to good yields (entries 8-10). Moreover, the study of the effects
of base indicates that the involvement of ‘BuOK is necessary for
the the cyclization of 3a as no reaction occured when ‘BuONa,
fBuOLi, or NaH was utilized as the base (entry 11). The reaction
conditions in entry 4 were chosen as the standard conditions
with 5 mol % CuSO,.

Various substituted halides 3, including iodides, bromides as
well as chlorides, were subjected to the standard reaction
conditions to prepare benzofuro[3,2-b]indole 4 and the desired
products could be obtained in moderate to high yields (Schemes
1 and 2). Halogen such as bromides (4b-d, 4j, and 4n-p),
chlorides (4e, 4k, 4t, and 4u), and fluoride (4f) can survive under
this basic conditions. Starting materials with either electron
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donating groups (4g-i, and 4l) and electron withdrawing groups
(4r and 4s) can undergo the cyclization in moderate yields. The
selectivity sequence is I>Br>Cl. For example, 4t is afforded
without the formation of 4n (X = Br).
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Scheme 1. Synthesis of Benzofuro[3,2-b]indoles
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Table 1. Reaction Conditions

O
o cat. (5 mol %), base O \ O
_ =
| CN solvent N

3a 4a
entry® cat. base solvent(mL) 4a(%)
1 none BuOK PhCI(1) 18
2 CuSO, BuOK PhCI(1) 62
3 CuSO, BuOK PhCI(5) 70
4 CuSO, BuOK PhCI(10) 98
5 CuSO, BuOK Toulene(10) 81
6 CuSO, BuOK DMF(10) 86
7 CuSO, ‘BuOK Dioxane(10) 44
8 CuCl, ‘BuOK PhCI(10) 90
9 CuO BuOK PhCI(10) 77
10 Cu,0 ‘BuOK PhCI(10) 73
11° CuSO, other PhCI(10) n.r.

9 Conditions: 3a (0.5 mmol), catalyst (5 mol %), 90 °C, N, 12 h, isolated yields.
b Other base refers to tBuONa, ‘BuOLi, or NaH, n.r. = no reactions.
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Scheme 2. Synthesis of Benzofuro[3,2-b]indoles
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This reaction was further explored in the construction of
benzothienoindoles. Products 6a-i were obtained in up to 98%
yields (Scheme 3). Halogen are tolerated (6c-g). These groups
are leaving groups for cross coupling reactions, ensuring these
products can be further converted to functionalized
benzothienoindoles. Hydroxyl needs no protecting groups (6h).

I
P CuS0, (5 mol %) A R
R17
=

| _— -
R

Standard conditions
eO, Cl
O Oy O
\ - O
N
N N
H H H
6a, X=1,12h, 98%
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Br. Br
: : Byt
3D O S0,
N

N

H u Cl H
6d, X=1,13 h, 98%

6i, X = Br, 12 h, 68%
(20 mol % CuS0y)

6c, X=1,13h, 98%

6e, X =Br, 13 h, 94% 6f, X=Cl, 16 h, 77%

6g, X =Cl, 15 h, 92% 6h, X =1,14 h, 84%

Scheme 3. Synthesis of Benzothieno[3,2-b]indoles

The N-containing analogues are indoloindole derivatives,
which are also useful EL materials or natural products as well as
pharmaceuticals. Indoloindoles 8 were obtained in 74-99%
yields under the standard conditions (Scheme 4). Either N-aryl
or N-alkyl indoloindoles (R3) are accessible (8g and 8a, 8h-l).
Removable N-protecting groups can be tolerated (8h and 8i).

This journal is © The Royal Society of Chemistry 20xx
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Scheme 4. Synthesis of Indolo[3,2-b]indoles®

The synthesis of tetracyclic heteroacenes 4, 6 and 8 directly
from 1 and 2-hydroxybenzonitriles 2 is also feasible. Halides 1
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through 5 steps. By current method, 8j was obtajned.in 8%
yield. This method is also applied in thBForm@PiRAesis’of
4HATIDID (Scheme 7).3°

CuS0y (5 mol %)

9 —M8M8M8M8M8Mmm ph— N
. (11 8 9)
BUOK (2.2 equiv) NaH (2.2 equiv) N4<
PhCI, 90 °C DMF, 60 °C Q
93% 84% 10 (20.7 g)

Scheme 6. 20-Gram Scale One-Pot Synthetic Application

CeH1a
Cu304 (20 mol%)
e
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S \ !

A proposed reaction mechanism is demonstrated in Scheme
8. This mechanism is based on the experimental study of our
previous work. After deprotonation of benzylic proton, 3 passes
through an anion-radical relay with CuSO, to radical A, which
transforms to C or C' via B or B'. Products 4 or 6 or 8 is afforded
through a Sgyl-type process via radical anion E. The radical
process is supported by the radical inhibiting experiments (eq
1) as well as the previous report.38

TEMPO CuS0, (20 mol%)
TEMPO (3 equiv)
O 3a

8j (R = Br, 74%, 2.15 g)

Scheme 7. Two-Gram-Scale Synthesis of 4H4TIDID

CuS0y (5 mol%)

. - - 4a (eq1)
and nitriles 11 were treated under standard reaction conditions N 'BUOK (2.2 equiv) 'BuOK (2.2 equiv.)
- . - - . | © PhCI (1 L. °
with 10 mol % CuSO, and 4a-j were obtained in moderate yields 15.OTEMP PhCl, 80°C, 4 h Cl(10mL). 0 ©
) ) ) + TEMPO (3 equiv)
(Scheme 5). Benzothienoindoles 6a-6k were also achieved. HRS oDt or O (balloon)
Potassium salts of 13 are not available with ‘BuOK and KHMDS
was used for in situ deprotonation. Indoloindoles 8 were
obtained in moderate to good yields.
N B NS CuSO, (10mol %) RGN\ X 3 3
Rl . e ———— "¢ L o )
= X BUOK (2.2 equiv) = T R2 _
! Ne DMF, 90 °C N BuOK | g +6)-X N
1 11,2=0K 4Xx=0 cu' 4/6/8
12,2=SK 6,X=5
13,Z=NHR 8 X = NR ' Y. A
‘ Y R \
4a, 83% 4c,80%7 e, 77% 4£, 70%° 4i, 85% 4j, 66% X N N
NC X X H
6a, 90% 6d, 88% 6b, 80%° 6¢c, 91% 6j, 75% 6k, 85%7 A c [
8a, 86%° 8b, 85%°  8e, 71%2° 8g, 75%"° 81, 80%° 8m, 67%" & O Y- O ) Q Y- O )
R cl Bh \
s S N X N X -NH
N . N N .
H 6j H 6k H 8m Scheme 8. Proposed Mechanism

Scheme 5. Selected Examples for One-Pot Synthesis. @ With 20 mol % CuSO,. ? 13
was in situ deprotonated with KHMDS (1.2 equiv) at 0 °C for 1 hr before the
addition of CuSO, and ‘BuOK.

Compound 8g is a key intermediate for the synthesis of an EL
material 10 (Scheme 6). By our method, 10 was obtained in two
steps in over 20 gram scale. Dibromo indoloindole 8j is a key
intermediate for the synthesis of LED polymers. In previous
work, such compounds are prepared in low overall yield

This journal is © The Royal Society of Chemistry 20xx

Conclusions

In conclusion, we have developed a method for the synthesis
of various O, S, or N-containing indole-fused heteroacenes via
CuSO4-catalyzed carbanion-radical redox relay, providing a
rapid access to biological or optoelectronic heteroacenes.

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins



https://doi.org/10.1039/d0cc01172j

Published on 04 March 2020. Downloaded on 3/5/2020 1:17:21 AM.

ChemEomm

We thank the National Natural Science Foundation of China
(21602001, 21922109, 21672196, and 21831007) for financial
support.

Conflicts of interest

The authors declare no competing financial interest.

Notes and references

(1) J. A. Butera, S. A. Antane, B. Hirth, J. R. Lennox, J. H. Sheldon,
N. W. Norton, D. Warga, T. M. Argentieri, Bioorg. Med. Chem. Lett.
2001, 11, 2093-2097.

(2) B.-C. Lee, H.-H. Lim, S. Kim, H.-S. Youn, Y. Lee, Y.-C. Kim, S. H.
Eom, K. W. Lee, C.-S. Park, Mol. Pharm. 2012, 82, 143-155.

(3) Q. Ji, J. Gao, J. Wang, C. Yang, X. Hui, X. Yan, X. Wu, Y. Xie, M.-
W. Wang, Bioorg. Med. Chem. Lett. 2005, 15, 2891-2893.

(4) C. Du, J. Chen, Y. Guo, K. Lu, S. Ye, J. Zheng, Y. Liu, Z. Shuai, G.
Yu, J. Org. Chem. 2009, 74, 7322-7327.

(5) C. H. Ryoo, I. Cho, J. Han, J. Yang, J. E. Kwon, S. Kim, H. Jeong,
C. Lee, S. Y. Park, ACS Appl. Mater. Interfaces 2017, 9, 41413—
41420.

(6) P. V. Santhini, V. Jayadeyv, S. C. Pradhan, S. Lingamoorthy, P. R.
Nitha, M. V. Chaithanya, R. K. Mishra, K. N. Narayanan Unni, J.
John, S. Soman, New J. Chem. 2019, 43, 862—873.

(7) M. Carril, R. SanMartin, E. Dominguez, I. Tellitu, Green Chem.
2007, 9, 219-220.

(8) H. Srour, T.-H. Doan, E. D. Silva, R. J. Whitby, B.Witulski, J.
Mater. Chem. 2016, 4, 6270-6279.

(9) T. Q. Hung, S. Hancker, A. Villinger, S. Lochbrunner, T. T. Dang,
A. Friedrich, W. Breitsprecher, P. Langer, Org. Biomol. Chem.
2015, 13, 583-591.

(10) R. Stezycki, M. Grzybowski, G. Clermont, M. Blanchard-Desce,
D. T. Gryko, Chem. Eur. J. 2016, 22, 5432-5432.

(11) (a) L. Qiu, X. Wang, N. Zhao, S. Xu, Z. An, X. Zhuang, Z. Lan, L.
Wen, X. Wan, J. Org. Chem. 2014, 79, 11339-11348; (b) J. Cai, B.
Wou, G. Rong, C. Zhang, L. Qiu and X. Xu, Org. Lett., 2018, 20, 2733—
2736; (c) C. Zhang, S. Chang, L. Qiu and X. Xu, Chem. Commun.,
2016, 52, 12470-12473; (d) Y. Shi and V. Gevorgyan, Chem.
Commun., 2015, 51, 17166-17169; (e) C. Zhang, J. Huang, L. Qiu
and X. Xu, Org. Lett., 2016, 18, 6208-6211.

(12) H. Gao, Q.-L. Xu, M. Yousufuddin, D. H.;Ess, L. Kurti, Angew.
Chem. Int. Ed. 2014, 53, 2701-2705.

(13) Q. Li, J. Xu, D. Wang, D. Zhang-Negrerie, Y. Du, Org. Lett.
2018, 20, 5933-5937.

(14) H. Huang, P. Dang, L. Wu, Y. Liang, J. Liu, Tetrahedron Lett.
2016, 57, 574-577.

(15) N. Kamimoto, D. Schollmeyer, K. Mitsudo, S. Suga, S. R.
Waldvogel, Chem. Eur. J. 2015, 21, 8257-8261.

(16) J. Yu, D. Zhang-Negrerie, Y. Du, Org. Lett. 2016, 18, 3322—
3325.

(17) H. E. Ho, K. Oniwa, Y. Yamamoto, T. Jin, Org. Lett. 2016, 18,
2487-2490.

(18) K. Saito, P. K. Chikkade, M. Kanai, Y. Kuninobu, Chem. -Eur. J.
2015, 21, 8365—-8368.

(19) M. A. Truong, K. Nakano, J. Org. Chem. 2015, 80, 11566—
11572.

(20) K. Takamatsu, K. Hirano, T. Satoh, M. Miura, Org. Lett. 2014,
16, 2892-2895.

(21) J. K. Laha, S. Sharma, ACS Omega. 2018, 3, 4860-4870.

(22) S. Parisien-Collette, C. Cruché, X. Abel-Snape, S. K. Collins,
Green Chem. 2017, 19, 4798-4803.

(23) P. V. Santhini, R, A. Krishnan S. A. Babu, B. S. Simethy, G. Das,
V. K. Praveen, S. Varughese, J. J. John, J. Org. Chem. 2017, 82,
10537-10548.

(24) T. Matsuda, H. Ito, Org. Biomol. Chem. 2018, 16, 6703—6707.

4| J. Name., 2012, 00, 1-3

(25) J. P. Barham, G. Coulthard, K. J. Emery, E. Doni, . Cumine, G.
Nocera, M. John, L. E. A. Berlouis, T. McGuirg;T 1 duttde;do Murphys
J. Am. Chem. Soc. 2016, 138, 7402-7410.

(26) S. Yanagisawa, K. Ueda, T. Taniguchi, K. Itami, Org. Lett. 2008,
10, 4673-4676.

(27) E. Shirakawa, K. Itoh, T. Higashino, T. J. Hayashi, J. Am. Chem.
Soc. 2010, 132, 15537-15539.

(28) W. Liu, H. Cao, H. Zhang, H. Zhang, K. Chung, C. He, H. Wang,
F. Kwong, A. Lei, J. Am. Chem. Soc. 2010, 132, 16737-16740.

(29) C. Sun, H. Li, D. Yu, M. Yu, X. Zhou, X. Lu, K. Huang, S. Zheng,
B. Li, Z. Shi, Nat. Chem. 2010, 2, 1044-1049.

(30) A. Studer, D. P. Curran, Angew. Chem., Int. Ed. 2011, 50,
5018-5022.

(31) Y.-J. Niu, G.-H. Sui, H.-X. Zheng, X.-H. Shan, L. Tie, J.-L. Fu, J.-
P. Qu, Y.-B. Kang, J. Org. Chem. 2019, 84, 10805-10813.

(32) M.-M. Wang, G.-H. Sui, X.-C. Cui, H. Wang, J.-P. Qu, Y.-B. Kang,
J. Org. Chem. 2019, 84, 8267-8274.

(33) X.-H. Shan, B. Yang, H.-X. Zheng, J.-P. Qu, Y.-B. Kang, Org. Lett.
2018, 20, 7898-7901.

(34) H.-X. Zheng, C.-Z. Yao, J.-P. Qu, Y.-B. Kang, Org. Chem. Front.
2018, 5, 1213-1216.

(35) Q.-Q. Li, Z. Shah, J.-P. Qu, Y.-B. Kang, J. Org. Chem. 2018, 83,
296-302.

(36) H.-X. Zheng, X.-H. Shan, J.-P. Qu, Y.-B. Kang, Org. Lett. 2017,
19, 5114-5117.

(37) H.-X. Zheng, X.-H. Shan, J.-P. Qu, Y.-B. Kang, Org. Lett. 2018,
20, 3310-3313.

(38) X.-H. Shan, H.-X. Zheng, B. Yang, L. Tie, J.-L. Fu, J.-P. Qu, Y.-B.
Kang, Nat. Commun. 2019, 10, 908-916.

(39) I. Cho, S. K. Park, B. Kang, J. W. Chung, J. H. Kim, K. Cho, S. Y.
Park, Adv. Funct. Mater. 2016, 26, 2966.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 5


https://doi.org/10.1039/d0cc01172j

Page 5 of 5 ChemComm

View Article Online
DOI: 10.1039/D0CC01172J

/ '
:—R2 O Tria-phIDID
S Y- AN

Y 5
CuSOy (cat. !

O N %‘(l R0 S\ / 5 N~ =

RI-L ! N R2 N \ N
| ' N
= '
e Synthetically practical e 20 gram-scale E
e X=Cl, Br, | e up to 99% vyield !
e Y=0,S,NR e natural abundant salt as catalyst | 20.7 g, 78% for two steps

Published on 04 March 2020. Downloaded on 3/5/2020 1:17:21 AM.


https://doi.org/10.1039/d0cc01172j

