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ABSTRACT: The synthesis, isolation, and X-ray structure of a thioanisole-based trilithium complex are reported. On the basis
of the double-lithiation strategy, two novel synthetic methodologies have been developed under mild reaction conditions (room
temperature): (1) reactions of lithiated thioanisoles with nitriles give benzoisothiazoles via a [3 + 2]-type of approach with two
new bond formations and (2) formation of benzothiophenes from thioanisoles and amides through a [4 + 1] pattern forming 4
new chemical bonds.

Carbanion as one of the most reactive species in organic
chemistry has continuously been the core synthon in

molecular design.1 Two major strategies are commonly used for
the generation of carbanions, including halogen−main group
metal exchange2 and hydrogen−metal exchange (deprotona-
tion).3−6

The regioselective and stereoselective deprotonations are the
main challenges in this field.7−9 Double lithiation of thioanisole
1 using nBuLi, followed by the reaction with diketone 2
provided a six-membered diol 3 in 59% yield (Scheme 1a).

Our research interests on the studies of synthetically useful
methodologies have previously focused on the regioselective
C−H activation reactions, in particular, modular construction
of heterocycles.10

Inspired by Xi’s development of dilithium reagents and
further applications in both organic chemistry and organo-
metallic chemistry,11 we focused on the studies of multi-
lithiation processes. Herein, we report our recent discoveries on
the preparation of bislithiated thioanisole complex 4 and two
new synthetic methodologies for the synthesis of benzoisothia-
zoles 6 and benzothiophenes 8.12,13 Novel bond formation
strategies and unprecedented cyclization approaches are
disclosed (Scheme 1b).14
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Scheme 1. Double Lithiation/Annulation Reactions

Scheme 2. Synthesis of Trilithium 4a

aReaction conditions: substrate 1 (0.25 mmol), nBuLi/TMEDA (1.0
mmol), in hexane (2.0 mL) at 65 °C for 3 h.
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We initiated our studies by investigating the formation of
dianions on substituted arene at both the lateral and ortho-
positions. Attempts on the lithiation of thioanisole 115 with 2.0
equiv of organolithium reagent (nBuli, sBuli, or tBuLi) in
ethereal solvent (Et2O or THF) at low temperature (−78 °C)
were not fruitful; no dianion was observed. Interestingly, when
a solution of arene 1 was treated with 1.0 equiv of nBuLi with
an equal molar amount of TMEDA in hexane at 65 °C,
followed by trapping the reaction mixture with TMSCl as the
eletrophile, a mixture of of silane 1-b and bissilane 1-c was
detected, and the corresponding silanes 1-b and 1-c were
isolated in 81% and 9% yields, respectively (Supporting
Information, Scheme 1).

The ligand evaluation was also carried out; no lithiation was
observed if no ligand was added. The use of (−)-sparteine16
generated a complicated reaction mixture; the disilylated
product was only obtained in 8% yield. PMDTA17 was not
an efficient ligand either, and no desired product was isolated.
To our surprise, the white powder isolated was not bislithium

4x, instead, the white solid was trilithiated product 4, as
confirmed unambiguously by the X-ray crystallographic studies.
Interestingly, complex 4 is insensitive and can be stored at
room temperature for few days.18

Unlike previously known bidentate (κ2) ligand,19 TMEDA
was deprotonated during our processes.20 Single crystals were
obtained of the compound 4 isolated (Scheme 2). The distance
of Li3−C12 is comparable to those of trimeric or tetrameric
phenyllithium complexes reported previously in the litera-
ture.21,22

With the optimal conditions for the synthesis of trilithiated
thioanisole 4 available, we then investigated the possible
cyclization reactions. Encouragingly, when benzonitrile was
examined, benzoisothiazole 6a was isolated in 74% yield. We
then tested the scope and limitation of this annulation reaction.
As shown in Scheme 3, when lithium 4 was utilized, a range of
substituted benzonitriles could be coupled to give the
corresponding benzoisothiazoles 6a−m in useful to good yields.
Even reactions with very hindered aliphatic nitriles and

curved aromatic nitriles are possible; the reactions provided the
challenging benzoisothiazoles 6n−p in slightly lower yields.
The low yields for the synthesis of these products was due to
the poor solubility of the corresponding nitriles.
The direct synthesis of benzoisothiazoles under mild

conditions (room temperature) was also examined; the
preparation of benzoisothiazole 6a was straightforward. The
treatment of starting thioanisole 1 with organolithium reagent
and TMEDA in TBME and then trapping of the lithiated
species with benzonitrile as the electrophile gave the desired
product 6a in 72% yield. Reactions of other sulfides and nitriles
were also successful; the desired products were obtained in
good to useful yields. The reaction is more practical (instead of
65 °C lithiation), and the yields are similar compared to the
procedures using separated lithium salt 4 (Scheme 4).
Lithium complex 4 was not only reacted with nitriles but also

with amides via a [4 + 1]-type cyclization to give a
benzothiopene skeleton. The treatment of trilithium salt 4
with DMF 7a and amide 7b resulted in benzothiophene 8a and
8b in 78% and 63% yields, respectively (Scheme 5).
Similar to the benzoisothiazole synthesis, the synthesis of

benzothiophene from thioanisoles is also investigated. Pleas-
ingly, the reaction of thioanisoles with a number of amides
provided the corresponding benzothiophenes 8a−h in useful to

Scheme 3. Synthesis of Benzaisothiazoles from
Organolithium 4a

aReaction conditions: lithium 4 (0.2 mmol), R1CN (1.0 mmol), in
TBME (2.0 mL) at rt for 24 h.

Scheme 4. Modular Synthesis of Benzoisothiazolesa

aReaction conditions: substrate 1 (0.20 mmol), nBuLi (1.0 mmol),
TMEDA (0.60 mmol) in TBME (2.0 mL) at rt for 0.5 h, then RCN
(1.0 mmol), at rt for 24 h.

Scheme 5. Synthesis of Benzothiophenes from Trilithium 4a

aReaction conditions: substrate 4 (0.20 mmol), amide (2.0 mmol) in
TBME (2.0 mL) at rt for 24 h
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good yields. Dimethylamine-substituted amides seem more
reactive and provided higher yields than reactions using amides

with bisisopropyl and piperidine ring protected amides (Table
1, entries 1−3). The four C−C bonds were formed within a
single chemical step; the synthesis of these molecules via
multilithiation bond formation provided a new pathway for
molecular design.
To elucidate the reaction mechanism, we have attempted to

isolate the possible reaction intermediate(s). Interestingly, as
shown in Scheme 6, when lithium 4 was treated with 3.0 equiv
of tBuCN, isothiazole 6o and ketone 9h were isolated in 23%
and 50% yields. Under similar conditions, and after being at
room temperature for 24 h, the reaction mixture was then
heated at 50 °C; isothiazole 6o was isolated in 40% yield
instead. These two experiments implied that both carbanions
may react with nitrile electrophile and the sp3C carbanion
reacted first. Upon quenching with NH4Cl(aq), the corre-
sponding product 9i was isolated. Further heating of the
reaction mixture resulted in the formation of isothiazole 6o in a
nearly doubled yield.
The D-labeled thioanisole 1-D was treated with nBuLi/

TMEDA under our standard reaction conditions, then
benzonitrile was introduced, and the desired benzoisothiazole
6a was isolated in 65% yield with no D association.

Table 1. Modular Synthesis of Benzothiophenesa

aReaction conditions: thioether 1 (0.2 mmol), TMEDA (3.0 equiv),
nBuLi (5.0 equiv), TBME (1 mL), rt, 3 h, then at 0 °C for 0.5 h, amide
was added in one portion, rt, 24 h.

Scheme 6. Control Experiments

Scheme 7. D-Labeled Experimentsa

aReaction conditions: thioether 1-D (0.2 mmol), TMEDA (3.0 equiv),
nBuLi (5.0 equiv), TBME (2 mL), under standard conditions, then
benzonitrile (5.0 equiv) at rt for 24 h.

Scheme 8. Proposed Mechanism
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Interestingly, we have also isolated the corresponding side
product 10 with 60% of D association (Scheme 7). These
results indicate that the methyl group may have been
deprotonated multiple times before being cleaved to form the
benzoisothiazole ring system.
Density functional theory (DFT) calculations were also

performed to explore the detailed reaction mechanism using
the B3LYP-D3 method and the SMD solvation model. We
chose the reactions of substrate 1 with phenylacetonitrile and
DMF as representatives for the mechanistic investigation.
Scheme 8 illustrates our proposed reaction pathways, which can
be characterized by the following key steps, namely,
deprotonations by the lithium reagent leading to the bislithium
complex IN1, two successive electrophilic additions by the
nitrile or DMF substrate, and an N−S or a C−C bond-forming
reaction providing the final product 6a or 8a. The most favored
reaction pathways for these reactions are presented (see the
SI).
In summary, we have reported the synthesis and isolation of

an interesting lithiated species (4). In addition, we have also
reported (1) a new S−N bond-forming strategy for the
modular synthesis of a range of benzoisothiazoles (2) multiple
C−C bond formation approaches for the preparation of
benzothiophenes via direct C−H lithiation/annulation reac-
tions. The reaction mechanisms using DFT calculations have
also been studied. These types of novel synthetic methods will
provide new considerations for retrosynthetic analyses.
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Riesco-Fagundo, C.; Suaŕez, E. Chem. - Eur. J. 2013, 19, 10312.
(c) Maercker, A.; Graule, T.; Demuth, W. Angew. Chem. 1987, 99,
1075. (d) Hogan, A. L.; O’Shea, D. F. J. Am. Chem. Soc. 2006, 128,
10360. (e) Fleming, P.; O’Shea, D. F. J. Am. Chem. Soc. 2011, 133,
1698.
(4) (a) Staehle, M.; Lehmann, R.; Kramar, J.; Schlosser, M. Chimia
1985, 39, 229. (b) Schlosser, M.; Jung, H. C.; Takagishi, S.
Tetrahedron 1990, 46, 5633. (c) Baston, E.; Maggi, R.; Friedrich, K.;
Schlosser, M. Eur. J. Org. Chem. 2001, 2001, 3985. (d) Schlosser, M.;
Mangano, G.; Leroux, F. Eur. J. Org. Chem. 2004, 2004, 1014.
(5) (a) Snieckus, V. Chem. Rev. 1990, 90, 879. (b) Slocum, D. W.;
Reed, D.; Jackson, F.; Friesen, C. J. Organomet. Chem. 1996, 512, 265.
(c) Slocum, D. W.; Reinscheld, T. K.; White, C. B.; Timmons, M. D.;
Shelton, P. A.; Slocum, M. G.; Sandlin, R. D.; Holland, E. G.; Kusmic,
D.; Jennings, J. A.; Tekin, K. C.; Nguyen, Q.; Bush, S. J.; Keller, J. M.;
Whitley, P. E. Organometallics 2013, 32, 1674.
(6) For selected examples, see: (a) Ager, D. J. J. Chem. Soc., Perkin
Trans. 1 1983, 1131. (b) Tanaka, J.; Nojima, M.; Kusabayashi, S. J. Am.
Chem. Soc. 1987, 109, 3391. (c) Pippel, D. J.; Curtis, M. D.; Du, H.;
Beak, P. J. Org. Chem. 1998, 63, 2. (d) Beak, P.; Kerrick, T. S.; Wu, S.;
Chu, J. J. Am. Chem. Soc. 1994, 116, 3231. (e) McGrath, M. G.;
O’Brien, P. J. Am. Chem. Soc. 2005, 127, 16378.
(7) Gilman, H.; Pacevitz, H. A. J. Am. Chem. Soc. 1940, 62, 673.
(8) Bernardi, F.; Bottoni, A.; Venturini, A.; Mangini, A. J. Am. Chem.
Soc. 1986, 108, 8171.
(9) Linnert, M.; Bruhn, C.; Rüffer, T.; Schmidt, H.; Steinborn, D.
Organometallics 2004, 23, 3668.
(10) (a) Liu, W.; Yu, Q.; Hu, L.; Huang, J. Chem. Sci. 2015, 6, 5768.
(b) Yu, Q.; Zhang, N.; Huang, J.; Lu, S.; Zhu, Y.; Yu, X.; Zhao, K.
Chem. - Eur. J. 2013, 19, 11184. (c) Yu, Q.; Hu, L.; Wang, Y.; Zheng,
S.; Huang, J. Angew. Chem., Int. Ed. 2015, 54, 15284. (d) Zhong, H.;
Yang, D.; Wang, S.; Huang, J. Chem. Commun. 2012, 48, 3236.
(e) Zhang, N.; Yu, Q.; Chen, R.; Huang, J.; Xia, Y.; Zhao, K. Chem.
Commun. 2013, 49, 9464. (f) Li, B.; Jiao, P.; Zhong, H.; Huang, J.
Synlett 2013, 24, 2431.
(11) (a) Xi, Z.; Song, Q.; Chen, J.; Guan, H.; Li, P. Angew. Chem., Int.
Ed. 2001, 40, 1913. (b) Wang, C.; Luo, Q.; Sun, H.; Guo, X.; Xi, Z. J.
Am. Chem. Soc. 2007, 129, 3094. (c) Liu, L.; Zhang, W. X.; Wang, C.;
Xi, Z. Angew. Chem., Int. Ed. 2009, 48, 8111. (d) Zhang, S.; Zhang, W.-
X.; Xi, Z. Acc. Chem. Res. 2015, 48, 1823. (e) Xu, L.; Chi, Y.; Du, S. S.;
Zhang, W.-X.; Xi, Z. Angew. Chem., Int. Ed. 2016, 55, 9187.
(12) (a) Cabiddu, M. G.; Cabiddu, S.; Cadoni, E.; Demurtas, P.;
Fattuoni, C.; Floris, C.; Melis, S. Synthesis 1998, 1998, 1098. (b) Chen,
J.; Song, Q.; Wang, C.; Xi, Z. J. Am. Chem. Soc. 2002, 124, 6238.
(c) Xu, J.; Yu, X.; Yan, J.; Song, Q. Org. Lett. 2017, 19, 6292.
(d) Yugandar, S.; Konda, S.; Ila, H. Org. Lett. 2017, 19, 1512.
(13) For the synthesis of benzoisothiazoles, see: (a) Leardini, R.;
McNab, H.; Minozzi, M.; Nanni, D. J. Chem. Soc.; Perkin Trans. 1
2001, 9, 1072. (b) Wirschun, W. G.; Hitzler, M. G.; Jochims, J. C.;
Groth, U. Helv. Chim. Acta 2002, 85, 2627. (c) Devarie-Baez, N. O.;
Xian, M. Org. Lett. 2010, 12, 752.

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b00850
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b00850/suppl_file/ol8b00850_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b00850
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b00850
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b00850/suppl_file/ol8b00850_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1495213&id=doi:10.1021/acs.orglett.8b00850
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
mailto:yanfengdang@tju.edu.cn
mailto:jhuang@tju.edu.cn
http://orcid.org/0000-0002-9297-9759
http://orcid.org/0000-0001-7281-663X
http://dx.doi.org/10.1021/acs.orglett.8b00850


(14) (a) Mariappan, A.; Rajaguru, K.; Merukan Chola, N.;
Muthusubramanian, S.; Bhuvanesh, N. J. Org. Chem. 2016, 81, 6573.
(b) Anand, D.; Patel, O. P. S.; Maurya, R. K.; Kant, R.; Yadav, P. P. J.
Org. Chem. 2015, 80, 12410. (c) Naresh, G.; Kant, R.; Narender, T. J.
Org. Chem. 2014, 79, 3821. (d) Wang, F.; Chen, C.; Deng, G.; Xi, C. J.
Org. Chem. 2012, 77, 4148. (e) Ouyang, K.; Hao, W.; Zhang, W.-X.;
Xi, Z. Chem. Rev. 2015, 115, 12045. (f) Chen, T.-Y.; Zhang, W.-X.
Univ. Chem. 2017, 32 (6), 1.
(15) For bislithiation of thioanisole: (a) Cabiddu, S.; Floris, C.;
Melis, S. Tetrahedron Lett. 1986, 27, 4625. (b) Cabiddu, S.; Fattuoni,
C.; Floris, C.; Gelli, G. Heterocycles 1988, 27, 1679. (c) Cabiddu, S.;
Cancellu, D.; Floris, C.; Gelli, G.; Melis, S. Synthesis 1988, 1988, 888.
(d) Ashe, A.; Fang, J. X.; Kampf, J. W. Organometallics 1998, 17, 2379.
(16) Hoppe, D.; Hense, T. Angew. Chem., Int. Ed. Engl. 1997, 36,
2282.
(17) (a) Klumpp, G. W.; Luitjes, H.; Schakel, M.; de Kanter, F. J. J.;
Schmitz, R. F.; van Eikema Hommes, N. J. R. Angew. Chem., Int. Ed.
Engl. 1992, 31, 633. (b) Luitjes, H.; Schakel, M.; Aarnts, M. P.;
Schmitz, R. F.; de Kanter, F. J. J.; Klumpp, G. W. Tetrahedron 1997,
53, 9977. (c) Strohmann, C.; Gessner, V. H. Angew. Chem., Int. Ed.
2007, 46, 4566.
(18) For a similar polylithium complex, see: Fyfe, A. A.; Kennedy, A.
R.; Klett, J.; Mulvey, R. E. Angew. Chem., Int. Ed. 2011, 50, 7776.
(19) Collum, D. B. Acc. Chem. Res. 1992, 25, 448.
(20) Gessner, V. H.; Strohmann, C. J. Am. Chem. Soc. 2008, 130,
14412.
(21) Nichols, M. A.; Williard, P. G. J. Am. Chem. Soc. 1993, 115,
1568.
(22) Hope, H.; Power, P. P. J. Am. Chem. Soc. 1983, 105, 5320.

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b00850
Org. Lett. XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.orglett.8b00850

