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The cascade reactions between enaminones and o-
aminothiophenols have been implemented to provide
unprecedented vicinal diketones containing benzothiazole

structure. The construction of the products have been realized
under metal-free conditions via carbonylation on the C=C double
The tunable synthesis of 2-
aroylbenzothiazoles has been achieved by using identical starting

bond of the enaminone.

materials under modified reaction conditions.

Carbonylation is a fundamental and indispensable
transformation in organic synthesis because of the numerous
applications of the carbonyl functional group in organic
synthesis. While the classical carbonylation tactics such as the
coupling reactions using directly the CO sources (e.g. carbon
monoxide), and the oxidative carbonylation on prior decorated
functional groups have been dominantly employed in the
synthesis of carbonyl products, the contemporary emphasis on
chemical sustainability has stimulated the new trend in the
carbonylation chemistry by the direct conversion of raw
chemical bonds such as carbon-hydrogen and carbon-carbon
bonds.* A readily available and practical carbonyl precursor of
such kind is the C=C double bond. In conventional knowledge,
the C=C double bonds usually undergo carbonylation in the
form of full bond cleavage in the presence of potent oxidants
such as ozone etc.” This oxidation model involves in the co-
production of undesirable waste during the decomposition of
the C=C bond, which in urgent requirement on
discovering alternative routes without fully cutting off the C=C
bond. As the representative example of this kind, the Wacker—
Tsuji oxidation provides a distinct option for the synthesis of
carbonyl compounds by generating carbonyl without
fragmentation of the C=C double bond.? This alkene-based
carbonylation has recently exhibited fantastic application in a
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variety of practical organic synthesis. For example, Grubbs et .
have developed the aldehyde synthesis via the anti-
Markovnikov reaction of alkenes by Pd-catalyzed olefin
oxidation (Eq 1, Scheme 1)." White and Bigi reported the
tandem Wacker oxidation/dehydrogenation reaction as a
powerful tool for the synthesis of enones (Eq 2, Scheme 1).°
Meanwhile, Kaneda et al have achieved a facile protocol for
functionalized ketone synthesis via Pd-catalyzed Wacker
oxidation on electron deficient alkenes (Eq 3, Scheme 1).6
Grubbs' work: Pd-catalyzed anti-Markovnikov formylation
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Scheme 1 Typical organic synthesis based on alkene carbonylation

In light of the significant progress in the alkene-based oxidative
carbonylation, tremendous interest has been inspired to the
designation of carbonylation-based organic synthesis by
employing alkenes as precursors. As a class of easily available
and stable alkene derivatives, enaminones have displayed
numerous applications in synthetic chemistry by participating
the construction of various organic products.7 However, i
known literature, the majority of enaminone-based syntheses
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take place via the conversion of C-H bond, C-N bond, C=0 bond
and/or the amino group,8 and synthesis based on the
activation of the C=C double bond of the enaminones has been
barely explored. Although Wasserman and co-workers have
reported the light induced enaminone C=C bond cleavage early
in 19805,9 rare attention has been paid to the synthesis via the
cleavage of enaminone C=C bond for a long period. It is in
rather recent years that the invaluable application of tailoring
the enaminone C=C bond in organic synthesis has been
disclosed. In 2014, Li and Wu groups have discovered that the
partial cleavage of enaminone C=C double bond permits the
synthesis of useful a-amino esters by transition metal induced
photocatalysis in the presence of alcohol, repectively.10 Our
group have previously realized different cascade reactions
towards the synthesis of pyridines1la and quinoxalines11b
initiated by the enaminone C=C double bond cleavage. In the
process of our continuous exploration on the synthesis via the
activation of enaminone C=C double bond, we report herein
the first example on the metal-free cascade synthesis of 1,2-
diketones containing benzothiazole backbone (Eq 4, Scheme 1)
and the tunable copper-catalyzed synthesis of 2-aroyl
benzothiazoles (Eq 5, Scheme 1) via selective partial and
complete C=C bond cleavage, respectively.

Initially, the reaction of enaminone 1a and o-aminothiophenol
2a was tentatively conducted in the presence of different
catalysts. These experiments disclosed that Lewis acid such as
iron-, copper and palladium salts as well as Brgnsted acid such
as TsOH could both catalyze the cascade transformation to
give diketone 3a, however, molecular iodine displayed higher
catalytic efficiency than any other candidate (entries 1-5, Table
1). Subsequent examination on the effect of reaction

Table 1 Optimization on reaction conditions®

temperature proved that 110 °C was proper for the reaction
(entries 6-7, Table 1). Further efforts in varying the reaction
temperature as well as reaction medium of different polarity
did not provide improved vyield of the target product (entries
8-14, Table 1). It was notable that a control experiment
performed under N, atmosphere could produce only tracr
amount of 3a, suggesting the indispensable role of air (oxygen)
as the oxidant in the reaction (entry 15, Table 1).

The scope of the method for the synthesis was investigated by
using both structurally diverse enaminones and o-
aminothiophenols. The typical results on the synthesis of
benzothiazole containing vicinal diketones via this cascade
process were shown in Table 2. Under the catalysis of
molecular iodine, a broad array of benzothiazole-based vicinal
ketones were acquired with fair to good vyields. A tendency
exhibited in these reactions was that enaminones containing
electron withdrawing group usually gave lower yield o,
corresponding products (3f and 3g, Table 2) probably becaus:
of the lower stability of related radical intermediates during
the oxidation. In terms of the diversity, a notable fact was that
the heteroaryl-based enaminone such as thiophen-2-yl

Table 2 Scope for of the metal-free cascade synthesis of vicinal diketones™”

Q SH N Q
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1a 2a 2
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3a
Entry  Catalyst Solvent T(°C) Yield(%)"

1 FeCls DMSO 120 51
2 Cul DMSO 120 47
3 Pd(AcO), DMSO 120 36
4 TsOH DMSO 120 41
5 I, DMSO 120 55
6 I, DMSO 110 67
7 [P DMSO 100 29
8 I, DMSO 110 50
9 I, DMSO 110 54

10 l, DMF 110 trace

11 I, ethyl lactate 110 trace
12 I, toluene 110 16
13 I, dioxane reflux 19

14 I, CH3CN reflux trace

15° I, DMSO 110 trace

Unless otherwise specified, the reaction conditions are: 1a (0.3 m mol), 2a (0.3
m mol), catalyst (0.06 mmol) in 2 mL of solvent(s), stirred for 12 h at an air
atmosphere. ®Yield of isolated products based on A. “The I, was 0.03 mmol. 9The
I was 0.09 mol. *The reaction was run under nitrogen atmosphere.
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Unless otherwise specified, the reaction conditions are: enaminone 1 (0.3 mmol),
aminothiophenol 2 (0.3 mmol), I, (0.06mmol) and DMSO (2 mL) stirred at 110 °C
forl2 h at an air atmosphere. ®Yield of isolated products based on enaminone.
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functionalized enaminone exhibited tolerance to the synthesis
(3h and 3n, Table 2). Meanwhile, the application of alkyl-based
enaminone was not achieved in the synthesis of corresponding
diketones. Further attempts on using either o-aminophenol or
o-phenylenediamine as the alternative substrate of o-
aminothiophenol, however, failed to provide expect vicinal
diketones probably because of the much weaker
nucleophilicity of both hydroxyl and amino group than the
thiol group. The structure of diketones was clearly assigned by
abundant spectroscopic analysis and the X-ray single crystal
analysis on 3i."?

After demonstrating the general applicability of the metal-free
diketone synthesis via the assembly of o-aminothiophenols
and enaminones 1, we subsequently forwarded our effort to
explore the possible catalytic method for the synthesis of 2-

aroyl benzothiazoles, which was expect to show distinct
reactivity of these enaminones. After comprehensive
endeavour in screening the reaction conditions (see

supporting information), we were delighted to find that the
catalytic system of Cul/TBPH/DMSO was able to promote the
selective formation of various 2-aroyl benzothiazole via the
C=C bond cleavage of enaminone. The extended investigation
disclosed that the selective cascade reactions under the
modified conditions enabled the synthesis on an array of 2-
aroyl benzothiazoles 4. Both carbon aryl and heteroaryl
functionalized enaminones were successfully employed in this
synthesis, providing corresponding products with generally
moderate vyields. on the other hand, the attempts in

synthesizing similar 2-acylbenzothiazole by employing
corresponding alkyl functionalized enaminone was not
successful (Scheme 2).
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4f, Ar=4-FCgHs R=H, 61%
4b, Ar=4-MeOCgH,, R = H, 51%; 4g, Ar=4-CF3CgHy, R = H, 59%
4c, Ar=4-MeCgHy, R = H, 53%; 4h, Ar = 4-CF3CgH,, R = 4-Cl, 52%
4d, Ar=34-(OCH,0)CgH3, R = H, 54%; | 4i, Ar = thiophen-2-yl, R = H, 48%
4e, Ar=4-CiCgHs, R = H, 57%; 4j, Ar=naphth-1-yl, R = H, 52

Scheme 2 Tunable synthesis of 2-arolbenzothiazoles

4a, Ar=Ph,R=H, 54%;

Following the successful discovery on the tunable synthesis of
both benzothiazole functionalized vicinal diketones and 2-
aroylbenzothiazoles, we designed some control experiments to
explore the reaction mechanism. Firstly, we managed to
prepare an intermediate of type 5a by Iowering the reaction
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/@)K/AN 2/DMSO (6)
|
1a H,N
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Kj condition N
= N 0o
H HaC 3a,31%
5a

/@)‘\/\ standard

condmon 3a (not observed) (8)
This journal is © The Royal Society of Chemistry 20xx

TEMPO (0.6 mmol) (0.6 mmol)
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temperature to room temperature (Eq 6). Subsequently, the
employment of 5a to standard catalytic conditions smoothly
provide target product 3a with fair yield (Eq 7). Additionally,
the control experiment in the presence of 2 equiv mole
TEMPO was not able to provide 3a, suggesting that the radical
pathway was inhibited.

According to these results, we were able to propose the
possible mechanism of the reactions as showing in Scheme 3.
Taking the reaction of o-aminothiophenol 2a and enaminone
1a for example, in the synthesis of vicinal diketones, the
reaction was initiated by the transamination between the
amino group in 2a and enaminone 1a to provide intermediate
5a*® which presented partially in the form of isomeric 6a. The
methylene C-H bond in 6a could be readily iodinated in the
presence of molecular iodine, and the aerobic oxidation of the
C-l bond in 7a then led to the formation of diketone
intermediate 8a. Finally, the thiol addition to imine and the
subsequent aromatization produced benzothiazole containin,
diketone 3a. On the other hand, the copper-catalyzed tunable
synthesis of 2-aroylbenzothiazoles begun from the transitioi:
state | which enabled the air oxidation on the C=C double bond
to form cyclic peroxide intermediate 10a. In the presence of
aminothiophenol 2a, the C-C bond cleavage on 10a led to the
production of 11a
dimethylformamide. The synthesis of 2-aroylbenzithiazole 4

iminoketone and released N,N-

was realized in the presence TBHP via intramolecular
annulations and oxidation.
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Scheme 3 The postulated reaction mechanism

Conclusions

In conclusion, by employing simple enaminones and o-
aminothiophenols as starting materials, the first example on
the synthesis of benzothiazole-based vicinal diketones has
been achieved via the cascade transformations involving the
partial cleavage of enaminone C=C double bond under metal-
free condition. Besides, the modification on reaction condition
has been successfully accomplished to selectively yield 2-
aroylbenzothiazoles via the full cleavage of the same C=C bond.
The results represent not only new routes for the synthesis ¢

these useful heterocyclic molecules, but more importantly
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disclose the novel reactivity possessed by enaminones via the
rarely noticed C=C bond activation.

Acknowledgments

The work is financially supported by Natural Science
Foundation of China (21562025) and Natural Science
Foundation of Jiangxi Province (20151BAB203008).

Notes and references

1 (a)F. Chen, T. Wang and N. Jiao, Chem. Rev., 2014, 114, 8613;
(b) K. C. Nicolaou, T. Montagnon, P. S. Baran and Y.-L. Zhong,
J. Am. Chem. Soc., 2002, 124, 2245; (c) J. Liu, X. Zhang, H. Yi,
C. Liu, R. Liu, H. Zhang, K. Zhuo and A. Lei, Angew. Chem. Int.
Ed., 2014, 54, 1261; (d) Q. Gao, J. Zhang, X. Wu, S. Liu and A.
Wu, Org. Lett., 2015, 17, 134; (e) K. Moriyama, M. Takemura
and H. Togo, Org. Lett., 2012, 14, 2414; (f) N. Marion, R. S.
Ramén and S. P. Nolan, J. Am. Chem. Soc., 2009, 131, 448; (g)
Q. Lu, J. Zhang, G. Zhao, Y. Qi, H. Wang and A. Lei, J. Am.
Chem. Soc., 2013, 135, 11481; (h) W. Ren, Y. Xia, S.-J. Ji, Y.
Zhang, X. Wan and J. Zhao, Org. Lett., 2009, 11, 1841; (i) M. E.
Jung and G. Deng, Org. Lett., 2014, 16, 2142; (j) F. Ling, Z. Li,
C. Zheng, X. Liu and C. Ma, J. Am. Chem. Soc., 2014, 136,
10914; (k) S. Liang, G. B. Hammond and B. Xu, Chem.
Commun., 2015, 51, 903; (I) W.-J. Hao, J.-Q. Wang, X.-P. Xu,
S.-L. Zhang, S.-Y. Wang and S.-J. Ji, J. Org. Chem., 2013, 78,
12362; (m) Y. Zi, Z.-). Cai, S.-Y. Wang and S.-J. Ji, Org. Lett.,
2014, 16, 3094; (n) Z.-Y. Gu, T.-H. Zhu, J.-J. Cao, X.-P. Xu, S.-Y.
Wang, and S.-J. Ji, ACS Catal., 2014, 4, 49.

2 (a) P. S. Bailey, Ozonation in Organic Chemistry; Academic
Press: New York, 1978; (b) R. Willand-Charnley, T. J. Fisher, B.
M. Johnson and P. H. Dussault, Org. Lett., 2014, 14, 2242; (b)
R. Willand-Charnley and P. H. Dussault, J. Org. Chem., 2013,
78, 42; (c) C. Schwartz, J. Raible, K. Mott and P. H. Dussault,
Org. Lett., 2006, 8, 3199; (d) M. O’Brien, I. R. Baxendale and
S. V. Ley, Org. Lett., 2010, 12, 1596; (e) R. Lin, F. Chen and N.
Jiao, Org. Lett., 2012, 14, 4158; (f) G.-Z. Wang, X.-L. Li, J.-J.
Dai and H.-J. Xu, J. Org. Chem. 2014, 79, 7220; (g) R. Pappo, D.
S. Jr. Allen, R. U. Lemieux and W. S. Johnson, J. Org. Chem.,
1956, 21, 478; (h) T. K. M. Shing, E. K. W. V. Tam, W. -E. Tai, I.
H. F. Chung and Q. Jiang, Chem.—Eur. J., 1996, 2, 50; (i) A.
Dhakshinamoorthy, M. Alvaro, H. Garcia, ACS Catal., 2011, 1,
836.

3 (a)J. Smidt, W. Hafner, J. Sedlmeier, R. Jira and R. Rl nger,
Angew. Chem. 1959, 71, 176; (b) J. Tsuji, Synthesis 1984, 369;
(b) J. Tsuji, Palladium Reagents and Catalysis, Wiley,
Chichester, 2004; (c) J. Tsuji, Palladium Reagents and
Catalysis: Innovations in Organic Synthesis, Wiley, New York,
1995.

4 Z. K. Wickens, K. Skakuj, B. Morandi and R. H. Grubbs, J. Am.
Chem. Soc., 2014, 136, 890.

5 M. A. Bigi and M. C. White, J. Am. Chem. Soc., 2013, 135,
7831.

6 T. Mitsudome, S. Yoshida, T. Mizugaki, K. Jitsukawa and K.
Kaneda, Angew. Chem. Int. Ed., 2013, 52, 5961.

7 For reviews on enaminone-based synthesis: see (a) A.-Z. A.
Elassar and A. A. El-Khair, Tetrahedron, 2003, 59, 8463; (b) G.
Negri, C. Kascheres and A. J. Kascheres, J. Heterocyl. Chem.,
2004, 41, 461; (c) P. Lue and J. V. Greenhill, Adv. Heterocycl.
Chem., 1996, 67, 207.

8 For selected examples, see: (a) R. Pefia, S. Jiménez-Alonso, G.
Feresin, A. Tapia, S. Méndez-Alvarez, F. Machin, A. G. Ravelo
and A. Estévez-Braun, J. Org. Chem., 2013, 78, 7977, (b) Z.-H.
Guan, L. Li, Z.-H. Ren, J. Li and M.-N. Zhao, Green Chem.,
2011, 13, 1664; (c) P. A. Suryavanshi, V. Sridharan and J. C.

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

10

11

12

13

Menéndez, Chem. Eur.—J. 2013, 19, 13207; (d) D. Xiang, X.
Xin, X. Liu, R. Zhang, J. Yang and D. Dong, Org. Lett., 2012, 14,
644; (e) Z. Yang, B. Jiang, W.-J. Hao, P. Zhou, S.-J. Tu and G. i,
Chem. Commun., 2015, 51, 1267; (f) H. Ge, M. J. Niphakis and
G. |. Georg, J. Am. Chem. Soc. 2008, 130, 3708; (g) R. V.
Edwankar, C. R. Edwankar, O. A. Namjoshi, J. R. Deschamps
and J. M. Cook, J. Nat. Prod. 2012, 75, 181; (h) J.-P. Wan, Y
Lin, K. Hu and Y. Liu, RSC Adv., 2014, 4, 20499; (h) S. Cao, L.
Xin, Y. Liu, J.-P. Wan and C. Wen, RSC Adv., 2015, 5, 27372; (i)
J.-P. Wan, Y. Zhou, K. Jiang and H, Ye, Synthesis, 2014, 46,
3256; (j) J.-P. Wan and Y.-J. Pan, Chem. Commun., 2009, 2768.
(a) H. H. Wasserman and J. L. lves, J. Am. Chem. Soc., 1976,
98, 7868; (b) H. H. Wasserman and J. L. Ives, J. Org. Chem.,
1985, 50, 3573.

(a) W. Fan and P. Li, Angew. Chem. Int. Ed., 2014, 53, 12201;
(b) Q.-Y. Meng, T. Lei, L.-M. Zhao, C.-J. Wu, J.-J. Zhong, X.-W.
Gao, C.-H. Tung and L.-Z. Wu, Org. Lett., 2014, 16, 5968.

(a) J.-P. Wan, Y. Zhou and S. Cao, J. Org. Chem., 2014, 79,
9872; (b) S. Cao, S. Zhong, L. Xin, J.-P. Wan and C. Wen,
ChemCatChem, 2015, 9, 1478.

CCDC 1414713 contains the supplementary crystallographic
data for this paper (4i). These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam. ac.uk/data_request/cif.

Y. Liu, R. Zhou and J.-P. Wan, Synth. Commun., 2013, 43,
2475.

This journal is © The Royal Society of Chemistry 20xx

Page 4. 0f 5



Page 5 of 5 Green Chemistry

Metal-free oxidative carbonylation on enaminone C=C bond for the

cascade synthesis of benzothiazole—containing vicinal diketones

Jie-Ping Wan,** Youyi Zhou,” Yunyun Liu® and Shouri Sheng**
“College of Chemistry and Chemical Engineering, Jiangxi Normal University,
Nanchang 330022, PR. China

Email: wanjieping@jxnu.edu.cn, shengsr@jxnu.edu.cn

i N }
- —

u Cul/TBHP DMSO l
S DMSO, 110°C * 110°C S
* Tunable reaction route O&) * Metal-free C=C carbonylation

* Uprecedented vicinal diketones
% Aerobic oxidation

The tunable synthesis of benzothiazole functionalized vicinal diketones and 2-aroylbenzothiazoles
have been realized by tailoring the enaminone C=C double bond.



