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Abstract
A convenient one-pot multicomponent synthetic approach was developed en route to novel functionalized dihydrobenzo[h]cinnoline-5,6-diones using 2-hydroxy-1,4-naphthoquinone, methylhydrazine and a variety of aromatic aldehydes. Sixteen new derivatives were thus prepared and subsequently evaluated in terms of their cytotoxicity profile, revealing a promising anticancer activity of nine of the compounds against KB and Hep-G2 human tumor cell lines.
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The quinone skeleton is ubiquitously present in nature as a constituent of biologically active molecules in living organisms.1 Nowadays, quinones represent the second largest class of antitumor agents approved by the FDA for clinical use.2  Their structural features make them particularly appropriate to take part in several biological oxidation processes due to the redox properties linked to the fully aromatic system.3 In this way, either one- or two-electron reduction provokes cellular damage through direct alkylation of proteins and nucleic acids or oxidative stress to crucial cellular macromolecules such as DNA, lipids and proteins, caused by the production of highly reactive oxygen species.4 Accordingly, this class of compounds has attracted considerable attention in the field of organic and medicinal chemistry within the pursuit of new bioactive agents. Among these, the naphthoquinones, often substituted with heterocyclic groups, represent a valuable class of compounds showing pronounced biological activities associated with, inter alia, antibacterial,5 antifungal,5 antiviral,6 antimalarial,7 trypanocidal,4a,5b,8 insecticidal,9 antiangiogenic10 and anti-inflammatory11 properties. Furthermore, numerous examples of naphthoquinone compounds are known for the treatment of skin diseases and different cancer types.3a,3b,5e Both 1,4- and, more rarely, 1,2-naphthoquinones occur naturally as toxic secondary metabolites of naphthalene, a principal aromatic hydrocarbon present in ambient air. However, direct comparisons between the two isomers have indicated that their reduction potentials are similar, while selectivity differences exist in terms of their electrophilic reactions, which is translated into different biological targets and associated activities.12
In continuation of our previous research on functionalized heterocyclic naphthoquinones,13 we present herein the synthesis of novel dihydrobenzo[h]cinnoline-5,6-diones as cytotoxic agents, starting from 2-hydroxy-1,4-naphthoquinones using a one-pot multicomponent domino reaction (MDR). A domino reaction has been defined as a reaction involving two or more bond-forming transformations, based on functionalities induced in the previous step, taking place without changing the reaction conditions or adding catalysts and/or additional reagents. A multicomponent reaction involves at least three substrates and is considered to be a subgroup of domino reactions.14 The applicability of this green approach in organic synthesis is increasing continuously and is widely accepted. This can be attributed to the high synthetic efficiency created by decreasing the number of time-consuming reaction steps and laboratory operations required, the amount of chemicals and solvents used and the waste produced.14,15 The synthesis of a considerable series of drug-like compounds with high molecular complexity and structural diversity, including naphthoquinone-fused heterocycles, is based on the aforementioned domino strategy. These have recently been described in the literature and demonstrate the relevance of this topic in modern organic chemistry.16
The synthesis of the dihydrobenzo[h]cinnoline-5,6-dione skeleton has only been described once before, starting from 2,3-epoxy-1,4-naphthoquinones. The substrates were treated with active methylene compounds in basic medium followed by subsequent reaction with hydrazine under acid catalysis.17 In addition, their antioxidant and cytotoxic evaluation was performed. In line with our previous research related to functionalized heterocyclic naphthoquinones,13g the synthesis of the novel naphthoquinone derivatives was pursued in the present work by using a different approach. To that end, a one-pot multicomponent domino strategy was employed starting from simple and readily available substrates, namely 2-hydroxy-1,4-naphthoquinone 1, methylhydrazine 2 and aromatic aldehydes 3. Thus, a solution of 2-hydroxy-1,4-naphthoquinone 1 and 2 equivalents of aromatic aldehydes 3a-o in t-BuOH was heated under reflux for 30-60 min, after which a solution of methylhydrazine 2 in t-BuOH was added. The resulting mixture was then further heated under reflux for 2-3 h. In this way, 15 new fused naphthoquinones 4a-o were selectively obtained in 43-60% yield after purification by silica gel column chromatography (Scheme 1, Table 1).18 The proposed molecular structures of the functionalized naphthoquinones 4a-o were assigned by means of 1H NMR, 13C NMR and IR analysis techniques. The mass spectra displayed the molecular ion signals at m/z (M+) values pertaining to the molecular formulae. In addition, a single crystal X-ray analysis of compound 4f, as depicted in Figure 1, provided irrefutable evidence for the formation of this uncommon dihydrobenzo[h]cinnoline-5,6-dione heterocyclic skeleton.



[bookmark: _Ref418584785]Scheme 1. Synthesis of naphthoquinones 4a-o.

A possible mechanistic interpretation of this multicomponent reaction begins with the formation of 1,2,4-naphtalenetriones 6 by Knoevenagel condensation of 2-hydroxy-1,4-naphthoquinone 1 with the aromatic aldehydes 3, followed by dehydration. Besides, the nucleophilic addition of methylhydrazine 2 to a second equivalent of aromatic aldehydes 3 results in the formation of 1-arylmethylidene-2-methylhydrazines 8, after elimination of water. Compounds 6 behave as Michael acceptors for the addition of the in situ prepared hydrazones 8 (route a).19 The adducts undergo tautomerization and intramolecular cyclization affording the fused naphthoquinone derivatives 11. Keto-enol tautomerization and elimination of water finally lead to the title compounds 4 (Scheme 2). However, other mechanistic proposals, such as for example condensation of hydrazone 8 with trione 6 at C4 (route b) to furnish an intermediate 12 prone to undergo electrocyclic cyclization toward tricycle 13, followed by proton abstraction, should not be ruled out. The mechanism could be further investigated by prestirring methylhydrazine 2 with an aromatic aldehyde (e.g. benzaldehyde 3a) and 2-hydroxy-1,4-naphthoquinone 1 with a different aldehyde (e.g. 4-methoxybenzaldehyde 3c) in order to explore the possibility of having two different Ar-groups in the final product and the fidelity of their incorporation, which could be an indication of reversibility.



[bookmark: _Ref418595655][bookmark: _Ref418584796]Scheme 2. Proposed mechanisms for the formation of compounds 4.

Table 1. Synthesis of dihydrobenzo[h]cinnoline-5,6-diones 4a-o.
	Entry
	Ar
	Compound (yield)a

	1
	H
	a (50%)

	2
	3-BrC6H4
	b (51%)

	3
	4-MeOC6H4
	c (53%)

	4
	3-MeOC6H4
	d (47%)

	5
	Naphth-2-yl
	e (47%)

	6
	4-BrC6H4
	f (45%)

	7
	4-ClC6H4
	g (43%)

	8
	3,4-OCH2O-C6H3
	h (53%)

	9
	2-MeOC6H4
	i (60%)

	10
	4-NO2C6H4
	j (51%)

	11
	4-(MeSO2)C6H4
	k (48%)

	12
	4-NMe2C6H4
	l (45%)

	13
	4-HOC6H4
	m (45%)

	14
	3-MeO-4-OH-C6H3
	n (43%)

	15
	2-NO2-5-OH-C6H3
	o (47%)


a After purification by column chromatography (SiO2).


[bookmark: _Ref418585989]Figure 1. Molecular structure of tricyclic compound 4f.

In order to broaden the reaction scope, the above-described reaction employing aliphatic aldehydes was examined in the next part. For this purpose, cyclohexane carboxaldehyde and isobutyraldehyde were used in combination with 2-hydroxy-1,4-naphthoquinone 1 and methylhydrazine 2 as the starting materials. The reactions were followed via TLC analysis, however, only giving rise to highly complex reaction mixtures. Apparently, an electrophilic benzylic position is required for this MCR to proceed, resulting in reaction failure in the case of aliphatic aldehydes. 
[bookmark: _Ref418513092]To evaluate their cytotoxic potential, the newly synthesized 1,2-naphthoquinone derivatives 4a-o were subjected to in vitro biological assessment against two human cancer cell lines, KB and Hep-G2.20,21 The results of the cytotoxicity evaluation, as compared to the anticancer reference compound ellipticine, are summarized in Table 2. As evidenced by these results, the majority of the derivatives exhibit at least moderate cytotoxic activity against the KB and Hep-G2 cell lines. Nine of the new dihydrobenzo[h]cinnoline-5,6-diones (4a, 4b, 4d, 4f, 4g, 4h, 4j, 4k, 4m) even display a considerable activity profile with IC50-values below 5 µM against both cell lines, being only slightly higher than those of the anticancer drug ellipticine. In particular, nitro compound 4j can be identified as the most promising agent with IC50-values of 0.56 and 0.77 µM against the KB and Hep-G2 cell lines, respectively. These results clearly suggest the relevance of this interesting new class of dihydrobenzo[h]cinnoline-5,6-diones in the framework of cancer therapy research and medicinal chemistry. Further optimization of the core structures toward potent cytotoxic agents should definitely be considered in future research.
Both electron-donating and electron-withdrawing phenyl substituents were assessed in this study in order to evaluate their influence on the reaction outcome and the subsequent biological testing. However, no clear effect of the substitution pattern was observed on the yields (43-60%) (Table 1) as well as on the IC50-values obtained during the cytotoxicity analyses (Table 2), pointing to the need for further elaboration of the pharmacophore for the development of suitable structure-activity relationships and the design of more potent dihydrobenzo[h]cinnoline-5,6-dione scaffolds.
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[bookmark: _Ref418873792]Table 2. Cytotoxicity evaluation of the prepared naphthoquinone derivatives 4a-o.
	Entry
	Compound
	IC50 (µM) KB
	IC50 (µM) Hep-G2

	1
	4a
	3.70
	3.63

	2
	4b
	3.43
	3.22

	3
	4c
	23.86
	20.69

	4
	4d
	4.58
	3.56

	5
	4e
	7.42
	15.40

	6
	4f
	2.29
	2.93

	7
	4g
	3.60
	2.14

	8
	4h
	2.87
	3.64

	9
	4i
	>292
	>292

	10
	4j
	0.56
	0.77

	11
	4k
	1.33
	2.71

	12
	4l
	5.81
	16.85

	13
	4m
	2.02
	4.46

	14
	4n
	12.61
	10.93

	15
	4o
	135.73
	145.90

	16
	Ellipticine
	1.26
	1.42



In conclusion, the efficient and straightforward preparation of a series of functionalized dihydrobenzo[h]cinnoline-5,6-diones was described, using a one-pot multicomponent approach employing 2-hydroxy-1,4-naphthoquinone, methylhydrazine and a variety of aromatic aldehydes. Subsequent biological assessment pointed out the relevance of a number of these novel scaffolds in terms of their cytotoxic activity, implying their potential for further studies in the field of anticancer research.
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