The tandem C-H / N-H activation of N-methyl benzamide catalysed by binuclear Pd(II) benzhydrazone complex: A concise access to phenanthridinone

A new binuclear palladium(II) benzhydrazone complex was successfully synthesized and well characterized, with the aid of analytical and spectral techniques. Interestingly, the ligand on palladation with [PdCl 2 (PPh 3 ) 2 ] afforded a square planar complex [Pd 2 (L)Cl 2 (PPh 3 )] showing an unprecedented pincer type coordination to the one metal center (C ˄ N ˄ O) and bidentate coordination (O ˄ N) to other palladium center. Further, a direct and efficient strategy for synthesis of phenanthridinone from coupling of N-methyl benzamide and arylboronic acid via C-C/C-N bond formation catalysed by binuclear palladium(II) was developed. A diverse range of phenanthridinone was synthesised in good to excellent yields in an open atmosphere with 1 mol% catalyst loading under additives or oxidants-free condition. The excellent yields achieved by our catalyst would constitute the forefront of a mild, green synthetic prowess for phenanthridinone formation. Moreover, the effect of various reaction parameters like solvents, bases, and catalyst loadings has been studied.

INTRODUCTION

Phenanthridinones are of profound importance because of the ubiquitous utilities ranging from pharmaceutical 1 (anticancer, 2 antileukemic, 3 antitumor, 4 antiviral and anti-HIV, 5 antimicrobial, 6 antifungal, 7 antimalarial, 8 antiplatelet aggregation, 9 antiplasmodial, 10 anti-inflammatory, 11 antitrypanosomiasis 12 and antituberculosis activities, 13 as well as protein kinase C, 14 and DNA topoisomerase I and II inhibitory activities. 15 ) to material sciences (electroluminescence and dye lasers). 16 Further, they are present in numerous natural alkaloids and biologically active compounds. 1 Given such significance, decades have been spent for the development of concise and versatile methods for the preparation of phenanthridinone. Traditionally, the elegant strategies were exploited to syntheses of phenanthridinones. [17][18][19][20][21][22][23] However, long synthetic pathways, low yield, limited substrate scope, elevated temperatures, prolonged reaction times, and stoichiometric use of oxidants are often the drawbacks of traditional approaches. Consequently, new compatible and more sustainable synthetic approaches are needed for the synthesis of phenanthridinone.

The prosperous development of transition metal-catalyzed chelation assisted C-H and N-H bonds activation reaction have revolutionized synthetic chemistryby affording the opportunity to the construction of important heterocyclic molecules in modern organic synthesis. 24 Particularly, one pot C-C and C-N bond formation reactions are straightforward and atom-economic approach which lend to the synthesis of nitrogen containing heterocycles in drug discovery. 25 Hereof, diverse of nitrogen having chelating groups such as acetamido, 26a amides, 26b imines, 26c pyridines, 26d,e pyridine-N-oxide, 26f o-phenylcarbamates 276g and methoxy benzamide 26h were successfully utilized in the Pd-catalysed C-C and C-N bond formation reactions. Among these, extensive studies have been made by using palladium catalyzed ortho-arylation of methoxy benzamide with a number of arylating agents such as aromatic boranes, benzynes and silanes (Figure 1).

In this context, synthesis of phenanthridinone have utilized Pd-catalyzed homocoupling reaction of o-halobenzamide using Cs 2 CO 3 as a base in 1,4-dioxane medium under argon atmosphere. 27 Similarly, Fagnou and Dong have developed a palladiumcatalyzed intramolecular oxidative ortho-arylation of benzanilides. 28a,b An effective synthesis of phenanthridinone was achieved by palladium catalyzed coupling of ortho-X/H (X = I) benzamides with aromatic halides, which required prolonged heating at high temperatures. 29 Chen's group reported phenanthridinone synthesis via Pd/Rh catalysed coupling reaction between electron-rich arenes/boronic acid and N-methoxy benzamide in the presence of K 2 S 2 O 8 /Ag 2 O as oxidants. 30 Zhu and co-workers proclaimed a Pd-catalysed aminocarbonylation of unprotected o-arylaniline with CO using Cu(TFA) 2 as an oxidant at 110°C. 31 Further, the rhodium catalysed coupling reaction of benzamides with aryltriethoxysilanes gave phenanthridinones. 32 Jeganmohan et al. disclosed the coupling of benzamide with an externally prepared benzyne-generating source to synthesis of phenanthridinones. 26h The catalytic performance of [Pd(OAc) 2 ] was explored in the deaminative phenanthridinone synthesis from aniline as well as multicomponent reaction involving aryne, CO and aniline. 33,34 Further, the tandem N-H/C-H arylation of benzamide with 1-bromo-2-iodobenzene using Cs 2 CO 3 as base in dry DMF at 140°C under nitrogen atmosphere was reported by Banerji. 35 But the existing strategies are still in its infancy and suffers from various drawbacks such as long reaction time, inert atmospheric condition, use of additives, high temperature, limited substrate scope and low catalytic activity. Hence, the most effective and straightforward method under mild conditions is apparently highly desirable and needful. The design of new bimetallic catalysts grantsthe opportunity to modulate the selectivity and activity of catalytic transformations. Exquisite levels of catalytic activity ultimately have been achieved using these catalysts throughcareful design of the two metal active sites (Figure 3). Theincreased activity and selectivity have been enabled by bimetallic systems because of synergistic cooperation between the two metals and the bridging ligands.

Many dinuclear complexes have beenpromoted as selective and effective catalysts for organic synthesis. 36a-e (iv) broad substrate scope with excellent yields and (v) the catalyst can be recovered and reused up to four cycles. To the best of our knowledge, the reaction represents the first example of bimetallic Pd(II)-benzhydrazone catalysed phenanthridinone synthesis reaction with 1 mol% under aerobic conditions.

Metal pairing (tunes reaction pathway, activity & selectivity

RESULTS AND DISCUSSION

The ligand is readily accessible via condensation of 2-thiazole carboxaldehyde with 4methoxy benzhydrazide in methanol medium in good yield as depicted in the literature. 38 Palladation of ligand is accomplished by a reaction with [PdCl 2 (PPh 3 ) 2 ] in methanol medium using triethylamine as a base furnished binuclear palladium(II) complex of the general formula [Pd 2 (L)Cl 2 (PPh 3 )] (Scheme 1). Interestingly, the ligand behaves as monobasic N ˄ O donor at one Pd centre and monobasic N ˄ N ˄ C donor at the other metal centre. The composition of the new complex was established by elemental analysis. The probable mode of coordination of the ligand to the palladium ions and the geometry of the complex are confirmed from spectral and single-crystal X-ray diffraction analysis. Scheme 1: Synthesis of binuclearPd(II) benzhydrazone complex 1.

Spectral characterization

In the FT-IR spectrum of the free ligand, N-H stretching frequency was determined to be 3420 cm -1 . The distinctive signals in the region of 1641-1661 cm -1 are due to ν C=N and ν C=O absorptions of the ligand. It is worth to note that the C=N stretching frequency of the complex shielded to lower frequency (1588 cm -1 ) than the free ligand which confirmed that azomethine nitrogen is one of the coordinating atoms. The disappearance of ν C=O absorption upon complexation indicates tautomerization of the ligand and coordination of the imidolate form to the metal subsequently. Hence, the formation of new band in 1291 cm -1 may be attributed to the C-O band. 39a In addition, complex shows weak bands 1453 cm -1 and 537 cm - 1 are attributed to PPh 3 and nitrogen bonded to the palladium ion, respectively. Moreover, a medium band was observed at 1531 cm -1 is corresponds to the conjugated -C=N-N=Cfragment of the tridentate ligand. 39b

In the 1 H NMR spectrum of the complex, the disappearance of -NH proton signal (12.2 ppm) in the benzhydrazone unit as evidence in favour of the imidolate oxygen is coordinated to the Pd(II) ion through enolization. The methoxy protons of the ligand appear as a singlet at 3.8 ppm (ESI, Fig. S1 †). Aromatic protons were observed as multiplets in the region of 6.81-7.97 ppm. 13 C NMR of the bis-palladium complex exhibited downfield shift of 

Single-crystal structure determination

Single-crystal X-raydiffraction method has been used to study the molecular structure of the synthesised binuclear palladium(II) benzhydrazone complex. The crystallographic data with refinement parameters are given in the ESI (Tables S1-S3 †). The complex belongs to the triclinic system with the space group "P-1". The ORTEP view of the complex is shown in Fig. 

Catalytic synthesis of phenanthridinone

The tremendous potential of palladium catalysts in a wide spectrum of coupling reactions is provoked us to implement the synthesis of phenanthridinone under mild reaction conditions. Key to the success of this reaction was achieved by judicious selection and modification of reaction conditions. Thus, we have investigatedthe reaction promoters such as solvents, bases, temperature, and catalyst loading catalysed by binuclear Pd(II) complex 1.

The choice of solvents is of utmost importance in the organic transformations. Hence, the effects of solventwere evaluated by using a variety of solvents in the synthesis of phenanthridinone. We started our exploration by choosing the reaction of N-methyl benzamide (1 mmol), phenylboronic acid (2 mmol), complex 1 (1 mol%) as the catalyst precursor with various solvents, and K 2 CO 3 as a base at 60°C (Table 1). In order to find out the suitable base for this reaction, we have accessed various bases under identical conditions. Compared with reaction yields caused by diverse solvents, Cs 2 CO 3 has ranked the highest yield (96%). Delightfully, Cs 2 CO 3 was found to be the best choice among other bases. Replacing Cs 2 CO 3 with K 2 CO 3 or KO t Bu diminished the reaction yield (Table 1, Entries 1, 10 and 11). The reaction proceeds with drop in the conversions upon reducing the catalyst loading from 1 mol% to 0.5, 0.2, 0.1 or 0.05 mol% (Table 2). Having optimized conditions in hand (catalyst 1 (1 mol %) and Cs 2 CO 3 in methanol at 60°C), we set out to explore the scope of the reaction. A variety of substituted N-methyl arylamide and arylboronic acid derivatives were surveyed, as outlined in Table 3. Pressing forward, a range of substrates was subjected to the reaction conditions, all successfully accessing the corresponding phenanthridinone products in good to excellent isolated yields.

The electronic nature of a substituent at the para-position of the arylboronic acid backbone affected the outcome of the reaction. Fabulously, arylboronic acid featuring electron-donating group (-OCH 3 ) afforded excellent isolated yield (product 2ad; 92%) compared with those having electron-withdrawing groups such as -Cl and -F. Interestingly, 3,4-methylenedioxyphenylboronic acid was coupled with N-methyl benzamide derivatives were favourable to furnish corresponding phenanthridinone products in good to excellent isolated yields (81-93%, Table 3, products 2ae, 2be, 2ce, 2de, and 2ee). To our delight, utilization of 6-bromo-3pyridinylboronic acids as a coupling partner in this reaction gave the corresponding desired productswith high yields up to 88% (Table 3,; products 2af, 2bf, 2cf, 2df, and 2ef).

Spurred by the excellent results from boronic acid derivatives under the mild catalytic system, we next turned our focus to other N-methyl arylamide. The electronic effect was explored by tested substituted N-methyl arylamide. Excellent yields were observed in the cases of electron-rich substituents. Functional groups such as chloro and fluoro were compatible with the reaction conditions, affording the target products in 89% and 91% yields, respectively.Interestingly, N-methyl naphthylamide could also be transformed into corresponding products in high yield up to 91% (Table 3, products 2fa, 2fb, 2fc, 2fd, 2fe and 2ff). In order to gain more insight into the reaction mechanism, a series of control experiments was conducted under different conditions (Table 4 Scheme 2). At the outset, the reaction was performed in the absence of the catalyst, wherein no progress was observed indicating the crucial role of catalyst. Another study was carried out with mononuclear palladium-hydrazone complex WHICH ONE??? (3) as a catalyst (1 mol%), which affords 37% of the desired product (Table 4, entry 2). While using 2 mol% of mononuclear palladium-hydrazone complex 3, the yield of the phenanthridinone was found to be more than two-fold (Table 4, entry 3). Whereas when the runs were repeated with bimetallic complex 3, higher proportion of phenanthridinone B was obtained (Table 4, entries 4 and 5). A noteworthy feature from these control experiments that the reaction can proceed via both the metal the a cooperative effect between the of two metal centres. PLEASE MAKE A TABLE 

Ph

The lifetime and reusability of the catalytic system are the crucial factors in homogeneous catalysis. In this regard, we performed the catalytic synthesis of phenanthridinone with recovered catalyst 1 under optimized reaction conditions. The catalytic performance of complex 1 could be able to produce the desired product up to four cycles with slightly diminished the yield of the product (Figure 5). 
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 1 Figure 1: Selected examples of phenanthridinone derivatives as natural products or key skeleton of bioactivity
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 2 Figure 2: Synthetic strategies of phenanthridinone
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 3 Figure 3: Structure-function relationship for bimetallic system

  azomethine carbon (from 145 to 143 ppm) and an upfield shift of imidolate ( from 164 to 169 ppm) carbon signals indicating coordination of the azomethine nitrogen and imidolate oxygen to the metal centre (ESI, Fig S2).

  4. It is interesting to note that the benzhydrazone ligand coordinates to Pd(1) ion in a bidentate fashion via the azomethine nitrogen and imidolate oxygen and forming a fivemembered chelate ring. On the other hand aryl carbon, the amine nitrogen and the thiazole nitrogen of the ligand coordinates to the second Pd(2) center in a pincer type tridentate manner and constitute unsymmetrical five and six-membered chelate rings. In addition, the triphenylphosphine and chloride ligands are coordinated to the palladium centres and constitute a square planar arrangement. Both palladium(II) ions are four-coordinated with an NOClP donor set of atoms for Pd(1) and an NCNCl donor set of atoms for Pd(2). The complex is having a distorted square planar geometry as reflected in all the bond parameters around both Pd(II) ions.

Figure 4 :

 4 Figure 4: ORTEP diagram of complex 1. The bond angles around the Pd(1) and

  -methyl arylamide (1 mmol), arylboronic acid (2 mmol), catalyst 1 (1mol %), Cs 2 CO 3 (1 mmol) in methanol (5 mL) for 15 h. b Isolated yield.

Figure 5 :

 5 Figure 5: Recycling of catalyst

Table 1 . Effect of solvent, base and temperature. a

 1 

						O	
	O	N H	CH 3 +	B(OH) 2	Catalyst 1 Solvent, open air	N	CH 3
					Base		
	Entry	Solvent		Base	Temp. (°C)	Yield. b (%)

a Conditions:N-methyl benzamide (1 mmol), phenyl boronic acid (2 mmol), catalyst 1 (1 mol %), base (1.0 mmol) in solvent (5 mL) for 15 h. b Isolated yield.

c 

Reaction was performed absence of base. d reaction was performed in absence of catalyst 1. NR -No reaction.

TABLE 2 was missing Table 2 . Effect of catalyst loading a N H O CH 3 + B(OH) 2 N O CH 3 Catalyst 1 (1-0.05 mol%) 60 °C, Cs 2 CO 3 Methanol, open air

 2missing2 

	Entry 1 2 3 4 5 1 (1-0.05 mol %), base (1.0 mmol) in methanol (5 mL) at 60°C for 15 h. b Isolated Complex 1 (mol %) Yield (%) b 1 96 0.5 83 0.2 71 0.1 57 0.05 a Conditions: N-methyl benzamide (1 mmol), phenyl boronic acid (2 mmol), catalyst yield.

Table 3 . Scope of the reaction a

 3 

							O		
	R	O	N H	CH 3 +	B(OH) 2 R'	Complex 1 (1 mol%) 60 °C, Cs 2 CO 3 Methanol, open air	R	N	CH 3 R'
							2		

Table 3 . Control experiments for the mechanistic investigations a

 3 

					Products distribution (yield)
	Entry	[Pd] complex	(mol %)	Time (h)		
					A (%)	B (%)
	1	[PdCl 2 (PPh 3 ) 2 ]	1	15	79	21
	2	3	1	15	63	37
	3	3	2	15	not observed	86 b
	4	1	1	8	????	?????

b 

Isolated yield.

Observed (Confriemd by NMR) N H O CH 3 + B(OH) 2 Methanol, open air e) Complex 1 (1 mol%) 60 °C, Cs 2 CO 3 , 15h N O CH 3 96% yield Scheme 2:

  Control experimentsfor the mechanistic investigations. The first step is likely to be the formation of a five-membered palladacycle B through coordination of N-methyl benzamide and followed by an ortho-C-H bond activation. The addition of phenylboronic acid into the palladacycle B leads to the formation of the intermediate C′ and eventually furnish Pd(II) species. Inorder to prove the reaction goes through intermediate C′, we isolated the reaction mixture by stopping the reaction after 8 h and characterized by NMR. In the 1 H NMR spectrum, a broad singlet was observed at δ 8.14 ppm (ESI, S75-S76). Thus, it can be concluded that the reaction proceeds through the ortho-arylated intermediate C′.Pd(0) species is reoxidized to Pd(II) in the presence of oxygen. In the second catalytic cycle, subsequent deprotonative coordination of the nitrogen atom in C′ to Pd(II) forms DE.Further, C-H activation of E to give the seven-membered palladacycle E followed by reductive elimination to afford desired phenanthridinone and Pd(0). At the end, oxidation of Pd(0) species by O 2 regenerates the active Pd(II) catalyst forthe next cycle.

	Base
	B(OH) 2 /Base
	Mechanism 1:
	+ Pd (II)
	According to the observation from control experiments and based on the previously Mechanism 2:

reported literatures, a plausible mechanism was proposed for the formation of phenanthridinone using a binuclear palladium catalyst (Scheme 2).
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EXPERIMENTAL SECTION General Considerations

[PdCl 2 (PPh 3 ) 2 ],2-thiazole carboxaldehyde, benzhydrazide derivatives, arylboronic acid derivatives and benzoyl chloride derivatives, methyl amine hydrochloride, and CDCl 3 -d were purchased from Aldrich and used without further purification. The standard procedures were employed for distillation of solvents. [START_REF] Vogel | Test book of practical organic chemistry[END_REF] Melting points were recorded in the Boetius micro heating table and are uncorrected. Elemental analysis of Carbon, Hydrogen and Nitrogen were performed in a Vario EL III CHNS elemental analyser at the Sophisticated Test and Instrumentation Centre (STIC), Cochin University, Cochin. The FT-IR spectra were acquired with the help of Perkin-Elmer 597 spectrophotometer in the range 4000-400 cm -1 by using KBR pellets. The NMR spectral studies were carried out on Bruker 400 MHz spectrometer (for 1 H NMR) and Bruker 100 MHz spectrometer (for 13 C NMR) in presence of CDCl 3 -d solvent. Chemical shifts are reported in ppm from TMS with the solvent resonance as internal standard. The electronic spectra were recorded in acetonitrile solution on Cary 300 Bio UVvis Varian spectrophotometer in the range 200-800 nm at room temperature. A Micro mass thermoscientific LTQ XL mass spectrometer was utilized for electrospray ionization mass spectrometry (ESI-MS).

Synthesis of the binuclear palladium(II)benzhydrazone complex 1

To a solution of [PdCl 2 (PPh 3 ) 2 ] (100 mg, 0.142 mmol) in methanol (15 mL), ligand (18.6 mg, 0.071 mmol) was added in the presence of triethylamine (0.5 ml) and refluxed for 3 h and thereafter kept for crystallization.Yield: 71%, mp 223°C (with decomposition). Found: C, 44.89; H, 3.27; N, 5.17; S, 4.06. Calcd. for C 30 H 24 Cl 2 N 3 O 2 PPd 2 S: C, 44.74; H, 3.00; N, 5.22; S, 3.98. FT-IR (KBr, cm -1 ): 1588ν(C=N-N=C), 1291 (m) ν(C-O), 1453 ν(Pd-PPh 3 ), 537 (s) ν(Pd-N). 1 H NMR (400 MHz, CDCl 3 ) (d(ppm)): 8.34 (s, 1H, HC=N), 7. 13-7.92 (m, 20H, aromatic), 3.81 (s, 3H, OCH 3 ). 13 C NMR (100 MHz) 164. 32, 143.33, 137.76, 135.65, 130.38, 129.70, 129.32, 128.93, 127.22, 120.97, 118.47, 116.75, 114.27, 111.09, 55.53. ESI-MS (m/z) : Found -810.93 [M+2H] 2+ ; calcd value -808.34.

Experimental procedure for synthesis of substituted phenanthridinone from N-methyl arylamide and arylboronic acids

N-methyl arylamide (1 mmol), arylboronic acid (2 mmol), complex 1 (1 mol%), and Cs 2 CO 3 (1 mmol) in CH 3 OH (5 mL) were placed in a round-bottom flask and stirred at 60 °C for 15 h in an open atmosphere at 60°C for 15h. After the completion of the reaction, the product was extracted with ethyl acetate and washed with water. The products were formed through the separation of organic layer and followed by dried over anhydrous Na 2 SO 4. The isolated products were characterized by NMR. Yields are calculated based on the isolated products.

X-ray crystallography

Crystal of complex was grown by the slow evaporation of a chloroform-ethanol solution at room temperature. A single crystal of a suitable size was covered with Paratone oil, mounted on the top of a glass fibre, and transferred to a Bruker APEX II DUO Kappa-CCD single-crystal X-ray diffractometer using monochromated Mo-Ka radiation (λ = 0.71073 Å). Data werecollected at 173(2) K. The absorption corrections were performed by the multi-scan method using SADABS in APEX 2 software. [START_REF]APEX2 User Manual[END_REF] Structure of complex were solved and refined by direct methods like SHELXS-2013 and SHELXL-2013, respectively [START_REF] Sheldrick | [END_REF] with full-matrix least squares on F 2 . All non-hydrogenatoms were refined with anisotropy thermal parametersand the hydrogen atoms were constrained to the ideal positions in the refinement procedure. The unit cell parameterswere determined by the method of difference vectors usingreflections scanned from three different zones of the reciprocallattice. The intensity data were measured using a ω and Ф scanwith a frame width of 0.5°. Frame integration and data reductionwere performed using Bruker SAINT-Plus (Version 7.06a) software. [START_REF] Bruker-Nonius | APEX-II and SAINT-Plus (Version 7.06a)[END_REF] CCDC numberfor complex is 1565980.