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Introduction *

Acridine is an aromatic linear tricyclic motif comprising a central pyridine and two fused benzene rings. Known for more than one century, this heterocycle and its derivatives is still of great interest in the scientific community. Indeed, they represent an appealing structural feature widely occurring in numerous natural products with biological activities and in medicinal chemistry. For instance, acridine-based compounds recently showed anti-malarial, 1 -microbial, 2 -inflammatory, 3 -cancer 4 and acetylcholinesterase inhibition 5 activities.

The acridine motif can also be found in chemosensors, dyes, fluorescent probes, 6 as ligands in metal-promoted catalysis 7 or very recently in hole transport or chiroptical materials 8 and two photon absorption devices. 9 Most of these properties are strongly dependent on the combination of two main factors 10 that are (i) the nature of substituents and their specific interactions with proteins, lipids, DNA or natural macromolecules and (ii) the crucial role of the acridine-platform nitrogen atom. Current strategies developed to increase and/or modulate the ---aforementioned properties rely first on the extension of the aromatic motif through additional benzo-or naphtho-fused rings that may generate various linear and angular topologies. 11 The incorporation of a second nitrogen atom leading to the phenanthroline family and to a new range of specific properties represents a second research line. 12 The fine tuning of the overall flexibility of the acridine platform through incorporation of partially hydrogenated cycles within the acridine core is an additional emerging concern. 13 Nevertheless, catalytic hydrogenation on substituted acridine structures does not necessarily give access to partially hydrogenated moieties. It appears to be dependent on the position of the substituent. 14 A more convenient approach should be the construction of acridine derivatives from partially saturated precursors. Slight structural modifications from entirely aromatic to partially hydrogenated shape have been shown to bring significant changes in pharmaceutical activities 15 and to induce novel photophysical properties. 16 Elaboration of methodologies that allow the joint construction of new acridine-based topologies, the control of structural parameters such as the presence of partially hydrogenated ring and the installation of additional nitrogen atoms are challenging and worthwhile.

We have recently reported on the preparation and influence of structural modulations on photophysical properties of fused fluorenones including acridino-fluorenones. 17 The high efficiency of our strategy, encouraged us to explore the construction of new acridine series that allows (i) the installation of various fused rings (benzo, dibenzo, naphtho) to the acridine motif, (ii) the
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regiodefined introduction of nitrogen atoms, (iii) the comparison of physical properties between partially hydrogenated and fully aromatic structures. We thus report herein the preparation of new acridines as well as [1,7]-and [4,7]phenanthrolines, that incorporate partially hydrogenated ring using a single and easy-to-set strategy (Fig. 1). NMR as well as X-ray support the determination of novel topologies. Comparison of photophysical data is also given showing the impact of structural modulations on UV/Vis, fluorescence and band gap energies. 

Results and discussion

We first started with the preparation of various acridines from chlorovinyl aldehydes. As recently reported by us, 18 aldehydes 1 and 2 were readily obtained from the parent cycloalkanone derivatives (Fig. 2). The reaction of anilines with chlorovinyl aldehydes for the preparation of heterocycles including quinolines and more scarcely acridines, has already been reported. 19 Having in view the construction of elaborated targets, the use of large excess of the reacting amine (up to 5 equivalents) or metal mediated processes as well as the tedious isolation of the intermediates as stated in these former studies appeared less attractive and inclined us to revisit the preparation of acridine-based motives and define our own conditions. Gratifyingly, reaction of equimolar amounts of 1 and various anilines at 90°C in isopropanol cleanly afforded the expected acridines 3. Scheme 1. Preparation of various dihydroacridines from chlorovinyl aldehyde 1.

The use of concentrations ranging from 0.1-0.13 mol.L -1 avoided the formation of side products and limited the purification step to a simple filtration or recrystallization (scheme 1). As shown in scheme 1, high to quantitative yields were obtained regardless of the reacting amine. Indeed, 1naphthylamine, 1-amino dihydronaphthalene, 8-amino tetralone, 1,4-diaminobenzene and 1,3-diaminobenzene afforded compounds 3a-e respectively. Interestingly, no trace of potential bisadduct was observed when 1 eq. of 1,4-diaminobenzene was used. Similarly, 3e was obtained as the unique product starting from 1 and 1,3-diaminobenzene. Compound 3e results from a selective construction of the pyridine ring through preferred cyclization at the less congested aromatic site. Noteworthy, one or two fused benzene rings, an additional saturated cycle or functions such as amino and ketone groups can be selectively appended to the linear tricyclic dihydroacridine core.

Our strategy was next extended to chlorovinyl aldehydes 2. Similar conditions (1 eq. amine, isopropanol) were used for the preparation of acridine derivatives 4a-e. Heating at 150°C ensured completion of reactions and high yields of expected products (Scheme 2). Scheme 2. Preparation of various dihydroacridines from chlorovinyl aldehydes 2.

Reaction of 1-naphthylamine, 1-amino dihydronaphthalene and 1,4-diaminobenzene with 2 afforded acridine derivatives 4ab and 4d which are benzofused analogues of 3a-b and 3d respectively. This series could be extended to anilines bearing an electron withdrawing group such as nitro without significant decrease of yield. In contrast to 3c, the reaction involving 8aminotetralone did not lead to the expected ketone. In fact, 4c was isolated in a fair 58% yield. No satisfactory explanation could be given for the plausible overall "reduction-elimination" process observed under such conditions. Single crystals of 3b and 4b were obtained by slow evaporation of a dichloromethane solution. Solid state analysis confirmed the molecular structure of both acridine derivatives (Fig. 3). Both structures confirm the presence of dihydro units in the fused polycyclic architecture. The overall architecture displays a twisted geometry resulting from the presence of one or two cyclohexyl units. An almost planar central quinoline is accommodated by two cyclohexyl units at each side. Within these cyclohexyl rings, contiguous methylene carbons lay up and beneath the median plane of each aromatic fragment, both contributing to the overall molecular distorsion. As shown, the major effect is observed in 4b which comprises one naphthalene instead of one benzene unit.

Selected 1 H NMR data are gathered in table 1. Interestingly, chemical shifts for H(1) and H (7) in 3a-e and H( 1) and H( 9) in 4a-f are characteristic of the dihydroacridine substitution pattern. Indeed, chemical shifts of both H(1) and H (7) in 3a-e, that arise from -chlorovinyl aldehyde 1, are impacted by the presence of strong electron donating group. A decrease of chemical shifts from 8.68 to 8.51 and 8.54 is observed for NH2 subsitutents (3d and 3e) by comparison with cyclohexyl-fused structure 3b. In contrast, installation of a ketone or an additional aromatic group led to an increase of the chemical shifts by 0.07 and 0.12 ppm respectively. The presence of an additional ring considerably modifies the 1 H NMR spectra. Indeed, in each structure H(1) undergo a large shielding effect plausibly due to the tight relationship with the nitrogen atom lone pair. H(1) ranged from 9.58 to 10.02 ppm evidencing a clear trend to helicity behaviour. In contrast, chemical shift of the pyridinic H( 9) proton appears less affected by the presence of an additional fused ring. Evolution of the chemical shifts being related to the nature of the substituents, similarly to compounds 3. Aromatization by mean of DDQ in refluxing toluene led to the fully aromatic molecule 4g in a 93% yield (Fig. 4).

Moving from the partially hydrogenated 4a to the fully aromatic 4g through aromatization process impacts the overall shape of the molecule. Indeed, oxidation process enforces both methylene carbons to reach a planar shape. Comparison of 1 H NMR spectra of compounds 4a and 4g undoubtedly account for the evolution of the molecular architecture towards planarity. Protons H( 9), H(1) and H (15) are privileged spectators vis-à-vis the evolution of the molecular structure. Indeed, the shielding of pyridinic H (9) proton =  [H(9) in 4g] - [H(9) in 4a] is 0.7 ppm. Noteworthy, fjord region protons H(1) and H (15) undergo differently the effect of aromatization process. 21 H(1) and H (15) are shielded by 1.7 and 0.2 ppm respectively in good agreement with an increase of helical behaviour. The large shielding observed for H(1) most likely results from the closer relationship with the nitrogen lone pair by contrast with H (15). According to these data, 4g might be considered as an extended aza-helicene (Fig. 4). We next evaluated the formation of extended architectures based on a dihydroacridine motif such as [1,7]-and [4,7]phenanthrolines.

Advantageously, the preparation of phenanthrolines was envisioned through either condensation of amino acridine derivatives 3d, 3e or 4d and an additional equivalent of chlorovinyl aldehydes or a one pot double condensation using two equivalents of chlorovinyl aldehydesand one equivalent of diaminosubstrate. Within this context, we first examined the reaction of 3d or 4d with chlorovinyl aldehydes 1 or 2. As shown below, this condensation may afford one quinacridine (Fig. 5, top) or one phenanthroline (Fig. 5, bottom) depending on the cyclisation site. In fact, this reaction leads only to one product in a high 70% yield. 1 H and 13 C NMR confirmed the selective formation of a symmetrical phenanthroline showing characteristic signals and shape of fully symmetrical molecule but did not allow discrimination between both structures. The structure of 13,14,17,18-tetrahydronaphtho[2,1-b:1',2'-j][4,7]phenanthroline 5 was unambigously assigned through single crystal X-ray analysis as shown in figure 6. As already evidenced, the central almost planar phenanthroline is linked to two benzene rings by saturated cycles partly responsible for the overall shape of the molecule. Surprisingly, only compound 6 displays weak π-π interactions. As shown, π-π interactions (3.68, 3.63 and 3.79 Å) between two terminal naphthalene units and two central heterocycles respectively set the design of trimeric arrangement. Noteworthy, phenanthroline 5 could also be selectively prepared from 1 and 1,4-diaminobenzene through sequential addition of the diamine substrate at 90°C in isopropanol (scheme 3). Similarly, phenanthroline 6 could be obtained starting from 2. Scheme 3. Synthesis of phenanthroline 5.

Chlorovinyl aldehyde 1 was further condensed with 1,3diaminobenzene. Although this condensation may afford one quinacridine and one phenanthroline (Fig. 7), only product 7 was isolated in 29% yield after purification. Carefull analysis of 1 H NMR spectra evidenced the presence of singulets resonating at 7.97 and 9.46 ppm that account for protons H( 8) and H( 16) respectively. The chemical shift of H( 8) is consistent with those observed for H (7) in compounds 3 (table 1). Similarly, protons H( 4) and H( 14) resonate at 8.75 ppm which is in good agreement with analoguous protons in compounds 3 (table 1). The large shielding observed for H( 16) (= 9.48 ppm) might plausibly results from the joint contribution of the pyridine ring and the fjord region nitrogen atom lone pair. COSY as well as NOE experiments show signals characteristic of protons H( 7)-H( 6), H( 17)-H( 16) and H( 8)-H( 9) relationships and allowed us to unambigously assign the structure of phenanthroline 7. Absorption spectra of compounds 3a-b and 4a-b were recorded in dilute dichloromethane solutions (Fig. 8). Marked differences can be observed moving from 3b, to 3a and further 4a-b. As expected, the longest-wavelength hyperchromic absorption maxima of 4a occur at 372 nm. The latter is redshifted by 25 nm relative to 3a due to the introduction of an additional fused benzene ring unit leading to an extension of the π conjugation. Decrease of conjugation either by moving from a naphthalene to a benzene unit (compare 4a to 3a), from a benzoquinoline to a quinoline (compare 4a to 4b) or combining both (compare 4a to 3b) led to ipsochromic shifts of 25, 17, 22 nm respectively.

We next compared both UV/Vis absorption and emission spectra of compounds 4a and 4g (Fig. 10). Both absorption spectra exhibit a set of three bands at 328, 355, 372 nm for 4a and 360, 381, 403 nm for 4g. Emission spectra were recorded at 328 and 360 nm respectively and showed similarly two sets of three broad bands at 387, 407, 429 and 411, 435, 463. Bathochromic shifts observed by moving from 4a to 4g are in good agreement with a concomitant extension of  conjugation and lesser spatial deformation. Comparison of absorption and emission spectra for 5 and 7, which only differ each other by the relative nitrogen position pattern, is shown in Figure 10. Phenanthroline 5 displays three absorption bands at 312, 335 and 345 nm and five emission bands (excitation at 335 nm) at 380, 384, 395, 418 and 447 nm. Moving from the symmetrical [4,7]-phenanthroline 5 to the non symmetrical [1,7] Starting from absorption spectra, we were also able to determine the optical energy band gap (OEBG) of acridines and phenanthrolines, 3a-b, 4a-b, 4g, 6 and 7. The criterion for reading "onset" wavelengths was that the peak absorbance, after background (subtraction) correction, should attain 5% of the absorbance of the lowest-energy wavelength absorption peak.

The OEBG were calculated from the onset of the absorption at 356-479 nm and gathered in table 2. The UV absorption shows that 3a-b, 4a-b, 4g, 6-7 display an OEBG ranging from 3.04 to 3.50 eV. As experimental evidence, we can assume that the OEBG values increase, when the number of cycles in the molecule increases.

Conclusion

We have developed a rapid and robust strategy to prepare regiodefined acridines and phenanthrolines using chlorovinyl aldehydes and various aniline derivatives. X-ray analyses confirmed the structures of novel acridines and phenanthrolines and highlighted the crucial impact of the presence of partially hydrogenated rings on the overall shape of the acridine-based architectures. 1 H NMR revealed the presence of characteristic shifts that are consistent with a trend towards helicity of acridines. A complete UV/Vis study was also achieved, showing that bathochromic shifts were depending on the extension of conjugation and the modification of spatial 3D shape of the targets induced by the presence and number of partially hydrogenated rings.

Experimental section

General

Unless otherwise noted, all starting materials were obtained from commercial suppliers and used without purification. Petroleum ether was distilled under Argon. NMR spectra were recorded on a 300 MHz and 200 MHz Brucker spectrometers. Chemical shifts were reported in ppm relative to the residual solvent peak (7.27 ppm for CHCl3) for 1 H spectra and (77.00 ppm for CDCl3) for 13 C spectra. High Resolution Mass spectroscopy data were recorded on an Autospec Ultima (Waters/Micromass) device with a resolution of 5000 RP at 5%. UV/Vis analyses were performed on a Perkin-Elmer spectrophotometer UV/Vis/NIR Lambda 19. A 1 cm path quartz cells were used for the measurements. Steady-state fluorescence measurements were recorded on a spectrofluorimeter FluoroMax-3 equipped with a 150W Xenon lamp and a slit width of 5 nm. For all measurements, the samples used for fluorescence are the same for UV/vis, Infrared spectra were recorded with a FT spectrometer. Compounds 1, 2 and 3a were prepared according to literature. 18,19 Melting points were determined in open capillary tubes and are uncorrected. Thin-layer chromatography (TLC) was carried out on aluminium sheets precoated with silica gel 60 F254. Column chromatography separations were performed using silica gel (0.040-0.060 mm). X-ray intensity data were collected on a Bruker X8-APEX2 CCD area-detector diffractometer using Mo-Kα radiation (λ = 0.71073 Å). The structure was solved by direct methods, developed by successive difference Fourier syntheses, and refined by full-matrix leastsquares on all F2 data using SHELXTL V6.12.

General procedures for the synthesis of acridines 3-7.

Dihydroacridines 3a-e: A round-bottom flask was charged under argon with chlorovinyl aldehyde 1 (0.5 mmol), amine (0.5 mmol), and dry isopropanol (3 mL). The reaction mixture was stirred and heated 90 °C for 2h. After coming back to room temperature, the brown colored organic mass was extracted with dichloromethane (3 x100 mL) and the layers were separated. The organic layer was dried over magnesium sulfate and the solvent was removed under reduced pressure. Thus obtained residue was subjected to column chromatography purification on silica gel.

Dihydroacridines 4a-f: A round-bottom flask was charged under argon with chlorovinyl aldehyde 1 (0.5 mmol), amine (0.5 mmol), and dry isopropanol (3 mL). The reaction mixture was stirred and heated 150 °C for 2h. After coming back to room temperature, the brown colored organic mass was extracted with dichloromethane (3 x100 mL) and the layers were separated. The organic layer was dried over magnesium sulfate and the solvent was removed under reduced pressure. Thus obtained residue was subjected to column chromatography purification on silica gel.

Acridine 4g: Dihydroacridine 4a (44 mg, 0.13 mmol) and DDQ (48 mg, 0.21 mmol) were dissolved in toluene (1 mL) and heated at reflux for 3 h. After cooling to room temperature, the resulting solution was purified by flash chromatography eluting with Intensity Wavelength/ nm Abs petroleum ether/ethyl acetate : 98/02 to yield to acridine 4g as a yellow solid (40 mg, 0.121 mmol, 93%).

Dihydroacridines 5-7: A round-bottom flask was charged under argon with appropriate chlorovinyl aldehyde (0.5 mmol), amine (0.25 mmol), and dry isopropanol (3 mL). The reaction mixture was stirred and heated 150 °C for 2h. After coming back to room temperature, the brown colored organic mass was extracted with dichloromethane (3 x100 mL) and the layers were separated. The organic layer was dried over magnesium sulfate and the solvent was removed under reduced pressure. Thus obtained residue was subjected to column chromatography purification on silica gel.
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 1 Figure 1. Example of targeted acridine-based topologies.
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 2 Figure 2. Starting chlorovinyl aldehydes.
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 3 Figure 3. X-ray structure determination of 3b (left) and 4b (right).20

Figure 4 .

 4 Figure 4. Aromatization and comparison of 1 H NMR spectra between 4a (up) and 4g (beneath).
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 5 Figure 5. Envisioned access to quinacridine or phenanthroline starting from 1 and 2.
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 6 Figure 6. Structural determination of 13,14,17,18tetrahydrodinaphtho[2,1-b:1',2'-j][4,7]phenanthroline 5 (left) and 6 (right).
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 7 Figure 7. Selective access to phenanthroline 7 starting from 1 and 1,3-diaminobenzene.
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 8 Figure 8. UV/Vis absorption spectra of various acridines in dichloromethane.

Figure 10 .

 10 Figure 10. Absorption and emission spectra for compounds 4a and 4g.

  -phenanthroline 7 led to noticeable modifications. Indeed, absorption spectra exhibit broad and less as well as absence of fluorescence (excitation at 338 nm).

Figure 11 .

 11 Figure 11. Absorption and emission spectra for phenanthrolines 5 and 7.

  

Table 1 .

 1 Selected characteristic1 H NMR data ( in ppm) for compounds 3a-e and 4a-f.

	Compound	H(1)	H(7)	Compound	H(1)	H(9)
	3a	8.80	7.95	4a	9.98	8.08
	3b	8.68	7.84	4b	10.02	7.94
	3c	8.75	7.86	4c	9.88	7.90
	3d	8.51	7.67	4d	9.58	7.88
	3e	8.54	7.76	4e	9.68	8.17
				4f	9.99	8.41

Table 2 .

 2 Optical bandgaps for compounds 3a-7.

	Compound max (nm) onset (nm) a Eg (eV)
	3a	347	356	3.50
	3b	359	375	3.29
	4a	372	395	3.13
	4b	355	374	3.33
	4g	403	410	3.04
	5	342	372	3.35
	6	382	396	3.14
	7	339	392	3.18
	a			
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