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This work concerns the synthesis of poly(pyrazolopyridine)s via a three-component Hantzsch reaction. The first part of this study was intended to determine adequate experimental conditions for the synthesis of an analytically pure pyrazolopyridine heterocycle model compound in quantitative yield, which can be further used for polymer synthesis. For this purpose, the effect of different parameters (solvent, temperature, additive) on the selectivity of the reaction has been investigated. Some specific difunctional precursors (bisaminopyrazoles and dialdehydes) have been then designed and synthesized. From these reagents, poly(pyrazolopyridine)s were successfully synthesized by multicomponent polycondensation reaction. Some physico-chemical characterizations of these new macromolecular structures are described.

INTRODUCTION

Multicomponent reactions (MCRs) are considered for long time by organic chemists as efficient tools for the synthesis of complex structures [1][2][3][4][START_REF] Marques-Lopez | Essential multicomponent reactions I[END_REF]. Such reactions have been especially used for the development of new substances for drug application [START_REF] Domling | [END_REF]. Recent advances in macromolecular design have evidenced multicomponent reactions as new means to expand the scope of macromolecular architectures [START_REF]Multi-component and sequential reactions in polymer synthesis[END_REF][START_REF] Meier | [END_REF]. MCRs can be involved in polymer chemistry according to different ways [9]: 1) to post-functionalize polymers 2) to synthesize original heterocyclic monomers which are polymerized by conventional routes, or 3) to be used in polymerization process. Despite the inherent synthetic difficulties associated with the multicomponent polycondensation route, the last approach is by far the most interesting as it offers opportunities to design new polymer architectures. To the best of our knowledge, the very earliest works related to multicomponent polymerization are those concerning the synthesis of aliphatic polymers by Mannich [10,11] reaction. Since, other works have reported the synthesis of aliphatic polymers via Passerini [12][13][14][15][16], Ugi [17][18][19], Kabachnik-fields [20,21], or metal catalyzed reactions [22][23][24][25][26][27][28][29] . To a lower extent, some publications are concerned with the synthesis of heterocyclic and / or aromatic polymers, such as poly(triarylimidazole)s [30], poly(tetraarylimidazole)s [31,32] or poly(imidazolium)s [33] obtained via a Debus-Radzizewski reaction. Also the synthesis of poly(dihydropyridinone)s was achieved using the Biginelli reaction [34][35][36][37] , poly(quinoline)s or poly(diquinolineanthacene) by the Povarov reaction [38][39][40] as well as the poly(1,4-dihydropyridine)s and poly(1,4-dihydropyridine-co-poly (3,4dihydropyrimidine)s by the Hantzsch reaction [35,[41][42][43]. These different examples attest of the importance of multicomponent reactions in the development of new aromatic and / or heterocyclic macromolecular structures. In continuation of our work related to this topic, we were interested in demonstrating the possibility of synthesizing poly(pyrazolopyridine)s using the Hantzsch three-component reaction.

EXPERIMENTAL SECTION

1. Materials and instrumentation.

Unless otherwise specified, all reagents and solvents were obtained from commercial sources and used without further purification. Reactions were carried out under nitrogen atmosphere with magnetic stirring for model molecules and monomers, and mechanical stirring for polymers. NMR spectra were recorded on a 300 MHz (for proton) and 500 MHz (for carbon) spectrometer from Bruker. Deuterated dimethylsulfoxyde (DMSO-d 6 ) or deuterated chloroform (CDCl 3 ) were used as solvents and tetramethylsilane (TMS) was used as chemical shift reference. Thermogravimetric analyses (TGA) were carried out under nitrogen with a TA Q50 Thermal Analyser, at heating rate of 10 °C / min and over a temperature range going from room temperature to 500 °C. The polymers glass transition temperatures (T g ) were determined on a Mettler-Toledo DSC822e instrument. Analyses were performed under nitrogen at a heating rate of 10 °C / min. Reported values were obtained from a second heat scan. T g was calculated using the midpoint method. Mean molecular weights were determined by size exclusion chromatography in chloroform, on a Shimadzu device equipped a differential refractive index detector (RID-10A), a viscosity detector (Wyatt ViscoStar II) and a laser light scattering detector (Wyatt Minidawn TREOS-658 nm). SEC analyses were performed on a PLgel micro guard 50 x 7.5 mm pre-column and three PLgel microMixed C 300 x 7.5 mm columns thermostated at 30 °C. For the most soluble structure, absolute molecular weights were determined taking into account the measured dn/dc of the corresponding polymer. dn/dc was measured in the same conditions (temperature, wavelength) as whose used for the SEC analysis.

For PPPb-S3, dn/dc= 0,18.

2.

Synthesis of a pyrazolopyridine model molecule P1. 0.89 g (1 eq., 5.0 mmol) of 5amino-3-phenylpyrazole, 0.74 g (1 eq., 5.0 mmol) of benzoylacetonitrile and 0.70 g (1eq., 5.0 mmol) of 4-methoxybenzaldehyde, various amounts of copper acetate (from 0 to 0.92 eq.) and 1 mL of triethylamine (TEA) were dispersed in 20 mL of glacial acetic acid (AcOH). The reaction mixture was heated at 130 °C. Samples were regularly taken from the reaction mixture and analyzed by 1 H-NMR. After completion of the reaction, the mixture was cooled down to room temperature and precipitated in water. The product was isolated by filtration, washed with water, and dried under vacuum at 80 °C. P1: Yellow solid (89% yield). 1 Elemental analysis. Theoretical: C (67.52%), H (4.72%), N (15.75%). Found: C (67.58%), H (4.69%), N (15.85%).

4. General procedures for the synthesis of dialdehydes.

Dialdehydes 5(a-b). The corresponding bisphenol precursor (1 eq., 136 mmol), potassium carbonate (2.4 eq., 326 mmol) and 4-fluorobenzaldehyde (2.2 eq., 300 mmol) were dissolved in 250 mL of DMAC. The reaction mixture was heated at 150 °C for 22 hours. After completion of the reaction, the mixture was cooled down to room temperature and was precipitated in water to give the crude product. The powder was filtrated, washed with methanol (5a) (or petroleum ether (5b)) and dried under vacuum at 80 °C to afford the desired product. 5a: Cream solid. Yield: 98 %. 1 are reported in the discussion (see Figure 9) and 13 C are available in supporting information.

RESULTS AND DISCUSSION

Pyrazolo (3,4-b)pyridines are known to have important biological and pharmacological properties (anti-microbial, anti-oxidant, anti-bacterial, anti-proliferative properties. Whereas such components have been extensively studied as key intermediates for the development of new drugs, to the best of our knowledge, the incorporation of such heterocycles in macromolecular structures has not yet been explored. In this context, this study focuses on the synthesis of poly(pyrazolopyridine)s by a multicomponent reaction. Pyrazolopyridines can be synthesized by many different synthetic pathways. A recent review reports the latest development in this field [44]. Among the possible routes, one relies on the Hantzsch three-component reaction involving an aminopyrazole, an aldehyde and a benzoylacetonitrile [45] reagent. In this approach, one major synthetic difficulty relies on the inherent complexity of the multicomponent reaction. In particular, the formation of any undesirable side-reaction has to be avoided because it would otherwise have a detrimental effect on the polymer molecular weight. In order to clearly identify the formation of eventual reaction intermediates and easily characterize their structures as well as those of the desired final pyrazolopyridines, a preliminary study was realized on the synthesis of a pyrazolopyridine model compound P1.

Synthesis of pyrazolopyridine-containing model molecule P1.

The P1 compound was synthesized from 5-amino-1-phenyl-3-(pyridine-3-yl)-1H-pyrazole 1, 3-oxo-3-phenylpropanenitrile 2 and 4-anisaldehyde 3, as described in Figure 1. The reaction was first performed at reflux in glacial acetic acid, in the presence of triethylamine (Table 1, entry 1). The reaction was monitored by 1 H-NMR. As evidenced in Figure 1e, starting materials have already disappeared after 3.5 hours of reaction. NMR characterization of the isolated product shows the major formation of the dihydropyridine P'1 compound and a low proportion of pyrazolopyridine P1. Further evolution of the reaction mixture (after 5 or 7 hours reaction) was rather slow, but aromatization of intermediate P'1 in pyrazolopyridine P1 progressively occurred. As no undesirable side-products were formed in the course of the reaction, the relative proportions of P1 and P'1 can be easily evaluated by the integral ratio of methoxy groups at δ 3.76 (a) and 3.89 (a'). Analytically pure pyrazolopyridine P1 was successfully isolated with 89% yield after 23 hours of reaction (Figure 1g). Further attention was paid to optimize the reaction conditions, in order to increase the reaction rate and improve the yield of P1 as well. In this regard, the influence of different parameters (solvent, catalyst, reaction temperature, presence of a co-solvent) was investigated (Table 1). The presence of small amounts (0.23 eq.) of copper (II) acetate monohydrate in the reaction mixture was proven to clearly favor the aromatization of the dihydropyridine intermediate (Table 1, entry 2). This effect is even more sensitive as the proportion of the catalyst increases.

However, in this case, the selectivity of the reaction is affected as the formation of side-products are observed.

In order to take into account solubility issues related to the synthesis of macromolecular heteroaromatic poly(pyrazolopyridine)s, the influence of the presence of a polar aprotic solvent in the reaction medium was investigated. N-methyl-2-pyrrolidone (NMP), which is usually used as a solvent for the aromatic and heterocyclic polymers, was used (entries 5 -6). Acetic acid was however kept as acid co-solvent: the reaction was performed in a mixture NMP/AcOH (v/v=15:5). In this case, temperature could be raised to 150 °C. This temperature increase might be responsible of the higher aromatization kinetic observed. The beneficial effect previously observed in the presence of copper acetate was also confirmed in these new conditions (entry 6).

Quantitative yield of analytically pure pyrazolopyridine was obtained. Such conditions were considered as very promising for the synthesis of poly(pyrazolopyridine)s (PPPs) by Hantzsch polycondensation.

Figure 2. Synthesis of poly(pyrazolopyridine)s (PPPs) -Three eventual propagation directions

This work focuses on the synthesis of poly(pyrazolopyridine)s in the AB direction (Figure 2).

To this end, two new bisaminopyrazoles were designed and synthesized. As represented in Figure 3, bisaminopyrazoles 4a and 4b were obtained in two steps from 4,4'dichlorodiphenylsulfone. 4,4'-dihydrazinodiphenylsulfone was synthesized according to the procedure described by Imai Y. [46] and Connell J. W. [47]. Bismethylaminopyrazole 4a was then obtained by a condensation of this precursor with 3-aminocrotonitrile whereas bisphenylaminopyrazole 4b resulted from the reaction of benzoylacetonitrile on the dihydrazinodiphenylsulfone. In both cases, bifunctional monomers were synthesized with excellent yields (99 and 93%). In addition, four dialdehydes were considered in this study. 5a and 5b were synthesized by classic aromatic nucleophilic substitution between a bisphenol and 4-fluorobenzaldehyde whereas dialdehydes 5c and 5d were synthesized by reaction of a bistosylate precursor (for 5c) or the 2,6-difluoropyridine (for 5d)with the 4-hydroxybenzaldehyde (Figure 5). The structure of the monomers was chosen in order to modulate the final properties of the poly(pyrazolopyridine)s synthesized from these precursors (T g , solubility).

3-oxo-3phenylpropane-nitrile 2 was used as third component in these polymerizations. Polymerizations were first carried out in NMP/AcOH, in the presence of copper acetate and TEA, at 150 °C (referred as S 1 experimental conditions system), as previously established for the model P1 synthesis. After 18 hours of reaction, the polymers were precipitated in water, isolated by filtration and purified overnight with methanol by soxhlet extraction. The structure of the different polymers was analyzed by 1 H-NMR (Figure 7). In all cases, NMR spectra evidence the successful formation of pyrazolopyridine heterocycles.

However, some residual aminopyrazole functions are still present (characteristic peak at 5.36 ppm).This result suggests that only oligomers of moderate molecular weights have been formed in these conditions. Reaction time was therefore extended to 40 hours. In this case, considerable reduction of the chain ends was observed for PPPa-c, but aminopyrazole units were still visible.

In addition, the polymerization involving the bisphenylaminopyrazole (4b) was proven to be much more problematic than its methylated analogue (4a). Indeed, a much higher proportion of chain ends was observed in this case. One probable explanation for this result relies on the higher steric hindrance of the phenyl substituent which might impede the chain polymer growth.

Therefore, initial experimental conditions established on an organic model molecule had to be adapted. In this respect, the polymerizations were further performed in similar conditions, but triethylamine was replaced by trifluoroacetic acid. These new conditions are refered as system S 2 . In this case, no residual aminopyrazole chain ends were evidenced at 5.36 ppm, suggesting that the polymerization conversion was better than in previous conditions. However, the presence of a peak at 4.97 ppm indicates the presence of non-aromatized dihydrocyanopyridine units in polymer chains, as confirmed by comparison with the dihydropyridine P'1 1 H-NMR spectrum (Figure 8). Such structural units can be considered as "structural defects" in the poly(pyrazolopyridine) backbone. Based on these observations, we believed that triethylamine was required to promote the in-situ aromatization of dihydrocyanopyridine units. Polymerizations were therefore carried out in a third system based on a mixture of solvents (NMP/trifluoroacetic acid), and in the presence of triethylamine (System S 3 ). As expected, no chain ends nor structural defaults were visible, as reported in Figure 9. NMR characterizations confirm the expected poly(pyrazolopyridine) macromolecular structure. (see Table 2).

The thermal properties of PPPa-d were evaluated by TGA. Two different analyses attest for the high thermal stability of these polymers. A 5%weight loss was observed over 390°C.

Moreover, all polymers are almost unaffected by a prolonged (24 hours) isothermal treatment performed at a temperature slightly below their glass transition temperature (T g -10 °C) and under air. !"#$%"

  13 C-NMR (500 MHz, DMSO-d 6 ), δ (ppm): 155.3, 128.5, 128.2, 110.1. Synthesis of 4a. 3.2 g (47.4 mmol) of 4,4'-dihydrazinodiphenylsulfone were dissolved in a mixture of ethanol and water (184 mL, v / v = 5:5) in the presence of 22 mL of concentrated hydrochloric acid. 9.34 g (114 mmol) of 3aminocrotonitrile were added and the reaction mixture was refluxed for 4 hours. After cooling, the mixture was neutralized by addition of a saturated sodium bicarbonate solution. The powder formed was filtrated, washed with water and dried under vacuum at 80 °C. Colorless solid (99% yield).1 H-NMR (300 MHz, DMSO-d 6 ), δ (ppm): 8.01 (d, 4H), 7.86 (d, 4H), 5.52 (s, 4H), 5.35 (s, 2H), 2.05 (s, 6H).13 C-NMR (500 MHz, DMSO-d 6 ), δ (ppm): 149.8, 148.5, 143.6, 137.0, 128.6, 121.9, 91.4, 13.8. Elemental analysis. Theoretical: C (58.80%), H (4.93%), N (20.58%).Found: C (58.76%), H (5.01%), N (20.48%). Synthesis of 4b. 12.0 g (43.1 mmol) of 4,4'dihydrazinodiphenylsulfone and 13.7 g (94.8 mmol) of benzoylacetonitrile were dissolved in 70 mL of chlorobenzene. The reaction mixture was stirred at 145 °C for 3 hours and cooled down to room temperature. The crystallized crude product was washed with chlorobenzene several times to remove excess of benzoylacetonitrile and chlorobenzene, filtrated and dried under vacuum at 80 °C. Colorless solid (93% yield). 1 H-NMR (300 MHz, DMSO-d 6 ), δ (ppm): δ 8.11 (d, 4H), 7.99 (d, 4H), 7.76 (d, 4H), 7.42-7.29 (m, 6H), 5.96 (s, 2H), 5.73 (s, 4H). 13 C NMR (500 MHz, DMSO-d 6 ), δ (ppm): 151.4, 149.2, 143.5, 137.7, 133.0, 128.7, 128.6, 128.0, 125.3, 122.6, 88.3.

2. 5 .

 5 Poly(pyrazolopyridine)s synthesis. General polymerization procedure: An equimolar amount (2.44 mmol) of bisaminopyrazole 4a-b and dialdehydes 5a-d, 4.88 mmol of benzoylacetonitrile and 1.11 mmol of copper (II) acetate monohydrate were introduced in the corresponding system of solvent S 1-3 (in order to reach a 20 wt% solid content). The medium was heated at 150 °C for 40 hours. After cooling, the polymer was precipitated in water and isolated by filtration. The crude polymer was washed successively with water and methanol (by soxhlet extraction), and dried under vacuum at 80 °C. S 1 : NMP/AcOH (v/v=15:5) + 1.5 eq. Triethylamine; S 2 : NMP/AcOH (v/v=15:5) + 1.5 eq. Trifluoroacetic acid; S 3 : NMP/Trifluoroacetic acid (v/v=15:5) + 1.5 eq. Triethylamine. 1 H NMR spectra of (PPPa-d)-S3

Figure 1 .

 1 Figure 1. Synthesis of pyrazolopyridine P1: 1 H-NMR spectra in DMSO-d 6 of (a) 5-amino-1-

Figure 3 .

 3 Figure 3. Synthesis scheme of the bisaminopyrazoles 4a (a) and 4b (b).

Figure 4 .

 4 Figure 4. 1 H-NMR spectra of bisaminopyrazoles 4a and 4b

Figure 5 .

 5 Figure 5. Synthesis of dialdehydes 5a-d.

Figure 6 .

 6 Figure 6. General synthesis of poly(pyrazolopyridine)s PPPa-d by 3C-Hantzsch

Figure 7 .

 7 Figure 7. 1 H-NMR spectra in CDCl 3 of PPP(a-d)-S 1

Figure 8 .

 8 Figure 8. 1 H-NMR spectra in DMSO-d 6 of PPP(a-d)-S 2 .

Figure 9 .

 9 Figure 9. 1 H-NMR spectra in CDCl 3 of PPP(a-d)-S 3

  

2. 3. Synthesis of Bisaminopyrazoles. Synthesis of

  

	H-NMR (300 MHz, DMSO-
	d 6 ), δ (ppm): 8.22 (d, 2H), 7.97-7.94 (m, 2H), 7.66-7.56 (m, 7H), 7.38 (t, 1H), 7.19 (d, 2H), 3.89
	(s, 3H), 2.14 (s, 3H). Elemental analysis. Theoretical: C (77.86%), H (4.84%), N (13.45%);
	Found: C (77.81%), H (4.85%), N (13.43%).
	4,4'-dihydrazinodiphenylsulfone. 20.0 g
	(68.9 mmol) of 4,4'-

dichlorodiphenylsulfone were dispersed in 170 mL of hydrazine hydrate. The reaction mixture was refluxed until total dissolution of the starting material and the clear solution was cooled down to room temperature. The crystallized product was filtrated, washed

  

	several times with water and dried under vacuum at 80 °C. White needles (80% yield). 1 H-NMR
	(300 MHz, DMSO-d 6 ): δ 7.59 (s, 2H), 7.50 (d, 4H), 6.77 (d, 4H), 4.17 (s, 4H).

  H-NMR (300 MHz, DMSO-d6): δ 9.94 (s, 2H), 7.94 (d, 4H), 7.26 (s, 4H), 7.18 (d, 4H). Elemental analysis. Theoretical: C (75.46%), H (4.43%). Found: C (75.47%), H (4.39%). 5b: White solid. Yield: 40 %. 1 H-NMR (300 MHz, DMSO-d6): δ 9.96 (s, 2H), 7.98 (d, 4H), 7.46 (d, 4H), 7.27-7.24 (m, 8H). Elemental analysis. Theoretical: C (63.97%), H (3.33%), Found: C dissolved in 120 mL of DMF or DMAC. The reaction mixture was heated overnight at 80 °C in DMF or 150 °C in DMAC. After completion of the reaction, the mixture was cooled down to room temperature and was precipitated in water to give the crude product. The powder was filtrated, washed with water, and dried under vacuum at 80 °C to afford the desired product.

	(63.87%), H (3.35%). Dialdehydes 5(c-d). Bis tosylate precursor or 2,6-difluoropyridine (1 eq.,
	70 mmol), potassium carbonate (2.4 eq, 168 mmol) and 4-hydroxybenzaldehyde (2.2 eq, 154
	mmol) were 5c: White solid. Yield: 84 %. 1 H-NMR (300 MHz, DMSO-d6): δ 9.86 (s, 2H), 7.84 (d, 4H), 7.12
	(d, 4H), 4.22-4.19 (m, 4H), 3.79-3.76 (m, 4H), 3.62 (s, 4H). Elemental analysis. Theoretical: C
	(67.02%), H (6.18%), Found: C (66.84%), H (6.14%). 5d: Brown solid. Yield: 83 %. 1 H-NMR
	(300 MHz, DMSO-d6): δ 9.93 (d, 2H), 8.03 (t, 1H), 7.88 (d, 4H), 7.31 (d, 4H), 6.94 (d, 2H).
	Elemental analysis. Theoretical: C (71.46%), H (4.10%), N (4.38%), Found: C (71.21%), H
	(4.28%), N (4.12%).

Table 1 .

 1 Synthesis of the Pyrazolopyridine Model Compound P1

		Cu(OAc) 2			Co-		P1 (%) b		yield (%) c
	Entry				solvent				
		(eq.)	T(°C)	Solvent		3.5 h	5.5 h	7.5 h	
	1	-	130	AcOH	-*	6	6	7	89
	2	0.23	130	AcOH	-*	45	47	66	86
	3	0.46	130	AcOH	-*	87	89	91	impure
	4	0.92	130	AcOH	-*	83	85	87	impure
	5	-	150	NMP	AcOH *	65	81	95	90
	6	0.23	150	NMP	AcOH *	100	100	100	100

* + 1.5 eq. TEA. b Determined by 1 H-NMR (P1(%)=100 x (a / (a+a'))). c Isolated after 23 h of reaction.

Table 2 .

 2 Thermal Characterization of PPPa-d. After a 24 h treatment at T = T g -10 °C.Mean molecular weights were determined by size exclusion chromatography, in chloroform.Rather low values (Mn= 6 700 g/mol, PI=1.52; 12 000 g/mol, PI=1.48; 10 200 g/mol, PI=1.46 and 6 300 g/mol, PI=1.56. respectively for PPPa-d) were determined from polystyrene calibration curves. However, these analyses have to be taken with caution because some insoluble material was discarded. Moreover, additional diffusion light scattering measurements attest for the presence of agregates, probably due to strong polymer-polymer interactions. These observations suggest that the solvent might not be adequate for this analysis. Concerning poly(pyrazolopyridine) PPPb (the best soluble macromolecular structure), a higher absolute molecular weight value (19 000 g/mol) was determined by triple detection SEC analysis (taking into account the measured dn/dc of the corresponding polymer). Moreover, a thin self-standing poly(pyrazolopyridine) membrane was casted from a 20% weight solution of this polymer in DMAC. This result corroborates the absolute size exclusion chromatography measurement and evidences that high molecular weight poly(pyrazolopyridine) has been successfully synthesized.

	Entry	PPP	∆m% a	Td 5%	T g (°C)
	1	PPPa-S3	3.7	420	270
	2	PPPb-S3	7.5	430	269
	3	PPPc-S3	2.4	400	212
	4	PPPd-S3	2.3	432	264

a Samantha Saxer, Catherine Marestin*, Regis Mercier For table of content only

CONCLUSION

This work reports the first synthesis of poly(pyrazolopyridine)s by Hantzsch multicomponent polycondensation. The three-component reaction involving an andehyde, an aminopyrazole and benzoylacetonitrile was first optimized to synthesize an anallytically pure pyrazolopyridine model compound in quantitative yields, in the presence of a polar aprotic solvent. Based on different difunctional specific precursors previously designed and prepared by multi-step synthesis, a series of four original high molecular weight poly(pyrazolopyridine)s were successfully synthesized. The chemical structure of these polymers was clearly evidenced by NMR and their thermal properties were evaluated. All polymers have a high glass transition temperature (around 270 °C) and a good thermal stability. Hantzsch reaction was therefore proven to be a highly efficient multicomponent reaction to design new thermostable aromatic and heterocyclic macromolecular structures. The biological properties of the pyrazolopyridine core might open new perspectives for emerging applications of these polymers in different fields.

The evaluation of the anti-bacterial and anti-fungal properties of these materials are currently under investigation. These new macromolecules are also tested for the adsoprtion of organic polluants in water.
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