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Synthesis of Macromolecules Containing Phenylalanine and Aliphatic Building Blocks

Aiming at developing efficient interfacial agents for fiber-reinforced composite materials, macromolecules were designed to have different components able to stick to the fiber and be compatible with the polymer matrix respectively. Herein, macromolecules were prepared by solid-phase synthesis considering phenylalanine residues to promote adsorption of the macromolecule on aramid fibers and aliphatic building blocks to interact with a hydrophobic polymer matrix. Using phenylalanine as building block for the preparation of macromolecules by iterative synthesis has been shown to be challenging. Thus, the screening of various parameters for the optimization of the synthesis of these macromolecules is discussed in this communication. A preliminary thermal study by thermal gravimetric analysis was conducted to evaluate their thermal stability.

Introduction

Developments in polymer chemistry permit the preparation of advanced polymers by controlling their topology, functionality and microstructure providing access to more elaborated architectures such as star, comb and hyperbranched polymers that could be bearing a variety of functional groups at well-defined sites on the polymer chain. The control of the microstructure of polymers has been mostly focused until now on the control of the tacticity, which offers the access to ordered structures such as helices and β-sheets, but also can influence the properties of the polymer. [1] More recently, an increasing attention has been focused on the precise control of the sequence of polymers. The preparation of sequence-controlled polymers has been approached through various approaches based on kinetic considerations, catalysis, template chemistry, multicomponent reaction, (macro)molecular design, and iterative synthesis. [2][3][4][5] While the control of the microstructure of polymers still remains a challenge for polymer chemists, the ability to tune the sequence of polymers would be an asset for applications in materials sciences. For example, van Zoelen et al. reported the preparation of sequence-specific polypeptoids based on hydrophobic and hydrophilic units used as coating on a surface. [6] The authors demonstrated that the sequence had an effect on the antifouling or fouling release properties of this coating. Furthermore, the groups of Hutchison and Meyer have investigated the influence of monomer sequence on the optical and electronic properties of conjugated oligomers based for example on either unsubstituted and dialkoxy-substituted p-phenylenevinylene [7] or benzothiadiazole and phenylenevinylene [8] buildings blocks, systems for which the performance and properties were observed to be dependent of the sequence. From a theoretical approach, the group of Simmons recently investigated by molecular dynamics simulation the influence of the comonomer sequence on the interfacial energy when considering the design of copolymers as interfacial compatibilizers for polymer blends. [9] Their results indicated that copolymers with specific sequences could potentially be more efficient to reduce the interfacial energy as compared to block and random copolymers. Furthermore, initial work on the use of sequence-defined macromolecules as interfacial agents for composite materials have been reported, e.g. peptide-polymer conjugates for composite materials based on MgF2 nanoparticles and poly(ethylene oxide). [10,11] Herein a synthetic strategy is proposed to design interfacial agents in the attempt to promote an enhanced dispersion of aramid fibers in a polymer matrix through the synthesis of macromolecules possessing some building blocks able to adsorb onto the chosen fiber and others compatible with the polymer matrix. The synthetic route used is based on the solidsupported iterative approach following a protocol previously established to obtain sequence-defined macromolecules based on amino acid residues and aliphatic building blocks. [12] The synthesis of macromolecules was prepared using L-phenylalanine, amino acid chosen to contribute to the adsorption onto aramid fibers, and synthetic building blocks such as 6-azidohexanoic acid as elements compatible with the polymer matrix (e.g. polypropylene).

While the previously established protocol has been reported for some amino acids, its use with phenylalanine has been more problematic. This work focuses on gaining an understanding on the difficulties associated with the use of phenylalanine, but also providing some possible alternatives to overcome the difficulties encountered. Their thermal stability was investigated by thermogravimetry analysis (TGA) measurement to appraise the viability of these molecules considering the thermal processes used to prepare composite materials.

Results and Discussion

Macromolecules were synthesized by solid-phase synthesis from a conventional peptide resin by iterative addition of three types of building blocks per repetition cycles: i) L-phenylalanine (F, step a), ii) 6-azidohexanoic acid (h, step c) as spacing building block and iii) propargylamine as linker (, step d) as depicted on Figure 1. To prepare the macromolecule FhFhFhFh, the first attempts used the reaction conditions reported previously [12] using a 2-chlorotrityl chloride resin that was functionalized with Fmoc-Phe-OH (loading targeted 0.5 mmol per gram of resin).

Fmoc-Phe-OH and 6-azidohexanoic acid were attached to the free extremity of the macromolecule growing on the resin using 2-(1H-benzotriazol-1-yl)-1,1,3,3tetramethyluronium hexafluorophosphate (HBTU) as coupling agent in the presence of 1-hydroxybenzotriazole (HOBt) and N,N-diisopropylethylamine (DIPEA) in anhydrous N,Ndimethylformamide, while the addition of propargylamine was conducted by copper-assisted alkyne-azide cycloaddition reaction in the presence of copper(I) bromide and N, N, N', N'', N''pentamethyldiethylenetriamine (PMDETA) in anhydrous dichloromethane (Table 1, entry 1).

Each step was monitored using the Kaiser test to validate the absence (steps a and c) or presence (steps b and d) of primary amines. The addition of Fmoc-Phe-OH was frequently observed to be incomplete, which is not something unusual as previously reported in the literature, [13] and was thus performed twice systematically, i.e. a negative Kaiser test was observed after the repetition of step a. Additionally, measurements by infrared spectroscopy were performed for steps c and d to verify especially the complete addition of propargylamine (i.e. complete disappearance of the characteristic absorbance band of azide groups at 2100 cm -1 after conducting step d). Four repetition cycles were performed to prepare these macromolecules while the fourth cycle consisted solely in the addition of Fmoc-Phe-OH and 6-azidohexanoic acid as building blocks. After cleavage from the resin using a solution of trifluoroethanol in dichloromethane, the macromolecules were isolated by precipitation in diethyl ether and their structural integrity was examined by NMR spectroscopy and mass spectrometry. The 1 H NMR spectrum pemitted the identification of each building blocks: (i) phenylalanine (F) residues at 7.0-7.3 ppm (aromatic protons) and 2.7-3.0 ppm (methylene of F), (ii) spacers (h) at 4.2 ppm (methylene next to the triazole ring) and 2.0 ppm (methylene next to the amide linkage) for example, and (iii) linker () at 7.7 ppm (protons of triazole). Furthermore, the mass spectrometry after electrospray ionisation (ESI-MS) spectrum revealed the presence of the targeted macromolecule ([M+Na] + 1350.70 as expected by calculation from C69H89N19O9Na) along with peaks corresponding to molecules having missing building blocks due to their incomplete addition during the iterative synthesis (e.g. [(M-F)+Na] + at 1203.63), but also some undefined impurities (Figure 2a). In the attempt to improve the synthesis of FhFhFhFh, various parameters known to be tunable to improve the synthesis of difficult peptides [START_REF] Quibell | Difficult peptides[END_REF][START_REF] Coin | [END_REF] have been evaluated and the conditions used are listed in Table 1. The first hypothesis was that the conditions for the copperassisted alkyne-azide cycloaddition reaction were not optimal. Thus, step d was conducted using other conditions previously reported on solid support, [16] i.e. in the presence of copper(II) sulfate, sodium ascorbate and DIPEA in DMF for 48 h (Table 1, Entry 2). These conditions did not afford the targeted macromolecule, i.e. absence of the molecular ion peak of FhFhFhFh by ESI-MS. The second hypothesis was that the removal of the Fmoc group (step b) was incomplete, the concentration in piperidine of the deblocking solution was increased [START_REF] Fields | Methods for Removing the Fmoc Group[END_REF] to 50 % (Table 1, Entry 3) as compared to the solution previously used, ie. 25% piperidine in DMF. This change did not seem to change significantly the results. The third hypothesis was that the coupling reaction for steps a and c was incomplete due to steric hindrance at the activated center on the growing chain. Thus, another coupling agent has been used, i.e. HBTU was replaced by 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU; Table 1, Entry 4), [START_REF] Albericio | [END_REF] which unfortunately did not seem to improve the synthesis as compared to the initial condition (Table 1, Entry 1). The fourth hypothesis is that the coupling reaction for steps a and c was incomplete due to aggregation of the growing chain. Few conditions to overcome this potential problem of aggregation were evaluated included 1) reducing the loading density [19] on the resin, i.e. the targeted loading of the resin with the first phenylalanine residue was half (Table 1, Entry 5), 2) improving the solvation of the growing chain by either adding dichloromethane, i.e. 1/1 DMF/CH2Cl2 (Table 1, Entry 6), as CH2Cl2 has a superior capacity to swell the resin as compared to DMF, [20] or adding chaotropic salts such as lithium chloride [21] (Table 1, Entry 7), 3) conducting steps a and c under microwave irradiations [22] (Table 1, Entry 8) or 4) using a Tentagel resin [23] (Table 1, Entry 9)

that is reported to have a kinetic behavior of its reactive sites similar to those in solution chemistry. None of the attempts conducted to noticeable positive changes. Surprisingly, using the Tentagel seems to lead to even more residue deletions according to the ESI-MS spectrum.

Finally, all of the reagents were pre-mixed before addition to the resin to pre-activate the carboxylic acid of Fmoc-Phe-OH (step a) and 6-azidohexanoic acid (step c). Using these last conditions the intensity of the peaks previously observed at 458.28, 799.47 and 1140.60 on the ESI-MS spectrum were significantly diminished (Figure 2b) as compared to the molecular ion peaks (i.e.

[M+H] + , [M+Na] + and [M+2H] 2+ ). Furthermore, even though some peaks observed on the spectrum can be assigned to residue deletions, their intensities are clearly less pronounced.

Table 1. Synthetic conditions used for the preparation of the macromolecule FhFhFhFh based on L-phenylalanine (F) residues, 6-azidohexanoic acid (h) and propargylamine () as building blocks by solid-phase synthesis.

calculated by gravimetry after functionalization of the 2-chlorotrityl chloride resin with Fmoc-Phe-OH, except for the experiment conducted on the Tentagel resin (Entry 9) for which the value provided by the supplier was used.

Figure 2.

Characterization of FhFhFhFh by mass spectrometry after electrospray ionization (ESI-MS): a) using the synthetic iterative procedure previously reported [12] ("normal" conditions) and b) by modifying this procedure by preactivation of Fmoc-Phe-OH and 6-azidohexanoic acid in steps a and c respectively. The peaks identified as macromolecules with deletion residues are labeled with  (detailed assignment of these peaks in Table S1), while the undefined impurities are marked in blue.

The thermal stability of this macromolecule is of importance since the working temperature during the preparation of the composite materials is above the melting temperature of the polymer matrix, e.g. the melting temperature of polypropylene being around 160 °C, the working temperature to process the composite material should be at least 190 °C. Thus to be suitable to be incorporated in polypropylene-based composite materials the synthesized macromolecule should not have any degradation pattern occurring at or below this working temperature. The TGA curve of FhFhFhFh (Table 1, Entry 10) displayed a first degradation at 78 °C. On the TGA curve three weight losses were observed. The weight loss observed at 120 °C (3.45 wt%) might be assigned to the loss of the terminal carboxylic acid of the macromolecule as the calculated weight loss of this terminus is estimated as 3.39 wt%.

Furthermore, when cumulated with the loss of N2 for each triazole and the terminal azide the calculated weight loss is estimated to 11.83 wt% that might be compared to the weight loss observed at 325 °C at 11.06 wt%. As phenylalanine has been reported to lose 98 % of its weight at 400 °C, [24] the main contribution of the weight loss observed between 320 and 525 °C was assigned to the thermal degradation of phenylalanine residues.

Conclusions

In summary, solid-phase synthesis was exploited as a synthetic strategy to prepare phenylalanine-based macromolecules that could be potentially used as interfacial agents in fiber-reinforced composite materials. Phenylalanine residues and synthetic aliphatic spacing units have been chosen as building blocks to promote a strong affinity with aramid fibers and a hydrophobic polymer matrix such as polypropylene respectively. The optimization of the reaction conditions for this synthesis was attempted to reduce the presence of molecules others that the targeted one, i.e. FhFhFhFh. The use of phenylalanine residues may have been the source of the difficulties encountered in the course of these iterative syntheses as phenylalanine [25,26] and short peptides containing phenylalanine residues [27][28][29] have been previously reported to be able to self-assemble into structures such as fibril-like aggregates, nanotubes and helical ribbons. The deposition of these macromolecules on aramid fibers is currently under investigation.
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 1 Figure 1. Schematic representation of the synthesis of the targeted macromolecule (FhFhFhFh) based on L-phenylalanine residues and aliphatic building blocks: a) Fmoc-L-Phe-OH, HBTU, HOBt, DIPEA, anhydrous DMF, b) 25% piperidine in DMF, c) 6-azidohexanoic acid, HBTU, HOBt, DIPEA, anhydrous DMF, and d) propargylamine, CuBr, PMDETA, anhydrous dichloromethane.
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