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An alternative approach to create N-substituted cyclic dipeptides †

a N-Modified peptide backbones are promising peptidomimetics which offer several advantages in terms of improved biological activity and stability. They further allow the development of novel functional materials.

However, the synthesis of N-substituted peptides is very challenging with the existing methods, particularly the synthesis of peptides with larger N-substituents. In this work, we are introducing a new method to create N-polyether substituted cyclic dipeptides via anionic ring-opening polymerization (AROP). Four different cyclic dipeptides with different hydrophobic functional groups were selected to create N-substituted cyclic dipeptides. Backbone amides -NHwere deprotonated with phosphazene bases to form nucleophilic initiators. Furthermore, the effect of different phosphazene bases (tBuP 4 and tBuP 2 ) and of the addition of a Lewis acid (i-Bu 3 Al) was studied in detail towards creating N-polyether-cyclic dipeptides bearing either hydrophobic poly(butylene oxide) chains, or hydrophilic linear polyglycidol chains, thanks to the polymerization of 1,2-epoxybutane and the polymerization followed by the deprotection of t-butyl glycidyl ether monomers, respectively. Moreover, we have demonstrated the possibility of avoiding the isomerization of cyclic dipeptides during the synthesis of N-substituted analogues depending on the synthetic approach.

Introduction

In the last few decades, cyclic dipeptides, so-called 2,5-diketopiperazines (DKPs), have attracted significant attention due to their exceptional biological activity as antiviral, 1,2 antimicrobial 3,4 and anticancer 5,6 agents. Beyond their therapeutic properties, DKPs also have the ability to form supramolecular structures [7][8][9] which could find a wide range of applications, such as hydrogels, 10,11 nano-devices, 12 and sensors. 13 In addition, due to their structural rigidity, N-substituted DKPs are also used as rigid motifs on the polypeptide backbone to imitate protein secondary structures. [START_REF] Zhao | Peptidomimetics II[END_REF] Moreover, in the field of peptide-based drugs, N-substituted peptides often demonstrated superior outcomes in terms of biological activity and stability. [START_REF] Ovadia | [END_REF][16][17] Peptides with N-substitution could also offer the creation of a novel class of materials, for which N-substitution will potentially change the peptide conformation and induce new properties. For example, polypeptoids are one of the most popular classes of peptidomimetics which are basically short N-alkyl substituted glycine analogues with remarkable properties. [18][19][20] Indeed, the antimicrobial peptoid derivatives with long N-alkyl chains create lipophilic peptoids which are shown to be more selective against bacteria and fungi than their non-lipophilic analogues. 21 Other than functionalisation with peptoids, N-methylation is the most commonly used tool to improve the biological activity of peptide drugs. [START_REF] Ovadia | [END_REF]16,22,23 However, there is also a limited number of studies reported for other N-substituted analogues, such as peptides with N-substituted short alkyl groups, i.e. N-ethyl, 24 N-butyl, 25 and N-guanidyl butyl. 26 More recently, Albericio and coworkers have reported the synthesis of N-oligoethylene glycol (N-OEG) substituted cyclic peptides: sansalvamide A with 3 repeat units of N-OEG 27 and cilengitide with different repeat units of N-OEG such as 2, 11 and 23. 28 The synthesis of cilengitide with N-OEG 2 and sansalvamide A with N-OEG 3 by solid-phase peptide synthesis in multiple steps was reported; however, peptides with longer N-OEG substitutions were very complicated to synthesize and were reported to require extensive purification steps. 28 In the current work, we are introducing anionic ring-opening polymerization (AROP) as a novel technique to create peptides with N-polyether derivatives in a one-step reaction without sophisticated purification steps. AROP is an effective method which is frequently used to synthesize † Electronic supplementary information (ESI) available: 1 H, 13 C, 2D-HSQC, and 2D-HMBC NMR spectra, SEC traces and MALDI-ToF spectra. An additional scheme of plausible configurations. See DOI: 10.1039/c8py01552j various functional polymers readily applicable in the biomedical field. [29][30][31] Phosphazene superbases construct powerful catalytic systems for the polymerization of different heterocyclic rings through AROP as a result of their high basicity and poor nucleophilicity coming from their sterically hindered structure. 32,33 They could easily deprotonate protic precursors to create nucleophilic initiating sites for the polymerization of oxirane monomers. Recently, we have demonstrated the polymerization of 1,2-epoxybutane with a secondary carbamate 34 and a secondary amide. 35 In this study, we selected di-functional symmetric DKPs (Fig. 1) with different hydrophobic functional groups, such as glycine, alanine, valine and phenylalanine, as model cyclic peptides due to their structural simplicity and interesting behaviors. 36 The backbone -NHof symmetric DKPs was deprotonated by phosphazene bases to create nucleophilic initiating species for the polymerization of 1,2-epoxybutane and of a commercially available protected analogue of glycidol, t-butyl glycidyl ether (tBuGE). The reaction conditions were optimized with 1,2-epoxybutane. First, the use of phosphazene base mixtures with different tBuP 2 /tBuP 4 ratios has been investigated. Then the influence of a Lewis acid addition has been considered. The positive impacts of using a less basic phosphazene base, 32 tBuP 2 , and the presence of a Lewis acid, triisobutyl aluminum (i-Bu 3 Al), have been demonstrated. Both methods yielded N-substituted-DKPs with expected structures. However, we have observed by NMR and FT-IR the ring conformation differences of DKPs under different conditions of synthesis. Eventually, the optimized conditions were extended to the polymerization of tBuGE, a protected version of glycidol.

Results and discussion

We have investigated the possibility of creating N-substituted DKPs using oxirane monomers via AROP in the presence of phosphazene bases. We attempted to synthesize N-substituted analogues of four different symmetric cyclic dipeptides with varying hydrophobic functional groups (Fig. 1).

Synthesis of N-PBO-Cyclo(Ala-Ala) using phosphazene bases (tBuP 4 and tBuP 2 )

In the first part of this work, we have used Cyclo(Ala-Ala) (Scheme 1) as an initiator precursor for the polymerization of 1,2-epoxybutane in the presence of phosphazene bases (Table 1). Cyclo(Ala-Ala) was chosen in the first place due to the presence of an alanine sequence which is considered as a neutral, chemically inert peptide residue. 37 Initially, 1,2-epoxybutane was polymerized with Cyclo(Ala-Ala)/tBuP 4 as the initiator system at a ratio of 1 : 1 and 1 : 2 at 25 °C (Table 1, P1-1 and P1-2) to evaluate whether tBuP 4 works under stoichiometric conditions to deprotonate the backbone amide -NHor not. In both cases, 1 H NMR analysis indicated the disappearance of -NHprotons, meaning 100% functionalization of both backbone amide -NHs. The MALDI ToF analysis of the polymerization carried out in the presence of 1 eq. of tBuP 4 (Table 1, P1-1) shows one major population corresponding to the expected polymer structure (Scheme 1A) cationized with the Na + cation (Fig. 3b). The MALDI-ToF analysis also indicates the presence of an additional minor unidentified population. A higher amount of tBuP 4 (2 eq., Table 1, P1-2) resulted in the increase of the undesired population (Fig. 3a). 1 H NMR and 13 C NMR and ATR-FTIR analyses (P1-1 and P1-2, Fig. 2a, b and4a) clearly display the presence of ester bonds on the polymers. A macromolecular structure in agreement with these spectral analyses and corresponding to a nucleophilic attack on the DKP ring is postulated and shown in Scheme 1B. The intensity of ester peaks was increased by increasing the amount of tBuP 4 , in both the NMR and ATR-FTIR spectra (P1-1 and P1-2, Fig. 2a, b and4a). The coexistence of polymer structures A and B in P1-2 was also confirmed by 2D-NMR (2D-HSQC-NMR, Fig. S1 † and 2D-HMBC-NMR, Fig. S2 †). As a conclusion, N-substitution has been proved to be possible for the reactions performed with both 1 eq. and 2 eq. of tBuP 4 . However, undesired nucleophilic attack on the DKP ring also occurred and the frequency of this side-reaction increased with the amount of tBuP 4 . To eliminate the undesired side reactions, we have decided to decrease the amount of tBuP 4 (pK BH + , MeCN = 42.7) and eventually use a mixture of tBuP 4 and a less basic phosphazene base, tBuP 2 (pK BH + , MeCN = 33.5). When we decreased the amount of tBuP 4 to 0.5 eq. and performed the polymerization at 40 °C, we reached 100% conversion within 72 h (P1-5, Table 1) with expected molar mass and Scheme 1 Synthesis of N-PBO-Cyclo(Ala-Ala) using phosphazene bases. narrow dispersity (P1-5, Table 1). In addition, ATR-FTIR (Fig. 4a) and 1 H and 13 C NMR analyses (Fig. 2, P1-5) demonstrated only the presence of an expected polymer structure ( polymer A, Scheme 1). MALDI-ToF analysis shows only one population corresponding to the expected polymer A structure (Fig. 3c). We have tested the mixture of tBuP 4 and tBuP 2 for the polymerization of 1,2-epoxybutane by Cyclo(Ala-Ala)/ tBuP 4 /tBuP 2 at a ratio of 1 : 0.5 : 0.5. At 25 °C, the reaction did not go to completion over 96 h (P1-3, Table 1). At 40 °C (P1-4, Table 1), the polymerization achieved 100% conversion in 18 h with the desired molar mass (M n ) without the presence of ester peaks in the NMR spectra (Fig. S3 and S4 †). These results suggest that 1 : 1 and higher ratios of Cyclo(Ala-Ala)/tBuP 4 decrease the stability of DKPs. The strong tBuP 4 super-base does not necessarily need to be introduced at a stoichiometric ratio for 100% functionalization of amides on the DKP backbone. Therefore, we investigated the use of the less basic phosphazene base tBuP 2 and only a catalytic amount of tBuP 4 to obtain the desired polymer structures (P1-6 to P1-9, Table 1). The ratio of 1 : 0.3 : 0.7 led to polymerization but the obtained M n was smaller than the targeted one (P1-7, Table 1) and the polymerization of 1,2-epoxybutane by Cyclo(Ala-Ala)/tBuP 4 / tBuP 2 at a ratio of 1 : 0.25 : 0.75 did not work at all (P1-6, Table 1).

Then, we increased the amount of tBuP 2 and kept the ratio of tBuP 4 at 0.25 eq. or below (P1-8 and P1-9, Table 1). The Cyclo(Ala-Ala)/tBuP 4 /tBuP 2 ratio of 1/0.1/1 was not effective, on the other hand a 1/0.25/1 ratio of Cyclo(Ala-Ala)/tBuP 4 /tBuP 2 worked with a good efficiency to yield the polymers with the desired N-PBO-Cyclo(Ala-Ala) structure (Fig. S5 †) and targeted M n with a narrow molar mass distribution (P1-8, Table 1). An absolute M n value of 2600 g mol -1 was also determined by 1 H NMR and is in very good agreement with both theoretical and SEC values. It has been reported that 1,2-epoxybutane does not polymerize in the presence of the less basic phosphazene base tBuP 2 . 38 Here, we demonstrated that 1,2-epoxybutane can be polymerized with tBuP 2 in the presence of a catalytic amount of tBuP 4 without undesired side reactions. All the techniques used for the characterization of N-PBO-Cyclo(Ala-Ala) indicated only the presence of the expected N-PBO-Cyclo(Ala-Ala) population with no evidence of free -NHamide peaks, suggesting the growth of polymer chains at both DKP backbone amide functionalities (Scheme 1, polymer A).

Synthesis of N-PBO-Cyclo(Gly-Gly) using phosphazene bases (tBuP 4 and tBuP 2 )

After the successful synthesis of N-PBO-Cyclo(Ala-Ala), we attempted to apply a similar approach to synthesize N-substituted analogues of Cyclo(Gly-Gly). The reactions with a Cyclo(Gly-Gly)/tBuP 4 ratio of 1 : 1 and 1 : 2 (P2-1 and P2-2, Table 2) yielded polymers with expected M n . ATR-FTIR did not show a peak corresponding to ester formation confirming the integrity of the DKP ring. In addition, the MALDI-ToF analysis demonstrated a single polymer population corresponding to the N-PBO-Cyclo(Gly-Gly) (Fig. S6 †). However, both the 13 C NMR and ATR-FTIR spectra of P2-2 indicate CvC double bond formation (Fig. S7 †) which could be explained by the transfer reaction to the monomer at high concentrations of tBuP 4 . 39 13 C NMR analysis demonstrated multiple CvO amide peaks (P2-1, Fig. 5a) which could be explained by the formation of different isomers of the DKP ring following the addition of N-substituents. 40 This result could be attributed to the epimerization of cyclic dipeptides in basic solutions as already reported more than forty years ago. 41,42 A similar phenomenon is also observed for cyclic peptoids (N-substituted glycine analogues), for which each single CvO amide geometry displayed a single CvO amide peak 43 and in the presence of cis/trans isomers, multiple CvO amide peaks were observed. 43,44 Additionally, similar to the N-PBO-Cyclo (Ala-Ala) synthesis, a Cyclo(Gly-Gly)/tBuP 4 ratio of 1 : 0.5 yielded a polymer having the expected structure (Table 2, P2-5) without transfer reactions. 13 C NMR demonstrated a major single CvO amide peak (Fig. S8 †) which indicates the presence of mainly a single isomer of the DKP ring. These results suggest that the use of tBuP 4 at 1 eq. and more favors the isomerization of the DKP ring and the occurrence of side reactions. Furthermore, a mixture of tBuP 4 and tBuP 2 was incorporated in the reaction mixture by varying the tBuP 4 percen- tage from 0.25 to 0.5 and the tBuP 2 percentage from 0.5 to 1 (P2-3, P2-4, P2-6 and P2-7, Table 2). The optimal conditions were determined as P2-7 (Fig. S9 †), where the addition of tBuP 2 led to the formation of N-PBO-Cyclo(Gly-Gly) with mostly single ring configuration as confirmed by 13 C NMR (P2-7, Fig. 5a).

Synthesis of N-PBO-Cyclo(Val-Val) and N-PBO-Cyclo(Phe-Phe) using phosphazene bases (tBuP 4 and tBuP 2 )

We were able to find the common reaction conditions for the synthesis of N-PBO-DKPs with Cyclo(Ala-Ala) and Cyclo(Gly-Gly). We would like to expand the validity of our method for more hydrophobic DKPs, Cyclo(Val-Val) and Cyclo(Phe-Phe).

The synthesis of N-substituted Cyclo(Val-Val) showed similar polymerization characteristics and side reactions to that of Cyclo(Ala-Ala). When the polymerization of 1,2-epoxybutane was carried out at a Cyclo(Val-Val)/tBuP 4 ratio of 1 : 1 (P3-1, Table 3), the MALDI-ToF spectrum displayed only single Poisson distribution corresponding to N-PBO-Cyclo(Val-Val) (Fig. S11a †). However, the 1 H NMR spectra show the presence of ester function due to the nucleophilic attack of growing polymer end chains on the DKP ring (Fig. S10 †) which is also confirmed by ATR-FTIR analysis (Fig. 4b, red curve). The polymer obtained by the initiating system, Cyclo(Val-Val)/ tBuP 4 /tBuP 2 , at a ratio of 1 : 0.5 : 0.5 also demonstrated the nucleophilic attack on the DKP ring at a lower degree (P3-2, Fig. S10 †). Ester formations for Cyclo(Ala-Ala) and Cyclo(Val-Val) suggest that DKPs with aliphatic substitutions at the Cα position are more sensitive to nucleophilic attack during the synthesis in the presence of high concentrations of tBuP 4 . When we applied the optimized conditions to the synthesis of N-PBO-Cyclo(Val-Val), i.e. 1 eq. of tBuP 2 with 0.25 eq. of tBuP 4 (P3-3, Table 3), 1 H-NMR and MALDI-ToF analyses did not show the presence of side reactions (P3-3, Fig. S10 andS11c †). At the same time, four different peaks are visible in the CvO amide region in the 13 C NMR spectrum (P3-3, Fig. 5b). The ATR-FTIR spectrum also demonstrates a peak at ∼1700 cm -1 (Fig. 4b, green curve) which corresponds to the cis CvO amide stretching on the DKP ring 45 in addition to the CvO trans peak at ∼1660 cm -1 . Thus, ATR-FTIR and 13 C NMR spectra demonstrate the presence of CvO amide peaks of both cis and trans isomers, meaning that N-substitution leads to the formation of isomers of the DKP rings (Scheme S1 †). In the litera-ture, DKPs have been reported to have four different configurations corresponding to two cis and two trans isomers 41 which could be easily characterized by 13 C NMR. 46 Therefore, the presence of four different peaks for CvO amide, Cα (presented as 2, 2′ in Fig. S12 †), N-substituted -CH 2 -( presented as a′ in Fig. S12 †) and Cα substituted -CH-( presented as 3 in Fig. S12 †) in the 13 C NMR spectrum represents the four different configurations of the DKP ring (two cis and two trans isomers). The ratio of cis/trans isomers is known to be affected by the nature of the N-substituent in N-substituted peptides. 40 The synthesis of N-PBO-Cyclo(Phe-Phe) was more challenging. The optimized conditions (1 eq. of tBuP 2 with 0.25 eq. of tBuP 4 ) did not work at all (P3-6, Table 3). This lack of reactivity could pave the way to the selective functionalization of an asymmetric DKP containing only one phenylalanine residue; nevertheless, it is beyond the scope of the present work. In addition, the polymers obtained using 1 eq. of tBuP 4 at 25 °C and 40 °C yielded lower molar masses than the expected ones and broad molar mass distributions (P3-4 and P3-5, Table 3). Besides, the MALDI-ToF spectra display two different populations (Fig. S13 †); one corresponding to the expected structure of N-PBO-Cyclo(Phe-Phe), and the second one is unknown.

Increasing the polymerization temperature from 25 °C (Table 3, P3-4) to 40 °C (Table 3, P3-5) led to an increase of the proportion of the unknown population and to a concomitant decrease of molar masses. 13 C NMR analysis also demonstrated the presence of multiple peaks indicating the DKP ring with multiple isomers and side reactions (Fig. S14 †).

Synthesis of N-PBO-DKPs in the presence of tBuP 4 and a Lewis acid i-Bu 3 Al

The synthesis of N-PBO-DKPs using the DKP/tBuP 4 /tBuP 2 initiating system worked very well for Cyclo(Ala-Ala), Cyclo(Gly-Gly) and Cyclo(Val-Val). However, the synthesis of N-substituted Cyclo(Phe-Phe) was more challenging. Therefore, to overcome the challenges that we faced during the synthesis, we employed an alternative strategy. A Lewis acid, i-Bu 3 Al, was incorporated in the reaction medium to control the reactivity of the active centers and to trigger monomer reactivity. 47 In the polymerization reactions with the addition of i-Bu 3 Al, we kept the ratio of DKP/tBuP 4 constant at 1 : 1 and varied the amount of i-Bu 3 Al from 2 eq. to 3 eq. As previously indicated, Cyclo(Ala-Ala) was used as a reference to test the reaction conditions (P4-1 and P4-2, Table 4). With 3 eq. of i-Bu 3 Al (P4-1, Table 4), M n was higher than the targeted value with a broad dispersity. An absolute M n value of 4500 g mol -1 was also determined by 1 H NMR, which confirmed the value obtained by SEC. The polymerization control was better in the presence of 2 eq. of i-Bu 3 Al (P4-2, Table 4). M n was closer to the theoretical value (2700 vs. 2100 g mol -1 ) with narrower dispersity. The characterization of N-PBO-Cyclo(Ala-Ala) which was synthesized in the presence of i-Bu 3 Al did not show any difference compared to the one synthesized by the first approach. Furthermore, in the case of Cyclo(Gly-Gly), the polymerizations were performed in the presence of 2 eq. and 2.5 eq. of i-Bu 3 Al (P4-3 and P4-4, Table 4). Polymer P4-3 which was synthesized in the presence of 2 eq. of i-Bu 3 Al has a slightly broad distribution and 13 C-NMR analysis shows a main CvO peak with traces of other CvO peaks corresponding to isomeric structures (Fig. S15 †). P4-4 that was synthesized in the presence of 2.5 eq. of i-Bu 3 Al has a narrow molar mass distribution (P4-4, Table 4). Furthermore, 13 C-NMR analysis shows only one single peak in the amide-carbonyl region (P4-4, Fig. 5a), demonstrating the single isomer of the DKP ring. Therefore, using an optimized amount of i-Bu 3 Al in the reaction medium helps us to eliminate the isomerization of the DKP ring, but a slight increase in the amount of i-Bu 3 Al increases the difference between the targeted and obtained M n (P4-3 vs. P4-4, Table 4). N-PBO-Cyclo(Val-Val) synthesis in the presence of 2 eq. of i-Bu 3 Al yielded a controlled polymerization with a narrow dispersity (P4-5, Table 4). Compared to the reactions without i-Bu 3 Al, cis amide CvO peaks disappeared in the 13 C-NMR (Fig. 5b) and ATR-FTIR spectra (Fig. 4b). Moreover, there are also single peaks observed at the ring level ( peaks 2 and 3, Fig. S16b †) and two peaks observed for N-substituted -CH 2on the polymer instead of four different peaks ( peak a′, Fig. S16b †). These observations confirm that the synthesis of N-PBO-Cyclo(Val-Val) in the presence of 2 eq. of i-Bu 3 Al led to the formation of N-substituted DKP with a single configuration. This could be explained by the stabilization of the active centers by i-Bu 3 Al and their reduced basicity.

Lastly, N-PBO-Cyclo(Phe-Phe) synthesis was also performed in the presence of 2 eq. and 2.5 eq. of i-Bu 3 Al (P4-6 and P4-7, Table 4). In both cases, we successfully obtained N-PBO-Cyclo (Phe-Phe) which was confirmed by NMR and MALDI-ToF analysis (P4-6, Fig. S17 † and P4-7, Fig. 6). The polymerization kinetics and the control over the polymerization were better in the presence of 2.5 eq. of i-Bu 3 Al compared to 2 eq. (P4-6 and P4-7, Table 4). Moreover, 13 C NMR analysis demonstrated the presence of a single isomer type of Cyclo(Phe-Phe) (Fig. 6c).

Synthesis of N-PtBuGE-DKPs. In this section, we demonstrated the synthesis of N-polyether-DKP analogues having a water soluble N-substituent using a commercially available protected version of the water soluble monomer glycidol, t-butyl glycidyl ether (tBuGE). Cyclo(Ala-Ala) and Cyclo(Gly-Gly) were successfully modified to create N-substituted analogues by two different strategies described above without side reactions.

N-Poly(t-butyl glycidyl ether) (N-PtBuGE) substituted DKPs were synthesized in the presence of 1 eq. of tBuP 2 and 0.25 eq. of tBuP 4 (P5-1 and P5-2, Table 5). Both polymers P5-1 and P5-2 have a very narrow mass distribution. However, the molar mass of P5-1 obtained by GPC was larger than the targeted value. MALDI-ToF characterization confirmed the expected polymer structures (P5-1, Fig. S18 and P5-2, Fig. S19 †). Furthermore, the polymerization of tBuGE was also carried out in the presence of i-Bu 3 Al. Initially, for the synthesis of N-PtBuGE-Cyclo(Ala-Ala), we have tested two different ratios of i-Bu 3 Al (P5-3 and P5-4, Table 5). Between the two reactions, 2.75 eq. of i-Bu 3 Al yielded a better control over the polymerization (P5-4, Table 5). Therefore, N-PtBuGE-Cyclo(Gly-Gly) was also synthesized using the same conditions (P5-5, Table 5). MALDI-ToF analysis of polymers P5-4 and P5-5 confirmed the expected structures (Fig. S20 and S21 †). The synthesis of N-PtBuGE-DKPs with tBuP 4 /i-Bu 3 Al yielded slightly broad dispersities compared to the tBuP 2 /tBuP 4 system; however, the control over the molar mass was more efficient, and the obtained M n values by GPC were exactly matching with the targeted ones. Finally, P5-4 was deprotected by trifluoro acetic acid according to Erberich et al. 48 and purified by dialysis against distilled water to yield the water soluble N-polyglycerol-Cyclo(Ala-Ala) (N-PG-Cyclo(Ala-Ala)) (Fig. S23 †) which could provide new opportunities for biological applications.

Conclusions

We have successfully synthesized a library of well-defined N-polyether-DKPs via AROP. Mild polymerization conditions have been identified allowing the elimination of the side-reactions, which occurred only when tBuP 4 phosphazene base was used. N-Polyether-DKPs were carefully characterized using GPC, MALDI-ToF, ATR-FTIR, and 1 H-and 13 C-NMR. Epimerization reactions were eliminated by the addition of i-Bu 3 Al in the reaction medium, leading to the preparation of mono-isomeric N-substituted DKPs with nevertheless slightly broader dispersities. Linear polyglycidol and poly(butylene oxide) chains were substituted demonstrating the possibility of the creation of both hydrophilic and hydrophobic substituents and the development of novel materials through self-assembly for biomedical applications (Scheme 2).

Experimental

Materials

All the DKPs, Cyclo(alanine-alanine) (Aldrich), Cyclo(glycineglycine) (Aldrich), Cyclo(Val-Val) (Bachem) and Cyclo( phenyl-alanine-phenylalanine) (Bachem), phosphazene base tBuP 4 solution (0.8 mol L -1 in hexane, Aldrich), phosphazene base tBuP 2 solution (2 mol L -1 in THF, Aldrich), 2-methyltetrahydrofuran (MeTHF) (98%, Aldrich), and tri-isobutyl aluminum (i-Bu 3 Al) solution (1.0 mol L -1 in hexane, Aldrich) were used without further purification. 1,2-Epoxybutane (99%, Aldrich) and t-butyl glycidyl ether (99%, Aldrich) were distilled over CaH 2 two times prior to use. Tetrahydrofuran was dried with an MBRAUN MB SPS-800 solvent purification system under nitrogen.

Instrumentation 1 H and 13 C NMR analyses were performed on Bruker Avance 300 MHz and Bruker Avance 400 MHz spectrometers. All spectra were internally referenced to the residual proton signals of the deuterated solvent: CDCl 3 and THF-d8. Polymer molar masses were determined by size exclusion chromatography (SEC) with three PLGel Mixte C 5 µm columns (7.5 × 300 mm; separation limits: 0.2 to 2000 kg mol -1 ) maintained at 40 °C coupled with 2 modular detectors: a differential refractive index (RI) detector Viscotek 3580 and a diode array UV detector Shimadzu SPD20-AV. THF was used as the mobile phase at a flow rate of 1 mL min -1 , and toluene was used as a flow rate marker. All polymers were injected (100 μL) at a concentration of 5 mg mL -1 after filtration through a 0.45 μm pore-size membrane. OmniSEC 4.7 software was used for data acquisition and data analysis. The number-average molar masses (M ˉn), the weight-average molar masses (M ˉw), and the molar mass distributions (Đ = M ˉw/M ˉn) were determined by SEC with a calibration curve based on narrow poly(methyl methacrylate) (PMMA) standards (from Polymer Standard Services), using the RI detector.

MALDI-ToF. Mass spectra were recorded by matrix-assisted laser desorption and ionization time-of-flight (MALDI-ToF) mass spectrometry (MS) using a Bruker autoflex III smartbeam mass spectrometer, equipped with a laser that produces pulses at 337 nm using dithranol as a matrix and NaI as a cationizing agent. Spectra were recorded in reflectron or in linear mode at an accelerating potential of 20 kV. Samples were prepared by dissolving the polymer in THF at a concentration of 5 mg mL -1 . A 10 μL aliquot of this solution was mixed with 20 μL of dithranol solution as the matrix (at 20 mg mL -1 in THF) and 10 μL of NaI solution (at 10 mg mL -1 in THF). Standards ( poly (ethylene oxide) of known structures, M ˉn = 1470 and 4250 g mol -1 purchased from Polymer Standards Service) were used to calibrate the mass scale. FTIR experiments. FTIR spectra in the attenuated total reflection (ATR) mode were recorded on a Bruker Equinox 55 spectrometer using a spectral resolution of 4 cm -1 . The spectrometer was continuously purged with dry air to avoid water vapor absorption in the spectral range of amide and ester carbonyl absorptions. 60 µL of the polymer solution in CH 2 Cl 2 was deposited on the bare ATR element made of germanium allowing 15 useful internal reflections and the solvent was allowed to evaporate before collecting 128 scans. Each recorded spectrum was transformed by ATR correction to the absorption spectrum.

Polymerization conditions for Tables 1-3, P5-1 and P5-2, Table 5 The polymerization was carried out according to the following typical procedure. The initiator precursor DKP was weighed into a reaction flask. Then, the rest of the reactant was added to a glove-box. Following the initiator, the solvent (THF) was added to the reactor. Then t-BuP 4 and t-BuP 2 were added. Finally the monomer, 1,2-epoxybutane, was added and the reactor was closed with a septum. After the closure of the reaction flask, the reaction mixture was stirred at room temperature or at 40 °C and left to react for the required period of time. A small portion of the reaction mixture was sampled through a septum at various reaction times for NMR analyses. The reaction was quenched by addition of 0.1 mL of 1% acetic acid. The polymer was dissolved in ethyl acetate and purified by passing through neutralized aluminum oxide, filtering, and removing the solvent under vacuum at 50 °C to give a colorless viscous liquid.

Polymerization conditions for Tables 4 and5 (P5-3, P5-4 and P5-5)

The polymerization was carried out according to the following typical procedure. The initiator precursor DKP was weighed into a reaction flask. Then, the rest of the reactant was added to a glove-box. After the initiator, the solvent (MeTHF) was added to the reactor. Then t-BuP 4 was added. Subsequently, i-Bu 3 Al was added and stirred until the complete dissolution of DKP (2 h to 4 h). Finally, the monomer 1,2-epoxybutane was added using a microsyringe. The reaction mixture was stirred at the indicated temperature and left to react for the required period of time. A small portion of the reaction mixture was sampled through a septum at various reaction times for NMR analyses. The reaction was quenched by the addition of 0.1 mL of 1% acetic acid in H 2 O. The polymer was dissolved in ethyl acetate and purified by passing through neutralized aluminum oxide, filtering, and removing the solvent under vacuum at 50 °C to give a colorless viscous liquid.

Fig. 1

 1 Fig. 1 Structures of di-functional symmetric DKPs.

Fig. 2

 2 Fig. 2 NMR spectra showing the effect of the tBuP 4 /Cyclo(Ala-Ala) ratio on the polymerization of 1,2-epoxybutane using Cyclo(Ala-Ala) and tBuP 4 as the initiating system. (a) 1 H NMR spectra in CDCl 3 comparing the tBuP 4 /Cyclo(Ala-Ala) ratio of 2 (P1-2-blue), 1 (P1-1, green) and 0.5 (P1-5, red). The red arrows indicate the presence of side reactions. (b) 13 C NMR spectra in CDCl 3 comparing the tBuP 4 /Cyclo(Ala-Ala) ratio of 2 (P1-2-blue), 1 (P1-1, green) and 0.5 (P1-5, red). The red stars show the presence of extra peaks occurring due to the side reactions.

Fig. 3

 3 Fig. 3 MALDI-ToF analysis of polymers initiated by the tBuP 4 /Cyclo(Ala-Ala) ratio of (a) 2, (b) 1 and (c) 0.5. Top spectra are collected in linear mode and the bottom ones are collected in reflectron mode. Major populations represent the structure of polymer A.

Fig. 4

 4 Fig. 4 ATR-FITR spectra of (a) N-PBO-Cyclo(Ala-Ala); P1-1 (green curve), P1-2 (blue curve), P1-5 (red curve) and (b) N-PBO-Cyclo(Val-Val); P3-1 (red curve), P3-3 (green curve), and P4-5 (blue curve).

Fig. 5

 5 Fig. 5 13 C NMR analysis of polymers (in CDCl 3 ) synthesized under different conditions. (a) Polymers initiated by (a) Cyclo(Gly-Gly); P2-1 (red curve), P2-7 (green curve), P4-4 (blue curve) and (b) Cyclo(Val-Val); P3-1 (red curve), P3-3 (green curve), and P4-5 (blue curve).

Fig. 6

 6 Fig. 6 MALDI-ToF and 13 C NMR analysis of P4-7. (a) MALDI-ToF spectrum of P4-7 in linear mode. (b) MALDI-ToF spectrum of P4-7 in reflectron mode. (c) 13 C NMR analysis of P4-7 in CDCl 3 at 50 °C.

aScheme 2

 2 Scheme 2 Synthesis of N-PtBuGE-DKP and N-PG-DKP.

Table 1

 1 Polymerization of 1,2-epoxybutane using phosphazene bases and Cyclo(Ala-Ala) as the initiator system in THF at a monomer concentration of 2 mol L -1

	Run	tBuP 4	a	tBuP 2	a	X n a	T (°C)	Time (h)	% conv.	M n theo	M n GPC	M w /M n
	P1-1	1		-		30	25	19	100	2300	2500	1.16
	P1-2	2		-		30	25	16	100	2300	2600	1.15
	P1-3	0.50		0.50		30	25	96	82	1900	800	1.30
	P1-4	0.50		0.50		30	40	18	100	2300	2500	1.13
	P1-5	0.50		-		50	40	72	100	3700	3900	1.11
	P1-6	0.25		0.75		30	40	66	0	-	-	-
	P1-7	0.30		0.70		30	40	47	88	2000	1300	1.18
	P1-8	0.25		1		30	40	72	100	2300	2700	1.12
	P1-9	0.10		1		30	40	69	0	-	-	-

a Reactant equivalents compared to 1 equivalent of cyclo(Ala-Ala).

Table 2

 2 Polymerization of 1,2-epoxybutane using phosphazene bases and Cyclo(Gly-Gly) as the initiator system in THF at a monomer concentration of 2 mol L -1

	Run	tBuP 4	a	tBuP 2	a	X n a	T (°C)	Time (h)	% conv.	M n theo	M n GPC	M w /M n
	P2-1	1		-		30	25	19	92	2100	2400	1.22
	P2-2	2		-		30	25	14	96	2300	2100	1.20
	P2-3	0.5		0.5		30	25	120	0	-	-	-
	P2-4	0.5		0.5		30	40	42	80	1800	1400	1.38
	P2-5	0.5		-		30	40	72	100	2300	2700	1.13
	P2-6	0.5		1		30	40	23	100	2300	2400	1.21
	P2-7	0.25		1		40	40	69	100	3100	3700	1.10

a Reactant equivalents compared to 1 equivalent of Cyclo(Gly-Gly).

Table 3

 3 

		Polymerization of 1,2-epoxybutane using phosphazene bases and Cyclo(Val-Val) or Cyclo(Phe-Phe) as the initiator system in THF at a
	monomer concentration of 2 mol L -1											
	Run	DKP	tBuP 4	a	tBuP 2	a	X n	a	T (°C)	Time (h)	Conv. (%)	M n theo	M n GPC	M w /M n
	P3-1	Cyclo(Val-Val)	1		-		30		25	19	96	2300	2500	1.15
	P3-2	Cyclo(Val-Val)	0.50		0.50		30		40	21	100	2400	2000	1.13
	P3-3	Cyclo(Val-Val)	0.25		1		30	40	72	100	2400	2700	1.11
	P3-4	Cyclo(Phe-Phe)	1		-		30	25	46	85	2100	1100	1.32
	P3-5	Cyclo(Phe-Phe)	1		-		30	40	17	79	2000	900	1.48
	P3-6	Cyclo(Phe-Phe)	0.25		1		30	40	70	30	-	-	-

a Reactant equivalents compared to 1 equivalent of DKP.

Table 4

 4 Polymerization of 1,2-epoxybutane using phosphazene base i-Bu 3 Al and DKPs as the initiating system in MeTHF at a monomer concentration of 2 mol L -1 at 25 °C

	Run	DKP	tBuP 4	a	i-Bu 3 Al a	X n	Time (h)	% conv.	M n theo	M n GPC	M w /M n
	P4-1	Cyclo(Ala-Ala)	1		3	30	3	100	2300	4000	1.65
	P4-2	Cyclo(Ala-Ala)	1		2	30	16	86	2100	2700	1.35
	P4-3	Cyclo(Gly-Gly)	1		2	30	15	95	2300	3000	1.37
	P4-4	Cyclo(Gly-Gly)	1		2.5	30	23	100	2300	4000	1.22
	P4-5	Cyclo(Val-Val)	1		2	30	20	100	2400	3400	1.25
	P4-6	Cyclo(Phe-Phe)	1		2	30	20	93	2300	3200	1.29
	P4-7	Cyclo(Phe-Phe)	1		2.5	30	19	100	2500	3200	1.28

a Reactant equivalents compared to 1 equivalent of DKP.

Table 5

 5 Synthesis of N-PtBuGE-DKPs under different conditions at a monomer concentration of 2 mol L -1

	Run	DKP	tBuP 4	a	tBuP 2	a	i-Bu 3 Al a	T (°C)	Time (h)	% conv.	M n theo	M n GPC	M w /M n
	P5-1 b	Cyclo(Ala-Ala)	0.25		1		-	40	96	100	4000	5200	1.12
	P5-2 b	Cyclo(Gly-Gly)	0.25		1		-	40	96	100	4000	4400	1.10
	P5-3 c	Cyclo(Ala-Ala)	1		-		2.5	25	28	75	3000	2500	1.27
	P5-4 c	Cyclo(Ala-Ala)	1		-		2.75	25	21	75	3000	3000	1.27
	P5-5 c	Cyclo(Gly-Gly)	1		-		2.75	25	21	75	3000	3100	1.28
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