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Abstract

:

13C NMR spectroscopic investigations were conducted for various amino acid derivatives and peptides. It was observed that 13C NMR chemical shifts of the carbonyl carbons are correlated with the solvent polarities, but the extent depends on the structures. The size of the functional groups and inter- and intra-molecular hydrogen bonding appear to be the major contributors for this tendency.
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1. Introduction


NMR spectroscopy often serves as a useful tool for obtaining information about the chemical environment of various molecules in addition to structural elucidation [1,2,3]. These pieces of information include dipole–dipole forces, van der Waals interaction, hydrogen bonding etc., among sample molecules and/or solvents [4]. Various studies have been conducted for examining solvent effects with organic molecules with the use of NMR spectroscopy as well [5]. For example, hydrogen bonding and associated behaviors of organic molecules with water or acids in various solvents were monitored by 1H and/or 13C NMR spectroscopy [6,7].



Earlier, we reported that 13C NMR spectroscopy can monitor behaviors of carbonyl groups in various solvents with different polarities [8,9]. We found a correlation between 13C NMR chemical shifts of the carbonyl carbon of camphor and the solvent polarities ETN [10,11], and further evaluated the interaction between the camphor molecule and sodium dodecyl sulfate (SDS) in an aqueous solution [8]. We also found that the carbonyl carbons of various carboxylic acids and esters as well as carboxyl esters (half-esters) showed a correlation between the 13C NMR chemical shifts of carbonyl carbons and solvent polarity, and that the extent of the interaction between molecules or solvent can be dependent on the structures [9,12]. Here we have extended these studies to various amino acid derivatives and dipeptide derivatives. A fair number of spectroscopic studies have been reported for the properties and behaviors of amino acid and peptide derivatives [13,14,15]. In particular, proline is the only proteinogenic amino acid possessing the structure of a cyclic secondary amine. Due to this uniqueness, its conformational rigidity has been well documented; for example, it has been known as a breaker of secondary structure of proteins such as α-helices and β-sheets [16,17]. The unusually high percentages of the “cis” structures in the peptide bonds consisting of proline residues are also well investigated by NMR spectroscopy [18,19,20,21,22,23]. Therefore, the behaviors of peptides consisting of proline have been under close scrutiny.



In this study, 13C NMR chemical shifts of the carbonyl carbons were monitored for evaluation of the interaction between amino acid derivatives including dipeptides and various solvents with different polarities. For the purpose of understanding the behavior of the 13C NMR chemical shifts of carbonyl carbons in the dipeptides, the IR spectra of the dipeptide derivatives in chloroform and in acetonitrile solutions were also measured. In addition, the most stable structures of the dipeptide derivatives were analyzed by the density functional theory (DFT) calculations (B3LYP/6-31+G(d) level) and their IR spectra predicted by the vibrational analysis were compared with the observed IR spectra.




2. Materials and Methods


1H and 13C NMR spectra were recorded using JEOL JNM-ECZ400S NMR spectrometer operating at 400 MHz for 1H and 100.53 MHz for 13C experiments at 298.0 ± 1.0 K with 5 mm (o.d.) Pyrex glass tubes. Deuterated solvents, acetone-d6, acetonitrile-d3, chloroform-d, D2O, dimethyl sulfoxide-d6, and methanol-d4 and other reagents were purchased from Wako Pure Chemical Industries Ltd. (Japan). The compounds, N-Boc-L-alanine-OH 1a, N-Boc-L-valine-OH 2, N-Boc-L-proline-OH 3a, N-Boc-L-serine-OH 4a, N-Boc-L-threonine-OH 5, L-alanine methyl ester hydrochloride, L-serine methyl ester hydrochloride, and L-proline methyl ester hydrochloride were purchased from Tokyo Chemical Industry Co., Ltd. (Japan). The infrared spectra of dipeptide derivatives in chloroform and acetonitrile were recorded using HORIBA FT-720 Fourier transform infrared spectrometer and the demountable liquid cell. The demountable liquid cell consisted of CaF2 windows and Teflon spacer with a path length of 0.1 mm.



2.1. 13C NMR Measurements of Various Amino Acid Derivatives and Dipeptide Derivatives in Various Solvents


The concentration of the sample solutions was 25.0 ± 5.0 mmol/L. In the case of D2O solution, the chemical shifts were recorded with reference to TSP-d4 as an external standard. In the case of organic solutions, the chemical shifts were recorded with reference to the carbons in the used solvent as an internal standard (acetone-d6, δ 29.8; acetonitrile-d3, δ 1.3; benzene-d6, δ 128.0; chloroform-d, δ 77.0; dimethyl sulfoxide-d6, δ 39.5; methanol-d4, δ 49.0). In the case of ethanol and tetrahydrofuran solutions, the 13C NMR spectra were recorded using the No-Deuterium Proton NMR technique, and the chemical shifts were referenced to the used solvent as an internal standard (ethanol, δ 56.8; tetrahydrofuran δ 67.4). The ETN values utilized in this work are as follows: tetrahydrofuran, ETN 0.207; chloroform-d, ETN 0.259; acetone-d6, ETN 0.355; dimethyl sulfoxide-d6, ETN 0.444; acetonitrile-d3, ETN 0.460; ethanol, ETN 0.654; methanol-d4, ETN 0.762; D2O, ETN 1.000 [10].



In the measurement of 13C NMR spectra of the amino acid derivatives and dipeptide derivatives, the 13C NMR chemical shifts of the carbonyl carbons of the major isomer was adopted for each compound when the rotational isomers across the amide bond were observed. In this way the 13C NMR chemical shifts in relation to the solvent polarity were monitored. The 13C NMR chemical shifts of the carbonyl carbons in the amino acid derivatives and dipeptide derivatives in various solvents are listed in Tables S13–S17 (Supplementary Materials).




2.2. General Procedure for Methylation of N-Boc-Protected Amino Acids


N-Boc-L-alanine-OMe 1b, N-Boc-L-proline-OMe 3b, and N-Boc-L-serine-OMe 4b were prepared by methylation with the use of trimethylsilyl diazomethane (TMSCHN2) of corresponding acids 1a, 3a, and 4a, respectively [24,25].



2.2.1. N-Boc-L-alanine-OMe 1b


To a stirred solution of 97 mg (0.51 mmol) of N-Boc-L-alanine-OH 1a in 5.0 mL of toluene-methanol (3:1), 1.7 mL of hexane solution of 10% TMSCHN2 (1.02 mmol) was added dropwise until the yellow color persisted. The mixture was stirred for 1 h at room temperature and concentrated in vacuo. The residue was purified by column chromatography on silica gel (hexane-ethyl acetate = 9:1) to afford 61 mg (0.30 mmol) of N-Boc-L-alanine-OMe 1b. Yield 58.4%. 1H NMR (CDCl3): 1.38 (d, J = 7.2 Hz, 3H, CH(CH3)); 1.44 (s, 9H, C(CH3)3); 3.74 (s, 3H, OCH3); 4.32 (m, 1H, CH(CH3)). 13C NMR (CDCl3): 18.7 (CH(CH3)); 28.3 (C(CH3)3); 49.1 (CH(CH3)); 52.3 (OCH3); 79.9 (C(CH3)3); 155.4 (CO-OtBu); 174.2 (CO-OCH3).




2.2.2. N-Boc-L-proline-OMe 3b


N-Boc-L-proline-OMe 3b (50 mg, 0.22 mmol) was prepared from N-Boc-L-proline-OH 3a (109 mg, 0.51 mmol) according to the same procedure described above. Yield 43.1%. 1H NMR (CDCl3): 1.41 (s, 9H, C(CH3)3); 1.82–1.87 (m, 2H, CH2); 2.12–2.28 (m, 2H, CH2); 3.37–3.58 (m, 2H, CH2); 3.72 (s, 3H, OCH3); 4.20–4.32 (m, 1H, CH). 13C NMR (CDCl3): 23.7 (CH2); 28.3 (C(CH3)3); 30.9 (CH2); 46.3 (CH2); 51.9 (OCH3); 59.1 (CH); 79.8 (C(CH3)3); 154.4 (CO-OtBu); 173.8 (CO-OCH3).




2.2.3. N-Boc-L-serine-OMe 4b


N-Boc-L-serine-OMe 4b (61 mg, 0.28 mmol) was prepared from N-Boc-L-serine-OH 4a (110 mg, 0.54 mmol) according to the same procedure described above. Yield 51.9%. 1H NMR (CDCl3): 1.44 (s, 9H, C(CH3)3); 3.79 (s, 3H, OCH3); 3.88–3.98 (m, 2H, CH2O); 4.39 (m, 1H, CH). 13C NMR (CDCl3): 28.3 (C(CH3)3); 52.7 (OCH3); 55.7 (CH); 63.6 (CH2O); 80.4 (C(CH3)3); 155.7 (CO-OtBu); 171.2 (CO-OCH3).





2.3. General Procedure for Preparation of N-Boc-Protected Dipeptide Derivatives


N-Boc-L-proline-L-alanine-OMe 6, N-Boc-L-proline-L-serine-OMe 7, N-Boc-L-proline-OMe 8, N-Boc-L-alanine-L-proline-OMe 9, and N-Boc-L-serine-L-proline-OMe 10 were prepared from the corresponding N-Boc-protected amino acid and the amino acid methyl ester with N,N′-dicyclohexylcarbodiimide (DCC) as a coupling reagent [26,27].



2.3.1. N-Boc-L-proline-L-alanine-OMe 6


L-Alanine methyl ester hydrochloride (1.040 g, 7.45 mmol) was suspended in 20.0 mL of CH2Cl2 and the suspension was cooled to 0 °C. Anhydrous triethylamine (1.0 mL, 7.2 mmol), N-Boc-proline-OH 2a (2.154 g, 10.01 mmol) suspended in 10.0 mL of CH2Cl2, and the solution of DCC (2.072 g, 10.04 mmol) dissolved in 10.0 mL of CH2Cl2 was added to this suspension. The reaction mixture was stirred for 1 h at 0 °C and for 5 h at room temperature. The precipitated dicyclohexylurea was then filtered off and washed with CH2Cl2. The combined filtrate was washed successively with 5% NaHCO3 aqueous solution, water, 1 mol/L HCl aqueous solution, and water. The organic phase was then dried using anhydrous Na2SO4 and the solvent was removed in vacuo. The residue was purified by column chromatography on silica gel (hexane-ethyl acetate = 1:1) to afford 1.402 g of N-Boc-L-proline-L-alanine-OMe 6 as colorless solid. M.p. 31–32 °C. Yield 62.6%. 1H NMR (CDCl3): 1.35 (d, J = 7.1 Hz, 2H, CH(CH3)); 1.45 (s, 9H, C(CH3)3); 1.80–2.00 (m, 2H, CH2); 2.05–2.36 (m, 2H, CH2); 3.27–3.52 (m, 2H, CH2); 3.73 (s, 3H, OCH3); 4.25 (m, 1H, CH(CH3)); 4.54 (m, 1H, CH). The amino proton was not observed because of broadening of the signal. 13C NMR (CDCl3): 18.5 (18.3) (CH(CH3)); 24.5 (23.7) (CH2); 28.3 (C(CH3)3); 30.8 (32.9) (CH2); 47.0 (47.9) (CH2); 52.3 (OCH3); 59.7 (CH); 61.0 (CH); 80.4 (C(CH3)3); 155.6 (154.6) (CO-OtBu); 171.7 (172.1) (CO-NH); 173.1 (CO-OCH3) (The chemical shifts in parentheses are for the minor amide rotational isomer).




2.3.2. N-Boc-L-proline-L-serine-OMe 7


N-Boc-L-proline-L-serine-OMe 7 (0.945 g, 2.99 mmol) was prepared from L-serine methyl ester hydrochloride (1.190 g, 7.65 mmol) and N-Boc-L-proline-OH 2a (2.152 g, 10.00 mmol) according to the same procedure as described above. Yield 39.1%. 1H NMR (CDCl3): 1.43 (s, 9H, C(CH3)3); 1.77–2.21 (m, 4H, CH2 × 2); 3.33–3.52 (m, 2H, CH2); 3.76 (s, 3H, OCH3); 3.83–4.03 (m, 2H, CH2O); 4.20 (m, 1H, CH(CH2OH)); 4.60 (m, 1H, CH). The hydroxy proton and amino proton were not observed because of broadening of the signals. 13C NMR (CDCl3): 24.6 (23.7) (CH2); 28.3 (C(CH3)3); 29.2 (31.0) (CH2); 47.1 (CH2); 52.5 (OCH3); 55.1 (54.5) (CH); 60.3 (60.9) (CH2O); 62.3 (63.3) (CH); 80.6 (C(CH3)3); 155.2 (154.6) (CO-OtBu); 170.8 (CO-OCH3); 172.6 (173.2) (CO-NH) (The chemical shifts in parentheses are for the minor amide rotational isomer).




2.3.3. N-Boc-L-proline-L-proline-OMe 8


N-Boc-L-proline-L-proline-OMe 8 (0.767 g, 2.35 mmol) was prepared from L-proline methyl ester hydrochloride (1.005 g, 6.07 mmol) and N-Boc-L-proline-OH 2a (1.771 g, 8.23 mmol) according to the same procedure as described above. Yield 38.7%. 1H NMR (CDCl3): 1.39 (s, 9H, C(CH3)3); 1.67–2.26 (m, 8H, CH2 × 4); 3.28–3.64 (m, 4H, CH2 × 2); 3.67 (s, 3H, OCH3); 4.15 (m, 1H, CH); 4.42 (m, 1H, CH). 13C NMR (CDCl3): 23.6 (23.3) (CH2); 24.4 (24.2) (CH2); 29.7 (CH2); 30.7 (30.5) (CH2); 28.3 (C(CH3)3); 46.2 (CH2); 46.4 (CH2); 51.8 (OCH3); 59.0 (CH); 60.2 (CH); 79.7 (C(CH3)3); 154.1 (153.7) (CO-OtBu); 154.9 (154.3) (CO-N); 171.5 (171.0) (CO-OCH3) (The chemical shifts in parentheses are for the minor amide rotational isomer).




2.3.4. N-Boc-alanine-L-proline-OMe 9


N-Boc-L-alanine-L-proline-OMe 9 (1.357 g, 4.52 mmol) was prepared from L-proline methyl ester hydrochloride (0.840 g, 5.07 mmol) and N-Boc-L-alanine-OH 1a (0.902 g, 4.77 mmol) according to the same procedure as described above. Yield 89.1%. 1H NMR (CDCl3): 1.35 (d, J = 6.9 Hz, 3H, CH(CH3)); 1.40 (s, 9H, C(CH3)3); 1.90–2.27 (m, 4H, CH2 × 2); 3.54–3.71 (m, 2H, CH2); 3.70 (s, 3H, OCH3); 4.45 (m, 1H, CH(CH3)); 4.51 (m, 1H, CH). The amino proton was not observed because of broadening of the signal. 13C NMR (CDCl3): 18.3 (CH(CH3)); 24.9 (CH2); 28.3 (C(CH3)3); 28.9 (CH2); 46.7 (CH2); 47.6 (CH(CH3)); 52.2 (OCH3); 58.6 (CH); 79.5 (C(CH3)3); 155.2 (CO-OtBu); 171.7 (CO-N); 172.4 (CO-OCH3).




2.3.5. N-Boc-L-serine-L-proline-COOMe 10


N-Boc-L-serine-L-proline-OMe 10 (0.839 g, 2.65 mmol) was prepared from L-proline methyl ester hydrochloride (0.521 g, 3.15 mmol) and N-Boc-L-serine-OH 3a (0.606 g, 2.95 mmol) according to the same procedure as described above. Yield 84.3%. 1H NMR (CDCl3): 1.33 (s, 9H, C(CH3)3); 1.83–2.20 (m, 4H, CH2 × 2); 3.58–3.69 (m, 2H, CH2); 3.63 (s, 3H, OCH3); 3.67–3.79 (m, 2H, CH2O); 4.46 (m, H, CH); 4.50 (m, 1H, CH(CH2OH)). The hydroxy proton and amino proton were not observed because of broadening of the signals. 13C NMR (CDCl3): 24.6 (CH2); 28.0 (C(CH3)3); 28.6 (CH2); 46.9 (CH2); 52.3 (52.4) (OCH3); 53.3 (54.0) (CH); 58.7 (59.1) (CH2O); 63.5 (63.7) (CH); 79.6 (79.9) (C(CH3)3); 155.4 (157.0) (CO-OtBu); 169.9 (CO-N); 172.6 (172.1) (CO-OCH3) (The chemical shifts in parentheses are for the minor amide rotational isomer).





2.4. Computational Methods


The geometry optimizations for the most stable structures of N-Boc-L-proline-L-alanine-OMe 6, N-Boc-L-proline-L-serine-OMe 7, N-Boc-L-alanine-L-proline-OMe 9, and N-Boc-L-serine-L-proline-OMe 10 were performed at the B3LYP/6-31+G(d) level in the gas phase with the GAUSSIAN 09 program [28]. The geometry optimization of the dipeptide derivatives, 6, 7, 9, and 10 in the solution phase (chloroform and acetonitrile) were performed with the use of the integral equation formalism model of the polarizable continuum model (IEFPCM) at the same theory level [29,30]. At the same theory level, frequency calculations were carried out for the confirmation of the optimized geometries. Zero-point energy corrections were also performed on the electronic energies.





3. Results and Discussion


We first monitored the 13C NMR chemical shifts of the carbonyl groups in eight derivatives of five kinds of N-Boc-protected amino acids, N-Boc-L-alanine-OH 1a, N-Boc-L-alanine-OMe 1b, N-Boc-L-valine-OH 2, N-Boc-L-proline-OH 3a, N-Boc-L-proline-OMe 3b, N-Boc-L-serine-OH 4a, N-Boc-L-serine-OMe 4b, and N-Boc-L-threonine-OH 5, in various solvents having different ETN values (Scheme 1). The 13C NMR chemical shifts of the carbonyl carbons in the N-Boc-protected amino acids and these derivatives are listed in Tables S13 and S14 (Supplementary Materials).



Figure 1 shows the results of N-Boc-L-alanine-OH 1a. The 13C chemical shifts of both the carbonyl carbons in the COOH and in the N-Boc group show downfield shifts as the solvent polarity ETN increased. Figure 2 shows the results of N-Boc-L-valine-OH 2. It showed a similar tendency to N-Boc-L-alanine-OH 1a, especially for the carbonyl carbon of the COOH. However, the carbonyl carbon of the N-Boc group showed smaller change of the 13C chemical shifts than that of 1a.



A quite similar tendency was also observed in N-Boc-L-proline-OH 3a to N-Boc-L-valine-OH 2, showing greater chemical shift changes in the carbonyl carbon in the COOH, but smaller changes for the carbonyl carbon in the N-Boc group with increase of ETN values (Figure 3). We interpret that these tendencies are due to the steric bulkiness of the isopropyl group and proline rings and hence decreased susceptibility to accept solvent effects. Interestingly, the 13C chemical shifts of both the carbonyl groups were almost constant in both N-Boc-L-serine-OH 4a (Figure 4) and N-Boc-L-threonine-OH 5 (Figure 5). From the behaviors of the 13C NMR chemical shifts of the carbonyl carbon in the N-Boc group of 4a and 5, it can be assumed that the solvent effect was not affected in the aprotic solvents because of the intramolecular hydrogen bonding between the oxygen atom of the carbonyl group in the carboxyl group or the carbonyl group in the N-Boc group and the hydrogen atom of the hydroxy group of the L-serine and L-threonine, but in the protic solvents, the slight downfield shifts were likely due to competition of the hydrogen bonding with the protic solvent.



We measured 13C NMR chemical shifts of three kinds of the corresponding methyl esters, N-Boc-L-alanine-OMe 1b (Figure 6), N-Boc-L-proline-OMe 3b (Figure 7), and N-Boc-L-serine-OMe 4b (Figure 8). Since these methyl esters were insoluble in D2O, the behavior of 13C NMR chemical shifts of the carbonyl carbons was investigated in seven organic solvents having different ETN values. However, these tendencies did not alter from the corresponding carboxylic acids, 1a, 3a, and 4a, showing the same tendencies for the chemical shifts of the carbonyl carbons. Therefore, for further studies, we utilized all carbomethoxy derivatives instead of the free carboxylic acids because of the increased solubilities in organic solvents.



From these observations, it appears that the intermolecular forces between the carbonyl group and the solvent countervail with the steric effects by the substituents of the amino acids, and amino acid derivatives with a small functional group can move the 13C NMR chemical shifts of the carbonyl carbons of the N-Boc group as in Scheme 2a,b. On the other hand, although the solvent polarity ETN values was increased, the 13C NMR chemical shifts of the carbonyl carbon in the N-Boc group and in the carboxy group or the carbomethoxy group of 4a, 4b, and 5 were only slightly changed. Therefore, these results could be assumed to mean that the intramolecular hydrogen bonding exists between the oxygen atom of the carbonyl group in the carboxyl group or the carbonyl group in the N-Boc group and the hydrogen atom of the hydroxy group of the L-serine and L-threonine as shown in Scheme 2c.



Next, we measured 13C NMR chemical shifts of the carbonyl carbons of five dipeptide derivatives, N-Boc-L-proline-L-alanine-OMe 6, N-Boc-L-proline-L-serine-OMe 7, and N-Boc-L-proline-L-proline-OMe 8, in particular, containing an N-Boc-protected L-proline residue, and N-Boc-L-alanine-L-proline-OMe 9 and N-Boc-L-serine-L-proline-OMe 10, containing an L-proline methyl ester (Scheme 3). The 13C NMR chemical shifts of the carbonyl carbons in the N-Boc-protected dipeptide derivatives are listed in Tables S15–S17 (Supplementary Materials). Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 show the results.



For N-Boc-L-proline-L-alanine-OMe 6 as shown in Figure 9, both the carbonyl carbons of the peptide bond and the carbomethoxy group showed downfield shifts as the solvent polarity ETN values increased, while the carbonyl carbon of the N-Boc group showed only slight change as in the above results. The pattern of the 13C NMR chemical shifts of the carbonyl carbon in the N-Boc group of 6 were similar to N-Boc-L-proline-OMe 3b and the pattern of the carbonyl carbon in the carbomethoxy group of 6 were similar to N-Boc-L-alanine-OMe 1b. From these solvent effects on these carbonyl groups, we predicted that intramolecular hydrogen bonding was formed between the oxygen atom of the carbonyl group in the N-Boc group and the hydrogen atom of the peptide bond as shown in Figure 9 and in Scheme 4a.



For N-Boc-L-proline-L-serine-OMe 7 as shown in Figure 10, the carbonyl carbon of the peptide bond showed a downfield shift with the increase of the solvent polarity and the carbonyl carbon of the carbomethoxy group showed only slight change. However, the carbonyl carbon of the N-Boc group remained almost constant except in protic solvents as in the dipeptide derivative 6, probably due to the similar intramolecular hydrogen bonding as shown in Figure 10. Here, interestingly, we found out that intramolecular hydrogen bonding can also form between the carbonyl oxygen of the N-Boc group on the L-proline and the hydrogen atom of the hydroxy group as in Scheme 4b, which will be described later.



For N-Boc-L-proline-L-proline-OMe 8, only the carbonyl carbon of the carbomethoxy group showed downfield shifts with the increase of the solvent polarity, while two other carbonyl carbons in the N-Boc group and in the peptide bond showed only slight changes of the chemical shifts (Figure 11).



From these solvent effects of dipeptides 6–8, it appears that the steric effects caused by the proline residue is remarkable, showing comparable effects caused by the intramolecular hydrogen bonding (Scheme 4c).



In order to investigate the steric effect of the proline ring residue, the behavior of the 13C NMR chemical shifts of the carbonyl carbons in the two dipeptides, N-Boc-L-alanine-L-proline-OMe 9 and N-Boc-L-serine-L-proline-OMe 10 in different solvents were investigated. Interestingly, when we measured 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-alanine-L-proline-OMe 9, all the three carbonyl carbons in 9 showed downfield shifts with the increase of the solvent polarity ETN values (Figure 12). This is an anticipated outcome as this case is similar to N-Boc-L-alanine-OH 1a or N-Boc-L-alanine-OMe 1b. In addition, this outcome also suggests that the peptide bond formed with the carboxyl group on the proline ring makes some contribution to the near-constant chemical shifts on the carbonyl next to the proline nitrogen atom.



The dipeptide N-Boc-L-serine-L-proline-OMe 10 also showed downfield shifts for the two carbonyl carbons in the carbomethoxy group and in the peptide bond, while the change of the carbonyl carbon in the N-Boc group was slight except in EtOH and MeOH-d4 (Figure 13). It is likely that only these protic solvents exhibited the influence because of the hydrogen bonding from these solvents. This pattern for the N-Boc group was similar to N-Boc-L-serine-OH 4a, N-Boc-L-serine-OMe 4b, and N-Boc-L-proline-L-serine-OMe 7. These results suggest that the intramolecular hydrogen bonding can be formed between the carbonyl oxygen of the N-Boc group on the L-serine and the hydrogen atom of the hydroxy group of L-serine from the behavior of the carbonyl carbon of the N-Boc group in dipeptide 10 as will be described later (Scheme 5).



As for the 13C NMR chemical shifts of the N-Boc group in dipeptide derivatives 6, 7, 9, and 10, the 13C NMR chemical shifts of the carbonyl carbon in the N-Boc group in 9 showed the downfield shifts with an increase of the solvent polarity (Figure 12), whereas those of the N-Boc group attached to L-proline in 6, in 7, and in 10 hardly changed even with the increased solvent polarity (Figure 9, Figure 10 and Figure 13). For elucidation of the behavior of the 13C NMR chemical shift of the carbonyl carbon in the N-Boc group in the dipeptide derivatives, 6, 7, 9, and 10, the infrared absorption spectra in organic solutions were measured and the absorption patterns of the carbonyl groups in the dipeptide derivatives were examined. We selected chloroform as a low-polarity solvent and acetonitrile as a high-polarity solvent for the organic solvents with minimal interferences with the carbonyl absorptions for the IR measurement. Furthermore, the IR spectra of the dipeptide derivatives, 6, 7, 9, and 10, were predicted based on their most stable structures calculated by the density functional theory (DFT) at the B3LYP/6-31+G(d) level in the gas phase and in the solution phase, and they were compared with the actually measured spectra. All the calculations were performed with the use of the GAUSSIAN 09 program [28].



The IR spectra of the dipeptide, N-Boc-L-proline-L-alanine-OMe 6, in chloroform and in acetonitrile are shown in Figure 14. The carbonyl groups assigned to the carbonyl bond in the ester group in 6 were observed at 1741 cm−1, and those in the N-Boc group and in peptide bonds were observed at 1682 cm−1 in chloroform (Figure 14b). They were observed at 1747 and 1697 cm−1 respectively in acetonitrile (Figure 14d).



The calculated IR spectra of 6 having the most stable structures in the gas phase and in the solution phase are shown in Figure 15. As shown in Figure 15d, in the gas phase, the carbonyl group of the methyl ester group in 6 appeared at 1802 cm−1. The above carbonyl bond in the N-Boc group and the carbonyl bond in the peptide bond were at 1716 and 1737 cm−1, respectively. The absorption at 1716 cm−1 was assigned to the stretching vibration in the same direction for each carbonyl bond, and 1737 cm−1 was assigned to that in the opposite direction. As shown in Figure 15e,f, the calculated IR absorptions of the carbonyl bond in the ester group of 6 appeared at 1776 cm−1 and 1762 cm−1 in chloroform and in acetonitrile respectively. Those assigned to the carbonyls in the N-Boc group and in the peptide bond were at 1710 cm−1 (opposite) and 1690 cm−1 (same) in chloroform and at 1697 cm−1 (opposite) and 1676 cm−1 (same) in acetonitrile. From these spectra, the observed spectral pattern of the absorptions of the carbonyl groups in 6 is in good agreement with the estimated patterns by the DFT calculation in the gas phase and in the solution phase (chloroform and acetonitrile).



From the DFT calculations of dipeptide 6, it was revealed that the intramolecular hydrogen bonding could be formed between the oxygen atom of the carbonyl group of the N-Boc group attached to proline and the hydrogen atom of the peptide bond between L-proline and L-alanine in the optimized structure shown in Scheme 4a. Therefore, the IR spectral results in organic solutions indeed support that dipeptide 6 primarily adopts the structures shown in Figure 15b,c and in Scheme 4a.



The IR spectra in chloroform and in acetonitrile along with the predicted IR spectra of N-Boc-L-proline-L-serine-OMe 7, are shown in Figure 16 and Figure 17, respectively. The carbonyl groups assigned to the carbonyl bond in the ester group in 7 were observed at 1743 cm−1 and those in the N-Boc group and in the peptide bond were observed at 1676 cm−1 in chloroform (Figure 16b). These carbonyl groups were observed at 1749 and 1697 cm−1 in acetonitrile (Figure 16d). The calculated IR spectra of 7 in the gas phase and in the solution phase are shown in Figure 17d,f. As shown in Figure 17d, the carbonyl bond assigned to the carbomethoxy group appeared at 1792 cm−1, that assigned to the peptide bond was at 1741 cm−1, and that assigned to the N-Boc group was at 1717 cm−1 in the gas phase.



As in those of dipeptide 6, the observed IR spectra in organic solution and the estimated IR spectra of the most stable structure of 7 showed good agreement. From the results of the IR spectra of dipeptide 7 in organic solution and the calculated IR spectra, we reasoned that an intramolecular hydrogen bonding was formed between the oxygen atom of the carbonyl group in the N-Boc group attached to L-proline and the hydrogen atom of the hydroxy group of the serine in the organic solution as shown in Figure 17a–c and Scheme 4b in the organic solution.



Next, the observed IR spectra in chloroform and in acetonitrile along with the predicted IR spectra of the most stable structures of N-Boc-L-alanine-L-proline-OMe 9 and those of N-Boc-L-serine-L-proline-OMe 10 are shown in Figure 18 and Figure 19 as well as Figure 20 and Figure 21. The absorptions of the carbonyl groups assigned to the carbonyl bond in the carbomethoxy group in 9 in chloroform and in acetonitrile were observed at 1743 and 1747 cm−1, and those assigned to the carbonyl bond in N-Boc group were observed at 1705 and 1709 cm−1 also in chloroform and in acetonitrile as shown in Figure 18b,d. The absorption assigned to the carbonyl bond in the peptide bond was observed at 1649 cm−1 in chloroform, whereas the absorption in acetonitrile was not observed because of the overlap with the background of the solvent (Figure 18b–d).



The absorptions of carbonyl groups assigned to the carbonyl bond in the ester group in 10 were observed at 1736 and 1745 cm−1 in chloroform and in acetonitrile respectively, and those assigned to the carbonyls in the N-Boc group were observed at 1707 and 1712 cm−1 also in chloroform and in acetonitrile respectively, and the absorption assigned to the carbonyl in the peptide bond was observed at 1647 cm−1 in chloroform (Figure 20b,d).



Both the observed IR spectra of 9 and 10 were found to be in good agreement with the estimated IR spectra of the most stable structures of 9 and 10, respectively. It is especially notable that the optimized structure of 10 obtained by the DFT calculation showed the existence of the intramolecular hydrogen bonding between the oxygen atom of the carbonyl bond in the N-Boc group and the hydrogen atom of the hydroxy group of the serine (Figure 21a–c). These results support the solvent effects of the carbonyl group of each N-Boc group in 9 and 10 as shown in Figure 12 and Figure 13.




4. Conclusions


In summary, the correlation between the 13C NMR chemical shift of carbonyl carbons by NMR spectroscopy and the solvent polarity parameter ETN, the IR absorption spectra in solution, and the predicted IR spectra from the optimized structures obtained by DFT calculations can reveal the intermolecular and intramolecular interactions between the amino acid derivatives including dipeptide derivatives and solvents. In the case of N-Boc-protected amino acids and the dipeptides having a small aliphatic functional group (e.g., alanine), more prominent downfield shifts with increase of ETN value were observed for the 13C NMR chemical shifts of the carbonyls in the carbomethoxy group and in the N-Boc groups. This observation indicates the existence of intermolecular forces between the carbonyl group and the solvent due to the less steric hindrance by the amino acids with a small functional group as depicted in Scheme 2. Amino acids and dipeptides having a large functional group (e.g., proline) showed slight downfield shifts for the carbonyl in the N-Boc group with increase of ETN perhaps due to the steric bulkiness and the hydrogen bonding between the oxygen atom of the N-Boc group and the peptide bond as shown in Scheme 4. In particular, the carbonyls in N-Boc-L-proline-L-proline-OMe 8 were hardly affected by the change of the solvent polarity due to the bulkiness (Scheme 4c). In the case of N-Boc-protected amino acid and dipeptides having a hydroxyl group, the 13C NMR chemical shifts of the carbonyl carbon in N-Boc group were almost constant regardless of the polarity of the solvent, due to the intramolecular hydrogen bonding between the oxygen atom of the carbonyl bond of the N-Boc group and the hydrogen atom of the hydroxy group of serine as depicted in Scheme 4b and Scheme 5. The above tendency found on the proline residue of 8 in which the 13C NMR chemical shifts remains near-constant is as notable as this hydrogen bonding.
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Scheme 1. N-Boc-protected amino acids and these derivatives. 
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Figure 1. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-alanine-OH 1a. 
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Figure 2. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-valine-OH 2. 
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Figure 3. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-proline-OH 3a. 
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Figure 4. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-serine-OH 4a. 
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Figure 5. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-threonine-OH 5. 
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Figure 6. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-alanine-OMe 1b. 
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Figure 7. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-proline-OMe 3b. 
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Figure 8. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-serine-OMe 4b. 
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Scheme 2. The existence of intermolecular forces between the carbonyl group in N-Boc-protected amino acid derivatives having several functional groups. (a) Small nonpolar aliphatic functional group, (b) large nonpolar aliphatic functional group, (c) a polar functional group (hydroxy group). 
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Scheme 3. N-Boc-protected dipeptide derivatives. 
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Figure 9. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-proline-L-alanine-OMe 6. 
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Scheme 4. Steric effects caused by the proline residue, the N-Boc group, and intramolecular hydrogen bonding. (a) N-Boc-L-proline-L-alanine-OMe 6, (b) N-Boc-L-proline-L-serine-OMe 7, (c) N-Boc-L-proline-L-proline-OMe 8. 
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Figure 10. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-proline-L-serine-OMe 7. 
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Figure 11. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-proline-L-proline-OMe 8. 
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Figure 12. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-alanine-L-proline-OMe 9. 
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Figure 13. 13C NMR chemical shifts of the carbonyl carbons of N-Boc-L-serine-L-proline-OMe 10. 
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Scheme 5. Steric effects caused by the proline residue and intramolecular hydrogen bonding in N-Boc-L-serine-L-proline-OMe 10. 






Scheme 5. Steric effects caused by the proline residue and intramolecular hydrogen bonding in N-Boc-L-serine-L-proline-OMe 10.



[image: Organics 03 00003 sch005]







[image: Organics 03 00003 g014 550] 





Figure 14. IR spectra of N-Boc-L-proline-L-alanine-OMe 6: (a) CHCl3 (red line); (b) 20 mmol/L of 6 in CHCl3; (c) acetonitrile (blue line); (d) 20 mmol/L of 6 in acetonitrile. 
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Figure 15. The most stable structure and calculated IR spectra of N-Boc-L-proline-L-alanine-OMe 6: (a) The most stable structure in the gas phase; (b) the most stable structure in chloroform; (c) the most stable structure in acetonitrile; (d) calculated IR spectrum in the gas phase; (e) calculated IR spectrum in chloroform; (f) calculated IR spectrum in acetonitrile. Same and Opposite in (d,f) mean the stretching vibration in the same direction and opposite direction for each carbonyl bond, respectively. 
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Figure 16. IR spectra of N-Boc-L-proline-L-serine-OMe 7: (a) CHCl3 (red line); (b) 20 mmol/L of 7 in CHCl3; (c) acetonitrile (blue line); (d) 20 mmol/L of 7 in acetonitrile. 
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Figure 17. The most stable structure and calculated IR spectra of N-Boc-L-proline-L-serine-OMe 7: (a) The most stable structure in the gas phase; (b) the most stable structure in chloroform; (c) the most stable structure in acetonitrile; (d) calculated IR spectrum in the gas phase; (e) calculated IR spectrum in chloroform; (f) calculated IR spectrum in acetonitrile. 
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Figure 18. IR spectra of N-Boc-L-alanine-L-proline-OMe 9: (a) CHCl3 (red line); (b) 20 mmol/L of 9 in CHCl3; (c) acetonitrile (blue line); (d) 20 mmol/L of 9 in acetonitrile. 
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Figure 19. The most stable structure and calculated IR spectra of N-Boc-L-alanine-L-proline-OMe 9: (a) the most stable structure in the gas phase, (b) the most stable structure in chloroform, (c) the most stable structure in acetonitrile, (d) calculated IR spectrum in the gas phase, (e) calculated IR spectrum in chloroform, (f) calculated IR spectrum in acetonitrile. 
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Figure 20. IR spectra of N-Boc-L-serine-L-proline-OMe 10: (a) CHCl3 (red line); (b) 20 mmol/L of 10 in CHCl3; (c) acetonitrile (blue line); (d) 20 mmol/L of 10 in acetonitrile. 






Figure 20. IR spectra of N-Boc-L-serine-L-proline-OMe 10: (a) CHCl3 (red line); (b) 20 mmol/L of 10 in CHCl3; (c) acetonitrile (blue line); (d) 20 mmol/L of 10 in acetonitrile.
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Figure 21. The most stable structure and calculated IR spectra of N-Boc-L-serine-L-proline-OMe 10: (a) the most stable structure in the gas phase, (b) the most stable structure in chloroform, (c) the most stable structure in acetonitrile, (d) calculated IR spectrum in the gas phase, (e) calculated IR spectrum in chloroform, (f) calculated IR spectrum in acetonitrile. 
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