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Abstract 

This study reports the synthesis and structural characterization of N,N′-hexamethylene bis-[(para-methylphenylamino)urea] and N,N′-hexamethylene bis-[(ortho-methylphenylamino)urea] derivatives obtained from hexamethylene diisocyanate and the corresponding methylanilines. The reactions were carried out at 25–30 °C in dimethylformamide in the presence of triethylamine using a 1:2 molar ratio of HDI to aromatic amine. The para-methyl derivative was isolated as a white solid in 94.6% yield with a melting point of 236–238 °C. The structures of the synthesized compounds were investigated by FTIR and 1H and 13C NMR spectroscopy. The FTIR spectra showed characteristic absorption bands associated with N–H, C=O, aromatic C–H and aliphatic C–H groups. The 1H and 13C NMR data provided assignments for the urea, aromatic, methyl and hexamethylene groups and supported the proposed bis-urea structures. Comparison of the spectroscopic data demonstrated differences in the chemical environments of the para- and ortho-methyl-substituted aromatic groups..
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1. Introduction

Urea derivatives represent an important class of nitrogen-containing compounds that have attracted considerable attention in medicinal chemistry, organic synthesis, supramolecular chemistry and materials science. The urea functional group can participate in hydrogen-bonding interactions and can therefore contribute to molecular recognition, self-assembly and structure–property relationships (Ghosh and Brindisi, 2020; Ronchetti et al., 2021; Amendola et al., 2010). Recent studies have also demonstrated the importance of bisurea structures in supramolecular organization and functional materials (Yagai et al., 2008; Hoshyarmanesh et al., 2021; Vleugels et al., 2024).

A well-established approach to the preparation of urea derivatives is the reaction of primary or secondary amines with isocyanates. This transformation proceeds through nucleophilic addition of the amine to the electrophilic carbon atom of the isocyanate group and provides a direct route to substituted ureas (Ghosh and Brindisi, 2020; Ronchetti et al., 2021; Bano et al., 2023). Diisocyanates contain two reactive isocyanate groups and can consequently react with two equivalents of an amine to form bis-urea structures. Hexamethylene diisocyanate (HDI) is an aliphatic diisocyanate containing two NCO groups and has been widely investigated in the preparation of urea- and polyurethane-related materials (Spence and Plehiers, 2022; Hoshyarmanesh et al., 2021).

Previous studies have demonstrated that HDI can be used as a bifunctional building block for the preparation of bisurea structures. Hoshyarmanesh et al. (2021) synthesized a series of bisurea derivatives and investigated the influence of structural differences on their gelation properties. More recently, Chen et al. (2025) investigated an HDI-based bisurea system derived from hexamethylene diisocyanate and benzylamine and examined its multistage self-assembly behaviour. These studies demonstrate that HDI-based bisurea structures can serve as well-defined molecular systems for investigating structural and intermolecular effects.Their study demonstrated that changes in the molecular structure of bisurea compounds can affect their physicochemical and supramolecular behaviour. Other studies have investigated the synthesis and structural characterization of urea derivatives prepared from diisocyanates and amine-containing compounds, confirming the suitability of spectroscopic methods for establishing the resulting molecular structures (Baumhardt et al., 2024; Stern, 2023).

Reaction conditions are also an important factor in urea synthesis. Wei et al. (2020), in a study published in Chemical Engineering Transactions, investigated the thermal stability and thermodynamics of 1,3-dimethylurea synthesis and demonstrated that reaction temperature and reaction time influenced the reaction behaviour and formation of side products. Their results emphasize the importance of selecting appropriate temperature and reaction-time conditions during urea synthesis (Wei et al., 2020). Although the reaction system investigated by Wei et al. differs from the HDI–methylaniline system considered in the present study, the work provides relevant background concerning the influence of thermal conditions on urea-forming reactions. 

Bisurea compounds are also of interest because their two urea groups provide defined structural motifs capable of participating in intermolecular interactions and molecular organization. Yagai et al. (2008) demonstrated that bisurea molecules containing a hexamethylene linker can participate in hydrogen-bond-driven supramolecular polymerization. Hoshyarmanesh et al. (2021) reported that structural differences among bisurea derivatives influenced their gelation properties, while Vleugels et al. (2024) demonstrated that bisurea-based molecular building blocks can be used to obtain supramolecular polymers with tunable properties. These studies indicate that the molecular structure of bisurea derivatives is an important factor governing their physicochemical and supramolecular behaviour.

Spectroscopic characterization is essential for confirming the molecular structures of newly synthesized urea derivatives. FTIR spectroscopy provides information on characteristic N–H, C=O, aromatic C–H and aliphatic C–H vibrations, while 1H and 13C NMR spectroscopy provides detailed information on the chemical environments of the urea, aromatic, methyl and aliphatic groups. The combined use of FTIR and NMR spectroscopy therefore provides complementary evidence for the structural characterization of bisurea derivatives (Hoshyarmanesh et al., 2021; Stern, 2023; Baumhardt et al., 2024).
Of particular relevance to the present work, Toshtemirov et al. (2026) recently reported the synthesis and spectral characterization of bis-urea derivatives obtained from hexamethylene diisocyanate and toluidines. Their study included o-, m- and p-toluidine-based derivatives and therefore represents a closely related contribution to the same general class of compounds. Consequently, the novelty of the present study is not claimed as the first synthesis of HDI–toluidine bis-urea derivatives. Instead, the work focuses on a controlled comparative synthesis of the para- and ortho-methyl-substituted derivatives under a common mild reaction protocol, together with detailed 1H and 13C NMR and FTIR characterization of the obtained molecular structures (Toshtemirov et al., 2026).

Compared with earlier studies of HDI-based urea systems, the present synthetic protocol has several distinguishing features. Earlier work on HDI and amine-containing compounds included reactions performed at elevated temperatures; for example, Balewski et al. (1985) investigated HDI–hexamethylenediamine reactions at 140–170 °C and different molar ratios of the reactants. In contrast, the present synthesis of the aromatic bis-urea derivatives was conducted at 25–30 °C using a defined 1:2 molar ratio of HDI to methylaniline and a reaction time of 6 h. The para-methyl derivative was obtained in a 94.6% isolated yield under these conditions. These differences provide a basis for distinguishing the present experimental protocol from previously reported HDI-based urea systems, although direct quantitative comparison of reaction efficiency should be made with caution because the reported studies involve different substrates and experimental procedures (Balewski et al., 1985; Hoshyarmanesh et al., 2021).

Bis-urea derivatives are of interest because the urea groups provide well-defined structural motifs capable of participating in intermolecular interactions, making such compounds relevant to the study of molecular organization and structure–property relationships. Previous studies have shown that structural variations in bisurea molecules can influence their physicochemical and supramolecular behaviour (Yagai et al., 2008; Hoshyarmanesh et al., 2021; Vleugels et al., 2024). In this context, the synthesis of positional isomers containing para- and ortho-methyl substituents provides an opportunity to examine how the location of the methyl group affects the spectroscopic characteristics of the resulting bis-urea structures.

Accordingly, the aim of this study was to synthesize N,N′-hexamethylene bis-[(para-methylphenylamino)urea] and N,N′-hexamethylene bis-[(ortho-methylphenylamino)urea] from HDI and the corresponding methylanilines under mild reaction conditions. Particular attention was given to the effect of the methyl-substituent position on the 1H and 13C NMR chemical shifts and FTIR absorption characteristics. The obtained spectroscopic data were used to establish structural assignments and to compare the spectral features of the para- and ortho-substituted HDI-based bis-urea derivatives.

2. Materials and methods
Materials

Hexamethylene diisocyanate (HDI), para-methylaniline and ortho-methylaniline were used as starting materials. Dimethylformamide (DMF) was used as the reaction medium, while triethylamine was added as a reaction additive. All reagents were of analytical grade and were used without further purification.

Synthesis

The synthesis of N,N′-hexamethylene bis-[(para-methylphenylamino)urea] was carried out in a three-necked flask equipped with a thermometer, a dropping funnel and a mechanical stirrer. Para-methylaniline (0.20 mol, 21.4 g) was placed in the flask, followed by 130 mL of dimethylformamide and 40 mL of triethylamine. The mixture was stirred until a homogeneous reaction medium was obtained.

Hexamethylene diisocyanate (HDI, 0.10 mol, 16.82 g, corresponding to approximately 16.0 mL at a density of 1.047 g mL⁻¹) was then added dropwise under continuous stirring. The molar ratio of HDI to para-methylaniline was maintained at 1:2, corresponding to the two isocyanate groups of HDI and two equivalents of aromatic amine required for formation of the bis-urea structure. The reaction was conducted at 25–30 °C for 6 h. After completion of the reaction, the resulting precipitate was separated by filtration and washed with distilled water two to three times to remove soluble components. The solid product was subsequently recrystallized from diethyl ether and dried to constant mass. A white solid product was obtained with an isolated mass of 36.2 g, corresponding to a yield of 94.6%. The melting point was determined to be 236–238 °C. N,N′-Hexamethylene bis-[(ortho-methylphenylamino)urea] was synthesized using the same procedure, replacing para-methylaniline with ortho-methylaniline while maintaining the same HDI:amine molar ratio and reaction conditions.

Characterization

The synthesized bis-urea derivatives were characterized by Fourier-transform infrared (FTIR) spectroscopy and 1H and 13C nuclear magnetic resonance (NMR) spectroscopy. FTIR spectroscopy was used to identify the characteristic functional groups of the synthesized compounds, particularly N–H, C=O, aromatic C–H and aliphatic C–H vibrations. 1H and 13C NMR spectroscopy was used to determine the chemical environments of the urea, aromatic, methyl and hexamethylene groups and to support the structural assignments of the synthesized compounds.

 3. Results and discussion.

The reaction of hexamethylene diisocyanate with para-methylaniline proceeded according to the proposed reaction scheme, yielding the corresponding bis-urea derivative under the applied conditions.
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Figure 1. Reaction scheme for the synthesis of N,N′-hexamethylene bis-[(para-methylphenylamino)urea].
The reaction proceeds through nucleophilic attack of the amine nitrogen on the electrophilic carbon atom of the isocyanate group, followed by proton transfer and formation of the urea linkage. The 1:2 molar ratio of HDI to methylaniline corresponds to the stoichiometry required for formation of the bis-urea structure containing two urea groups per HDI molecule. Reactions between amines and diisocyanates are well established for the preparation of urea-containing structures (Ghosh and Brindisi, 2020; Ronchetti et al., 2021; Stern, 2023).
The 1H NMR spectrum of N,N′-hexamethylene bis-[(para-methylphenylamino)urea] (Figure 2a) showed signals consistent with the proposed bis-urea structure. The resonance at δ 8.056 ppm was assigned to the urea NH proton. The aromatic protons appeared at δ 6.940–6.953 and 7.193–7.207 ppm, while the methyl protons of the p-tolyl groups gave a singlet at δ 2.238 ppm. The methylene protons adjacent to the urea nitrogen were observed at δ 3.069–3.096 ppm, whereas the remaining hexamethylene-chain protons appeared at δ 1.347–1.459 ppm. These assignments are consistent with the expected chemical environments of the aromatic and aliphatic groups in an HDI-based bis-urea structure.
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Figure 2. 1H (a) and 13C (b) NMR spectra of N,N′-hexamethylene bis-[(para-methylphenylamino)urea].
The 13C NMR spectrum (Figure 2b) further supported the proposed structure. The urea carbonyl carbon appeared at δ 154.888 ppm. The aromatic carbon signals were observed at δ 117.446, 128.558, 129.075 and 137.866 ppm. The signal at δ 38.783 ppm was assigned to the methylene carbon directly attached to nitrogen, while the signals at δ 26.706 and 29.796 ppm corresponded to the remaining aliphatic methylene carbons. The methyl carbon of the p-tolyl group appeared at δ 20.244 ppm. The combined 1H and 13C NMR data are consistent with the proposed N,N′-hexamethylene bis-[(para-methylphenylamino)urea] structure. Similar spectroscopic approaches have been used for the structural characterization of bisurea and diisocyanate-derived urea systems (Hoshyarmanesh et al., 2021; Stern, 2023).
1H NMR (600 MHz, DMSO-d₆): δ 1.347–1.459 (m, –CH₂–), 2.238 (s, Ar–CH₃), 3.069–3.096 (m, –CH₂–N–), 6.940–6.953 and 7.193–7.207 (m, Ar–H), 8.056 (s, NH).

13C NMR (150 MHz, DMSO-d₆): δ 20.244 (Ar–CH₃), 26.706, 29.796 (aliphatic –CH₂–), 38.783 (–CH₂–N–), 117.446, 128.558, 129.075, 137.866 (Ar–C), 154.888 (C=O, urea).
The 1H NMR spectrum of N,N′-hexamethylene bis-[(ortho-methylphenylamino)urea] (Figure 3a) showed characteristic resonances corresponding to the aromatic, methyl and methylene groups of the proposed structure. The aromatic proton signals were observed at δ 6.794–6.796, 7.023–7.024, 7.406 and 7.787–7.789 ppm. The methyl protons of the ortho-methylphenyl groups appeared as a singlet at δ 2.178 ppm. The methylene protons adjacent to the urea nitrogen were observed at δ 3.091 ppm, while the remaining methylene groups of the hexamethylene spacer appeared at δ 1.370–1.499 ppm. The observed signals are consistent with the proposed ortho-substituted bis-urea structure.

The 13C NMR spectrum (Figure 3b) provided further structural information. The urea carbonyl carbon appeared at δ 154.990 ppm. The aromatic carbon signals were observed at δ 120.212, 121.190, 125.637, 125.982, 127.897, 129.529 and 138.123 ppm. The signal at δ 38.854 ppm was assigned to the methylene carbon directly attached to nitrogen, whereas the signals at δ 26.134 and 29.783 ppm corresponded to the remaining aliphatic methylene carbons. The methyl carbon of the ortho-methylphenyl group appeared at δ 17.835 ppm. The combined 1H and 13C NMR data support the proposed structure of N,N′-hexamethylene bis-[(ortho-methylphenylamino)urea].

Comparison of the NMR data for the para- and ortho-methyl derivatives shows that the position of the methyl substituent affects the chemical environment of the aromatic and methyl groups. In particular, the methyl carbon resonance occurs at δ 20.244 ppm for the para derivative and at δ 17.835 ppm for the ortho derivative. The differences in the aromatic 13C signals also reflect the different substitution patterns of the two aromatic rings. These spectral differences are consistent with the structural distinction between the para- and ortho-substituted bis-urea derivatives.

1H NMR (600 MHz, DMSO-d6): δ 1.370–1.499 (m, –CH₂–), 2.178 (s, Ar–CH₃), 3.091 (m, –CH₂–N–), 6.794–6.796, 7.023–7.024, 7.406 and 7.787–7.789 (m, Ar–H).

13C NMR (150 MHz, DMSO-d6): δ 17.835 (Ar–CH₃), 26.134, 29.783 (aliphatic –CH₂–), 38.854 (–CH₂–N–), 120.212, 121.190, 125.637, 125.982, 127.897, 129.529, 138.123 (Ar–C), 154.990 (C=O, urea).
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Figure 3. 1H (a) and 13C (b) NMR spectra of N,N′-hexamethylene bis-[(ortho-methylphenylamino)urea]. 
Comparison of the spectroscopic data of the para- and ortho-methyl derivatives provides additional information on the effect of the methyl substituent position on the molecular environment. The 1H NMR spectra of both derivatives showed signals corresponding to the hexamethylene spacer and methyl-substituted aromatic rings; however, the chemical shifts of the methyl groups differed, appearing at δ 2.238 ppm for the para derivative and δ 2.178 ppm for the ortho derivative. A similar difference was observed in the 13C NMR spectra, where the methyl carbon signals occurred at δ 20.244 and 17.835 ppm for the para- and ortho-substituted derivatives, respectively. The aromatic carbon signals also showed different chemical-shift distributions, reflecting the different substitution patterns of the two aromatic rings. These differences provide spectroscopic evidence for distinguishing the positional isomers while retaining the common HDI-based bis-urea framework.

The FTIR spectra of the synthesized bis-urea derivatives are presented in Figure 4. For the para-methyl derivative, two absorption bands at 3331.81 and 3311.69 cm⁻¹ were assigned to N–H stretching vibrations of the urea groups. The bands at 3090.91 and 3023.39 cm⁻¹ were attributed to aromatic C–H stretching, while the absorptions at 2922.75, 2904.63 and 2856.92 cm⁻¹ corresponded to aliphatic C–H stretching vibrations. A group of absorptions in the carbonyl region around 1700 cm⁻¹ was observed, consistent with the presence of urea C=O groups. Additional bands at 1623.90, 1593.44, 1556.60 and 1500.72 cm⁻¹ were associated with aromatic and amide-related vibrations.

For the ortho-methyl derivative, the N–H stretching vibration was observed at 3315.53 cm⁻¹. The bands at 3099.02 and 3031.10 cm⁻¹ were assigned to aromatic C–H stretching vibrations, whereas the absorptions at 2971.17, 2933.79 and 2861.67 cm⁻¹ were attributed to aliphatic C–H stretching. The band at 1629.40 cm⁻¹ was assigned to the urea carbonyl/amide I region, while the bands at 1557.28, 1491.45 and 1455.29 cm⁻¹ were associated with amide-related and aromatic skeletal vibrations.
The applied reaction conditions were selected to provide a direct synthesis of the bis-urea derivatives without the need for elevated reaction temperatures. The use of a 1:2 molar ratio of HDI to methylaniline corresponds to the two reactive isocyanate groups of HDI and the two amine molecules required for formation of the terminal urea groups. The reaction was conducted at 25–30 °C for 6 h, and the para-methyl derivative was obtained in 94.6% isolated yield. These results demonstrate that the target low-molecular-weight bis-urea structure can be obtained under the applied mild conditions.
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Figure 4. FTIR spectra of N,N′-hexamethylene bis-[(para-methylphenylamino)urea] (a) and N,N′-hexamethylene bis-[(ortho-methylphenylamino)urea] (b).
The FTIR and NMR results provide complementary evidence for the proposed structures of the synthesized compounds. The presence of the urea carbonyl and N–H groups identified by FTIR is consistent with the urea carbonyl and N–H environments observed by ^13C and ^1H NMR spectroscopy, respectively. The NMR data additionally distinguish the para- and ortho-methyl-substituted aromatic environments, particularly through the different chemical shifts of the methyl and aromatic carbon signals. Taken together, the spectroscopic data support the formation of the proposed HDI-based bis-urea derivatives.
4. Conclusion 

N,N′-Hexamethylene bis-[(para-methylphenylamino)urea] and N,N′-hexamethylene bis-[(ortho-methylphenylamino)urea] were synthesized from hexamethylene diisocyanate and the corresponding methylanilines under mild reaction conditions. The synthesis was performed at 25–30 °C using a 1:2 molar ratio of HDI to aromatic amine in dimethylformamide in the presence of triethylamine. The para-methyl derivative was isolated as a white solid with a mass of 36.2 g, corresponding to a 94.6% yield, and exhibited a melting point of 236–238 °C.

The structures of the synthesized compounds were characterized by FTIR and ^1H and ^13C NMR spectroscopy. The FTIR spectra showed characteristic N–H, C=O, aromatic C–H and aliphatic C–H absorption bands. The 1H and 13C NMR spectra provided consistent assignments for the urea, aromatic, methyl and hexamethylene groups. The urea carbonyl signals were observed at δ 154.888 ppm for the para-methyl derivative and δ 154.990 ppm for the ortho-methyl derivative.

Comparison of the para- and ortho-methyl derivatives demonstrated measurable differences in their spectroscopic characteristics. In particular, the methyl carbon signals appeared at δ 20.244 and 17.835 ppm, respectively, while the corresponding methyl proton signals were observed at δ 2.238 and 2.178 ppm. These differences reflect the different chemical environments resulting from the positional arrangement of the methyl substituent while preserving the common HDI-based bis-urea framework.

Overall, the combined FTIR, 1H NMR and 13C NMR results support the proposed structures of the synthesized bis-urea derivatives. The obtained spectroscopic data also provide a basis for distinguishing the para- and ortho-methyl-substituted derivatives and for further investigation of their structure–property relationships.
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