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Abstract
A combined crystallographic/computational analysis focused on the supramolecular features of the crystal structure of N,N′-
diethyloxamide (NNDO) is discussed in this work. The studied compound was obtained unexpectedly during the synthesis 
of a series of salts of cyclic oximes derivatives. In the solid state NNDO is stabilized essentially through a strong N–H···O 
hydrogen bond but Hirshfeld surface analysis and Density Functional Theory (DFT) calculations were carried out to evalu-
ate the strength of the predominant hydrogen bonds observed in the X-ray structure, as well as the secondary C–H···O and 
C–H···N contacts established between the ethyl groups and the perpendicular dioxamide group. These interactions were 
further investigated using a combination of Quantum Theory of Atoms in Molecules (QTAIM), Non-Covalent Interaction 
Plot (NCIplot) and natural bond orbital (NBO) analysis computational tools, and were rationalized using Molecular Elec-
trostatic Potential (MEP) surface, electron localization function (ELF), localized orbital locator (LOL) and Fukui function 
calculations. The insights gathered in this study enrich the understanding of the factors governing crystal packing in amides 
and related compounds.
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Introduction

The success of chemical synthesis is closely tied to the antic-
ipated reactivity of molecular functional groups (Kolb et al. 
2001; Paul et al. 2018). However, alongside the expected 
outcomes, the discovery of unexpected new materials can 
also occur. Such compounds are valuable as they may pro-
vide insights into novel polymorphism or unique crystal 
structures, which could open new avenues for research (Hel-
ler et al. 2020; Carver et al. 2012).

In this study, N,N′-diethyloxamide (NNDO, see 
Scheme 1) was serendipitously obtained during an attempt 
to synthesize salts of Oxyma-T, a cyclic oxime derivative, 
as a part of another ongoing study. This amide has been 
successfully used in organic synthesis, particularly in the 
preparation of imidazole-based medicinal intermediates 
and various heterocyclic compounds (Abdullah et al. 2023; 
Chaudhury et al. 2015). In general oxalamides are currently 
used in materials science to design polymers (Casas et al. 
2002) or in crystal engineering (Curtis et al. 2005) to men-
tion only some of their multiple applications.

Moreover, although some works have described pre-
viously the prevalent hydrogen bonds across the N–H 
and C=O groups present in oxalamides (Hoffmann et al. 
2005; Molina-Paredes et al. 2022; Dhanishta et al. 2018; 
Alemán et al. 2004; Coe et al. 1997; Podda et al. 2024) a 
deeper knowledge about solid-state secondary intermo-
lecular interactions in members of this important family 
of compounds is much less studied, which motivated the 
analysis presented in this manuscript, which can enrich 
with new valuable structural data the understanding of 
the factors dictating crystal packing in amides and related 
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compounds (Morales-Santana et al. 2022; Mahesha et al. 
2025; Robello et al. 2021; Garg et al. 2025).

While the literature reports only the cell parameters for 
NNDO, we present here its single-crystal X-ray diffrac-
tion data and full 3D structure, thus allowing a detailed 
analysis and exploration of the interactions governing the 
crystal packing. To complement the experimental findings, 
Density Functional Theory (DFT) calculations were per-
formed to assess the strength of the predominant hydro-
gen bonds observed in the X-ray structure, as well as the 
C–H···O and C–H···N contacts formed between the ethyl 
groups and the perpendicular NC(O)C(O)N system (oxam-
ide group). These interactions were further analyzed using 
a combination of Quantum Theory of Atoms in Molecules 
(QTAIM), Non-Covalent Interaction Plot (NCIplot) and 
natural bond orbital (NBO) analysis computational meth-
ods, providing detailed in-sights into their nature. Addi-
tionally, Molecular Electrostatic Potential (MEP) surface, 
localized orbital locator (LOL) and Fukui function calcu-
lations were employed to rationalize these interactions, 
offering a comprehensive understanding of the molecular 
and supramolecular features of the compound.

Materials and methods

Synthesis and crystallization

The single crystal of the title compound was unexpectedly 
obtained in a two-step’s synthesis of Oxyma-T salt with 
DABCO. In the first step Oxyma-T was synthesized fol-
lowing a procedure reported in the literature by Fernando 
Albericio and co-workers (Jad et al. 2016) as follows: the 
stirring between 1,3-diethyl-2-thiobarbituric acid, sodium 
hydroxide, sodium nitrite, acetic acid and hydrochloric acid 
in the presence of methanol and water as solvent followed 
by slow evaporation of the synthesized material produced 
Oxyma-T as expected in yield 96%. However, in the second 
step, when trying to grow single crystals of the salt formed 
between Oxyma-T and 1,4-Diazabicyclo[2.2.2]octane 
(DABCO) in ethanol at 40 °C, instead of the expected salt 
needles of NNDO suitable for single crystal X-ray diffrac-
tion (SCXRD) analysis were isolated and analyzed. Interest-
ingly, when trying to recrystallize Oxyma-T in water/metha-
nol at 70 °C in the absence of DABCO crystals suitable for 
SCXRD were isolated and again the expected Oxyma-T was 
not crystallized. Instead, 1,3-diethylimi-dazole-2-thione-
3,4-dione (DDTD) was identified through SCXRD (data not 
shown), a compound previously reported by Kelley et al. 
(Kelley et al. 2020). It is known that oximes when heated 
in the presence of strong acids or bases undergo a process 
known as Beckman rearrangement (Heldt et al. 1958; Orlan-
din et al. 2022), which explains the formation of both com-
pounds according to the proposed mechanisms depicted in 
Schemes 2 and 3.

Powder X-ray diffraction (PXRD) patterns were recorded 
on a Bruker D2 Phaser diffractometer in Bragg–Bren-
tano reflection geometry using a Cu Kα radiation source 
(λ = 1.5406 Å) and a Si–Einkristall monochromator. Figure 1 
presents the experimental PXRD patterns of NNDO (a) and 
Oxyma-T (b), alongside their simulated patterns derived 
from single-crystal data (c and d, respectively). The good 

Scheme  1.   Molecular structure of N,N'-diethyloxamide reported 
herein

Scheme 2.   Suggested synthetic mechanism in the formation of DDTD
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agreement between experimental and simulated patterns 
confirms the phase purity of both compounds.

Crystallography data

The crystallographic data for NNDO in this study were 
obtained using a D8 VEN-TURE Bruker AXS diffractom-
eter, equipped with an Incoatec high brilliance IμS DIA-
MOND Cu tube (Cu Kα radiation, λ = 1.54178 Å) and an 

Incoatec Helios MX multilayer optics. Data reduction and 
cell refinements were performed using the Bruker APEX5 
pro-gram (Bruker 2023). The multi-scan method was then 
employed to correct the data collected using the SAD-
ABS-2016/2 program (Bruker 2023). Under Olex2-1.5 
suite (Dolomanov et al. 2009), crystal structure was solved 
via intrinsic phasing with SHELXT-2018/2 and refined via 
full matrix least squares technique with SHELXL-2019/3 
(Sheldrick et al. 2015). Refinement of all the non-hydrogen 

Scheme 3.   Suggested synthetic 
mechanism in the formation of 
NNDO

Fig. 1   a, b Experimental (EXP) Powder X-ray diffraction patterns of NNDO and Oxyma-T, respectively; c, d simulated (SIM) patterns
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atoms were carried out with anisotropic thermal parameters 
by full-matrix least squares calculations on F2. A differ-
ence map was used to localize and refine nitrogen-bonded 
hydrogen atoms. Hydro-gen atoms bonded to carbon were 
then introduced at calculated positions and refined as riding 
atoms, with Uiso(H) = 1.2Ueq(C). The structure was checked 
for higher symmetry with the help of the program PLATON 
(Spek et al. 2003). Crystal data, data collection and structure 
refinement details are summarized in Table 1.

The Cambridge structural database reveals that only the 
cell parameters related to NNDO structure are available 
(CSD ref-codes: GAHXIX, CCDC:1,163,044) but not its 
3D structure. The previously available data has the fol-
lowing cell parameters: Space Group: P21/n, a = 5.077 (1) 
(5) Å, b = 10.016 (1) Å, c = 8.226 (1) Å and β = 97.80 (1) 
(14)° while the structure reported herein have the follow-
ing cell parameter: Space Group: P21/n a = 5.0669 (5) Å, 
b = 10.0285 (10) Å, c = 7.7373 (8) Å, β = 96.915 (5) (Des-
seyn et al. 2004). Table 1 shows the complete crystallo-
graphic parameters.

Theoretical methods

For the DFT calculations of the supramolecular assemblies, 
the PBE0-D3/def2-TZVP level of theory was employed 

using the Gaussian 16 software package (Frisch et al. 2016; 
Adamo et al. 1999; Grimme et al. 2010; Weigend. 2006). 
The binding energies were determined as the difference 
between the total energy of the assembly and the sum of the 
energies of the isolated monomers, with corrections applied 
for the basis set superposition error (BSSE) (Boys and Ber-
nardi 1970). The molecular electrostatic potential (MEP) 
surfaces were calculated using the 0.001 a.u. isosurface to 
approximate the van der Waals envelope.

To analyze the interactions within the assemblies, 
QTAIM (Bader 1998) and NCIPlot methods were applied 
at the same level of theory using the AIMAll software (Keith 
2013). The NCIPlot method (Contreras-García et al. 2011; 
Johnson et al. 2010) is particularly effective for visualizing 
noncovalent interactions in real space. It employs reduced 
density gradient (RDG) isosurfaces and a color-coded 
scheme based on the sign of the second eigenvalue of the 
electron density Hessian (λ₂) to differen-tiate between attrac-
tive and repulsive interactions. For this study, the settings 
used were RDG = 0.5, density cut-off = 0.04 a.u., and a color 
scale ranging from –0.04 a.u. ≤ signλ₂(ρ) ≤ 0.04 a.u. Strongly 
attractive interactions are represented in blue, while moder-
ately attractive interactions are shown in green.

Electron localization function (ELF) (Becke et al. 1990), 
localized orbital locator (LOL) (Becke et al. 1990) and 
Fukui functions (Fukui et al. 1952) were computed at the 
same level using Multiwfn program (Lu et al. 2012). The 
natural bond orbital (NBO) analysis was performed using 
NBO 7.0 program (NBO 7.0: Glendening et al. 2018).

Results and discussion

Structural description

NNDO is a diamide with the chemical formula C₆H₁₂N₂O₂. 
It crystallizes in the monoclinic system with the space group 
P2₁/n and half molecule in the asymmetric unit. NNDO is a 
centrosymmetric molecule with an inversion center located 
at the midpoint of the C2–C2 bond. The molecular motifs are 
distributed within the monoclinic system at the vertices and 

Table 1   Crystal data of NNDO

Chemical formula C6H12N2O2

Mr 144.18
Formula weight (g mol−1) 144.18
Crystal system, space group Monoclinic, P21/n
Temperature (K) 100
a, b, c (Å) 5.0669 (5), 

10.0285 (10), 
7.7373 (8)

Β (°) 96.915 (5)
V (Å) 390.30 (7)
Z 2
Radiation type Cu Kα
µ (mm−1) 1.54178
Crystal size (mm) 0.34 × 0.11 × 0.06
Absorption correction (Multi-scan): Tmin, Tmax 0.480, 0.753
Reflections collected 4207
Independent reflections 705
Reflections with I > 2σ(I) 660
Rint 0.0489
Refined parameters 51
R[F2 ˃ 2σ(F2)] 0.0477
wR(F2) 0.1334
Goodness-of-fit on F2  1.071
CCDC 2,420,343 Fig. 2   Ortep representation of the structure of NNDO with the labe-

ling scheme. Ellipsoids are drawn at 35% probability level
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the center of the unit cell (Fig. 2). To better describe the 
arrangement of NNDO within the crystal lattice, the struc-
ture was projected onto the 

(

b⃗, c⃗

)

 plane, which offers the 
clearest view of the atomic arrangement, as shown in Fig. 3. 
This projection reveals that NNDO molecules are packed in 
a “zig-zag” pattern along both the y = 0 and y = 1/2 axes 
within the crystal cell.

Supramolecular features

In the NNDO structure, the interactions which play a crucial 
role in structural cohesion and molecular packing are the 
N–H···O hydrogen bonds, for which the geometrical param-
eters are detailed in Table 2 and illustrated in Fig. 4(b). 
Moreover, the attachment between NNDO molecules via 
auxiliary C–H···O and C–H···N interactions leads to the for-
mation of an R2

2
(8) supramolecular unit allowing the inter-

connection between the NNDO “zig-zag” layers mentioned 
in Sect. “Structural description” (Bernstein 1991).

The projection of the NNDO structure along the (a⃗, c⃗) 
plane as shown in Fig. 4a show that N–H···O are interlink-
ing between molecules in layers parallel to the (a⃗, b) plane, 
positioned at z = 0 and z = 1/2. Upon bonding, the NNDO 
molecules form an R2

2
(10) interaction motif, as shown in 

Fig. 4b, which further enhances the hydrogen-bonding net-
work within these layers, contributing to the stability and 
integrity of the crystal structure.

Hirshfeld surface analysis

To get a deeper insight into the supramolecular features of 
the NNDO structure, Hirshfeld surface analysis has been 
conducted. Figure 5 illustrates an overview of the distribu-
tion of the different non-covalent interactions present in the 
NNDO structure (Spackman and Jayatilaka 2009; Spackman 
and McKinnon 2002; Mackenzie et al. 2017). Crystalex-
plorer 3.1 software version was used in this study, the nor-
malized contact distance (dnorm) and the shape index mode 

were performed using rescaled surface property ranges of 
−0.5–1.5 and from −1–1 Å respectively. The corresponding 
2D fingerprint plots were generated with both internal (di) 
and external (de) distances over the range [0.4 Å–2.6 Å].

Figure 5a draw up the dnorm surface, which is a 3D visual 
mapping showing the full ex-tent of non-covalent interac-
tions that can be observed in the crystal displayed in red, 

Fig. 3   Projection of the NNDO structure along the ( ⃗b, c⃗) plane, The 
blue dashed lines highlight the alternating orientation of NNDO mol-
ecules along the y-axis

Table 2   Hydrogen-bond geometry in NNDO (Å, °)

Symmetry codes: (i) − x + 1, − y + 1, − z + 1; (ii) x − 1, y, z; (iii) 
x − 1/2, − y + 1/2, z + 1/2; (iv) − x + 1/2, y − 1/2, − z + 3/2

D–H…A D–H (Å) H…A (Å) D…A (Å) D–H…A (°)

N3–H3···O1ii 0.91 (2) 2.05 (2) 2.8752 (17) 151 (2)
N3–H3···O1i 0.91 (2) 2.27 (2) 2.7086 (17) 109 (1)
C4–H4A···O1iii 0.99 2.72 3.513 (2) 138
C5–H5C···N3iv 0.98 2.85 3.734 (2) 151

Fig. 4   a Projection of the NNDO structure along the ( ⃗a, c⃗) plane b 
amide/amide intermolecular R2

2
(10) interaction motif, c auxiliary 

C–H···O and C–H···N intermolecular R2

2
(8) interaction motif. Rel-

evant intermolecular contacts are represented by a dashed red line
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white and blue colors; respectively for interatomic contacts 
shorter than the sum of the van der Waals radius (usually 
but not limited to H-bonds), equal to the sum of van der 
Waals radius (usually corresponding to weak van der Waals 
interactions) as well as those longer than the sum of van 
der Waals radius (corresponding to long and non-bonding 
contacts). The 2D fingerprints plot illustrated in Fig. 5 (b) 
supply a quantitative description on the relative contribu-
tion of each interaction in the molecule. The highest per-
centage of inter-molecular close-contacts corresponds to 
the H···H contact (which can be considered as repulsive or 
steric interactions) with 60.8%, while the next percentage 
goes to the H–bonding N–H···O and C–H···O (O···H/H···O 
contacts) with a percentage equal to 28%, which is the prin-
cipal contact contributing to intermolecular attachment. 
The remaining percentage, 10.9%, is divided between the 
remaining contacts, which are H···C/C···H (7.9%) and H···N/
N···H (3.3%), with a residual contribution to the stabilization 
of the crystal. The Enrichment ratios (ER) were calculated 
according to the method proposed by Jelsch et al. (Jelsch 
et al. 2014), based on Hirshfeld surface data. The atomic sur-
face contributions were H (80.4%), O (14.0%), C (3.95%), 
and N (1.65%). The observed ER values are: ERHH = 0.94, 
EHO = 1.24, ERHC = 1.24, and EHN = 1.24. These values 
reflect a preferential formation of H···O, H···C, and H···N 
contacts in the crystal.

DFT calculations

To investigate the electron deficient and electron rich regions 
of the NNDO molecule, we computed MEP, ELF, LOL and 
Fukui function. The MEP surface, shown in Fig. 6, reveals 
that the minimum is located at the oxygen atoms (−36.7 
kcal/mol), while the maximum is at the N–H groups (30.7 

kcal/mol), as anticipated. These significant MEP values 
suggest the potential for strong hydrogen bonds, including 
the formation of the R2

2
(10) interaction motif discussed in 

Sect. “Hirshfeld surface analysis”, which propagates the 
molecules into a 1D polymeric structure. Additionally, 
positive MEP values were observed at the hydrogen atoms 
of the methyl groups (13.8 kcal/mol) and at the center of 
the C(O)–C(O) bond, perpendicular to the oxamide group 
plane (7.8 kcal/mol), highlighting other regions of potential 
interaction.

Figure 7 presents the 2D-ELF, 2D-LOL, and Fukui func-
tion analyses of N,N′-diethyloxamide. The 2D-ELF analysis 
(a) clearly shows electron localization, particularly iden-
tifying lone pairs at the oxygen atoms. It also depicts the 
typical concentration of electrons associated with covalently 
bonded hydrogen atoms. A distinction can also be observed 
between the C=C double bond and the N–C single bonds. 

Fig. 5   Hirshfeld surface mapped over dnorm mode for NNDO a and its two-dimensional fingerprint plots b 

Fig. 6   MEP surface of NNDO molecule. MEP values at selected 
points of the surface are given in kcal/mol. Isovalue 0.001 a.u
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The 2D-LOL analysis (b) yields similar results, showing 
localized electrons at the C=C bonds and on the hydrogen 
atoms.

Regarding the nucleophilic and electrophilic behavior of 
NNDO, this can be deduced from the Fukui functions, f + 
and f −, respectively. The nucleophilic Fukui function (f + 
in Fig. 7c) shows that the regions most likely to act as a 
nucleophile (react with an electrophile) are primarily located 
at the carbonyl carbon atoms, as indicated by the isosurfaces. 
Conversely, the electrophilic Fukui function (f − in Fig. 7d) 
shows that the regions most likely to act as an electrophile 
(reacting with a nucleophile) are located at the central C=C 
bond, as indicated by the isosurfaces.

Next, we analyzed two different assemblies extracted 
from the X-ray structure of NNDO to study and compare 
the energetic characteristics of the noncovalent interactions 
described in Sect. “Supramolecular features”. The analysis 
employed the QTAIM and NCIplot methods, which, when 
combined in the same representation, provide valuable 
insights into noncovalent interactions in real space. Two 
trimers were selected for this study (Fig. 8): one featuring 
the dominant N–H···O hydrogen bonds (Fig. 7a) and another 
where a central NNDO molecule interacts with the ethyl 
groups of two adjacent molecules above and below the oxa-
mide group plane through C–H···N and C–H···O contacts 

Fig. 7   Topological and reactivity analyses of N,N'-diethyloxamide 
(NNDO). a 2D-ELF and b 2D-LOL plots showing electron localiza-
tion. c Isosurface of the nucleophilic Fukui function (f +) at 0.01 a.u., 

highlighting the most reactive sites for electrophilic attack. d Isosur-
face of the electrophilic Fukui function (f −) at 0.01 a.u., indicating 
the most reactive sites for nucleophilic attack

Fig. 8   QTAIM (BCPs in fuchsia and bond path as dashed bonds) 
and NCIplot (RDG = 0.5, ρ cut-off = 0.04 a.u., color scale –0.035 
a.u. ≤ (signλ2)ρ ≤ 0.035 a.u. for the H-bonded a and C–H···N,O 
bonded b trimers. The energies of the assemblies and those derived 
from potential energy densities are indicated
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(Fig. 8b). This latter assembly is particularly relevant for 
understanding the overall 3D architecture of the compound, 
as it connects the hydrogen-bonded 1D polymers to form the 
extended crystal structure.

The QTAIM analysis of the H-bonded trimer reveals 
that each N–H···O interaction is characterized by a bond 
critical point (BCP, represented as pink spheres) and a bond 
path (dashed lines) connecting the oxygen and hydrogen 
atoms. These hydrogen bonds are further highlighted by 
blue reduced density gradient (RDG) isosurfaces that coin-
cide with the locations of the BCPs. Notably, the combined 
QTAIM/NCIPlot analysis also identifies ancillary C–H···O 
interactions involving the C–H bonds of the ethyl groups, 
confirmed by the presence of BCPs, bond paths, and green 
RDG isosurfaces linking the hydrogen and oxygen atoms. 
The interaction energy of the trimeric assembly is calculated 
to be –20.9 kcal/mol, underscoring the strong nature of the 
N–H···O hydrogen bonds and their significance in the solid-
state structure of NNDO.

To evaluate the relative contributions of the C,N–H···O 
interactions, the strength of the hydrogen bonds was ana-
lyzed using QTAIM parameters, specifically the potential 
energy density values measured at the BCPs character-
izing the hydrogen bonds. The results indicate that the 
N–H···O hydrogen bonds contribute −16.1 kcal/mol, while 
the C–H···O inter-actions account for −2.0 kcal/mol, con-
firming the predominant role of the N–H···O interactions. 
These findings are consistent with the molecular electro-
static potential (MEP) sur-face analysis. The total interaction 
energy, estimated using the QTAIM energy predictor (E = ½ 
x V), is −18.1 kcal/mol, which closely matches the −20.9 
kcal/mol obtained from the supramolecular approach. This 
agreement underscores the reliability of the QTAIM meth-
odology for analyzing hydrogen bond interactions.

The QTAIM analysis of the trimer, where two NNDO 
molecules are positioned above and below the plane defined 
by the oxamide group of the central molecule, is shown in 
Fig. 8b. This analysis reveals that two hydrogen atoms of the 
ethyl groups form interactions with the oxygen and nitro-
gen atoms of the oxamide group, characterized by two bond 
critical points (BCPs) and bond paths. Additionally, these 
interactions are visualized as green RDG isosurfaces located 
between the oxamide and ethyl groups. The binding energy 
of this trimer is weaker compared to the hydrogen-bonded 
trimer (−6.1 kcal/mol), as anticipated, confirming the domi-
nance of N–H···O interactions. Nevertheless, the C–H···O,N 
interactions also play a significant role in dictating the crys-
tal packing of NNDO.

Natural Bond Orbital (NBO) analysis was used to char-
acterize the orbital interactions within the trimer, as shown 
in Fig. 9. This analysis reveals a significant charge transfer 
from the lone pair of the oxygen atom, LP(O), to the anti-
bonding σ ∗ (N–H) orbital. The second-order stabilization 

energy for this donor–acceptor interaction is 3.2 kcal/mol 
for each N–H···O hydrogen bond. Since there are four such 
interactions within the trimer, the total orbital stabilization 
energy is 12.8 kcal/mol. This result confirms the importance 
of orbital donor–acceptor charge transfer in this system, 
which is consistent with the short N–H···O distances that 
facilitate optimal orbital overlap.

Conclusions

In summary, the crystal structure and noncovalent inter-
action analysis of N,N'-diethyloxamide (NNDO) reveal a 
well-organized supramolecular architecture dominated by 
N–H···O hydrogen bonds, which form the primary frame-
work of the 1D polymeric arrangement. Hirshfeld surface 
analysis highlights the contribution of additional interac-
tions, such as C–H···O and C–H···N contacts, to the crystal 
packing. Complementary DFT calculations further support 
the strength and significance of these interactions, with 
QTAIM, NBO and NCIplot analyses providing a detailed 
visualization of their role in the supramolecular structure. 
The insights gained from this study, including the compre-
hensive characterization of hydrogen bonds and secondary 
contacts, enhance our understanding of the factors governing 
crystal packing in amides and related compounds, offering 
valuable information for future explorations in crystal engi-
neering and supramolecular chemistry.

Fig. 9   Natural Bond Orbital (NBO) analysis of the trimer of N,N'-
diethyloxamide, showing the LP(O) → σ ∗ (N–H) orbital interactions. 
The electron transfer from the oxygen lone pair (LP(O)) to the antibo-
nding N–H orbital (σ ∗ (N–H)) is represented by the arrows
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