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Abstract: Hydantoin derivatives represent a versatile class of heterocycles,
known for their pharmacological properties. Because drug efficacy often dep-
ends on the fine-tuning of weak intermolecular (non-covalent) interactions, ana-
lysis of the crystal structure of a drug molecule is important, as it enables deci-
phering its interaction profile. In this study, the crystal packing of phenytoin and
its selected derivatives were examined through dimeric motifs with different rec-
ognition modes using force-field calculations and a density functional theory
(DFT) approach. The relatively polar ethoxyacetyl group at the N3 position of
the hydantoin ring, capable of forming hydrogen bonds, enhances the contri-
bution of electrostatic and polar components to the total interaction energy. In
contrast, the long alkyl chain promotes hydrophobic contacts, leading to dis-
persion forces dominating over electrostatic interactions. The reactivity of phen-
ytoin and its derivatives were further evaluated by examining the influence of
these substituents using conceptual density functional theory (CDFT) descript-
ors. These findings demonstrate that substituents significantly affect crystal
packing and the balance of non-covalent interactions, providing valuable insights
for optimizing molecular recognition and drug—target interactions in the design
of new therapeutic agents.

Keywords: intermolecular interactions; hydantoin; electron density; phenytoin;
global reactivity descriptors.
INTRODUCTION

Derivatives of hydantoin (imidazolidine-2,4-dione) represent a versatile class
of heterocyclic compounds with important applications in pharmacology, mater-
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ials science and crystal engineering. This five-membered ring provides conform-
ational rigidity and planarity, facilitating interactions with biological targets (Fig. 1).

a)
Compound 1, X: H

HN— Compound 2, X: CH,

o’(N)*o
H

Compound 3, X: CH,COOCH,CH,

)l( Compound 4, X: n-C, H,,

Fig. 1. Chemical structure of: a) the hydantoin and b) the phenytoin and its derivatives.

Both the carbonyl groups at positions 2 and 4 (electrophilic centres) and the
NH groups at positions 1 and 3 participate in hydrogen bonding, which is crucial
for interactions with biological systems. Additionally, the C5 position is a reactive
methylene site suitable for functionalization. All these features contribute to the
characteristic stability of hydantoin, while still providing sufficiently reactive cen-
tres for the development of new derivatives. These derivatives have a wide range
of applications: in bio- and medicinal chemistry due to their pharmacological
activities;! in agriculture as potential antimicrobial agents;2 in coordination chem-
istry as valuable ligands with uses in electrochemical biosensors3:# and anticor-
rosive materials.> However, hydantoin derivatives are still primarily recognized
for their pharmacological activities, including antimicrobial, anticonvulsant, anti-
inflammatory, antidiabetic, anticancer, antiplatelet, anti-HIV and allosteric anta-
gonist action.!

Phenytoin (5,5-diphenylhydantoin) is a well-known anticonvulsant drug and
among the first to be developed through rational drug design.®7 It has been widely
used for decades to manage and prevent seizures, particularly tonic-clonic and
focal seizures. Disorders of the central nervous system (CNS) represent one of the
major medical challenges of the twenty-first century. Despite advances in dev-
eloping potential therapies for neuronal disorders, drug crossing of the blood—brain
barrier (BBB) remains a significant obstacle.8710 Several factors influence the
activity of phenytoin. It selectively blocks voltage-dependent sodium channels
(NVSC) by forming hydrogen bonds, which are critical for its anticonvulsant act-
ion.!1714 However, access to these channels depends on the presence of hydro-
phobic groups in the molecular structure. Such groups, particularly at the C5 pos-
ition, enable hydantoins to interact with or cross the cell membrane. High lipo-
philicity is also important, enabling molecules to cross the BBB and remain in the
brain for a longer time.!5 On the other hand, a comparison of structurally diverse
hydantoin derivatives with the same log P values has shown that the binding affi-
nities can vary significantly despite similar lipophilicity.1¢ It appears that the
orientation of the phenyl ring plays a critical role, with an optimal spatial arran-
gement enhancing the binding efficiency of 5-phenylhydantoins.
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The crystal structure of a drug molecule plays an important role in pharma-
cology, as it influences solubility, stability and bioavailability (e.g., different poly-
morphs may exhibit distinct absorption profiles). Moreover, the specific intermole-
cular interactions observed in the crystal structure provide valuable insights into
the binding preferences of a drug molecule toward target biomolecules.!7 These
features are essential for the rational design of effective and selective drugs, as
well as for predicting pharmacokinetically relevant properties such as lipophilicity
and membrane permeability, including the ability to cross the blood—brain barrier
(BBB).

Finally, improving drug efficacy often depends on the fine-tuning of weak
non-covalent (non-bonding) interactions, including polar hydrogen bonds, hydro-
phobic H---H contacts and van der Waals forces. These relatively weak and long-
-ranged interactions have a cumulative effect that makes them crucial for mole-
cular recognition, stability and structural organization. Because accurately model-
ling these interactions remains challenging, modern computational methods that
incorporate dispersion effects have become indispensable tools in drug design and
crystal structure prediction.!8-21

Based on the information and key issues outlined above, this study examines
the intermolecular interactions in dimeric motifs extracted from the crystal packing
of phenytoin and its N3-alkyl derivatives (Fig. 1). For this purpose, interaction
energies of different molecular pairs were evaluated using two approaches: a force-
-field-based method and a density functional theory (DFT) approach. Furthermore,
the influence of substituents was analysed through various descriptors, including
electronegativity, hardness, and softness, within the framework of conceptual den-
sity functional theory (CDFT).

METHODOLOGY

The studied structures were obtained from the Cambridge Structural Database (CSD).22
All calculations were carried out using Gaussian 09,23 CrystalExplorer 21.52* and Mercury.?’
The interaction energies of the dimeric motifs were evaluated with the DFT-based method, at
B3LYP/6-31G(d,p) level of theory, implemented in CrystalExplorer (CE-B3LYP), while the
UNI force-field approach?6-27 was also applied for a comparative analysis. Both approaches rely
on the same theoretical principle — the evaluation of intermolecular interaction energies — and
therefore provide consistent criteria for the relevant dimers. Reported molecular pairs displayed
the strongest stabilizing effects and played a representative role in describing the crystal packing
motifs. Geometry optimizations of monomeric structures (compounds 1-4) were carried out
without constraints using the B3LYP/6-31G(d,p) level of theory in the gas phase and using the
solvation model based on density (SMD) for water and dimethyl sulfoxide (DMSO), as imple-
mented in Gaussian 09. Single-point calculations at the same level of theory were subsequently
performed on the optimized geometries to obtain orbital energies in each environment. Global
reactivity descriptors were then derived according to the equations provided in the
Supplementary material to this paper.
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RESULTS AND DISCUSSION
Structure selection

Considering the factors influencing the phenytoin activity, several of its
derivatives were selected for a comparative study of preferential intermolecular
interactions in their crystal packings and their molecular reactivity. Hydrogen-
-bond formation plays a significant role in the anticonvulsant activity of phenytoin
derivatives. In contrast, hydrophobic groups at the C5 position facilitate membrane
passage, enabling the molecules to reach the active site. Therefore, in addition to
phenytoin, its derivatives were analysed in which the hydrogen atom at the N3
position was replaced with a methyl group, an ethoxycarbonylmethyl group, or a
n-decyl group (Fig. 1). This selection of substituents provided structural diversity
by introducing either a group capable of hydrogen bonding or short and long alkyl
groups suitable for hydrophobic interactions.

Considerations of intermolecular interactions

The selected structures, extracted from the Cambridge Structural Database
(CSD), crystallized in three different space groups. Compound 1, also known as
phenytoin, belongs to the orthorhombic Pr21a space group (PHYDANO1, CCDC:
1232751).28 Compound 2 and 4 crystallized in monoclinic P21/n space group
(PEPDUMO1, CCDC: 238191829 and PAIMAS, CCDC: 20129258 respectively).
Compound 3, which contains a polar ester group, is reported in triclinic, P 1 space
group (JALGEL, CCDC: 1528488).39 The most relevant dimeric motifs in the
crystal packing of the investigated compounds were identified and quantitatively
described, providing a deeper understanding of how molecules interact and organ-
ize within the crystal structure. For this purpose, the interaction energies of mole-
cular pairs were determined using two distinct approaches: a DFT-based method
(CE-B3LYP) and the UNI force-field energy framework. First, the results obtained
with the CE-B3LYP method are discussed, followed by the corresponding energy
values derived from the UNI force field.

As shown in Fig. 2 and Table S-I of the Supplementary material, the D1 and
D2 motifs of compound 1, in addition to electrostatic H---O hydrogen bonds, also
exhibit significant repulsive interactions. In contrast, motifs D3, D4, D5 and D6
are predominantly stabilized by dispersion forces.

For compound 2, electrostatic H--O interactions provide the most significant
energy contribution in dimer D1, whereas dispersion interactions dominate in the
other dimer motifs (Fig. 3, Table S-I).

For the dimeric motif D1 of compound 3, the electrostatic term again domin-
ates, and the overall interaction energy shows a remarkable increase compared to
the corresponding dimers of the previous two compounds (Fig. 4, Table S-I). The
symmetric arrangement of the two monomers, which feature strong N-H---O hyd-
rogen bonds, significantly contributes to the stability of the dimeric motif D1. Dim-
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ers D2, D3 and D4 exhibit a pronounced contribution from dispersion energy,
accompanied by higher total interaction energies.

a) —41.50 (CE-B3LYP) —38.49 (UNI) b)-27.20 (CE-B3LYP) —26.06 (UNI)

Fig. 2. Selected dimeric motifs of compound 1 with the corresponding interaction energies (in
kJ mol ") calculated using the CE-B3LYP and UNI methods. The dimers were numbered
according to the interaction energy values obtained from the CE-B3LYP approach.

The ball-and-stick style illustrates the asymmetric unit within the dimeric motif.

Finally, although the D1 motif of compound 4 features N-H---O, C(sp3)-
—H---O and C(sp?)-H:--O hydrogen bonds, dispersion interactions predominate
(Fig. 5, Table S-I). A similar trend is observed for the remaining dimeric motifs,
where the dispersion component dominates despite the presence of other types of
interactions.

The ordering of the dimer motifs according to the interaction energies cal-
culated with the UNI force field is mostly consistent with the results obtained using
the CE-B3LYP method (Table S-I). In all studied compounds, the results for the
two highest-ranked motifs are in complete agreement. Also, for compound 4, the
results from both methods correlate very well. The results presented in Table S-I
reveal that the largest changes in the ranking of dimer motifs between the two
methods occur for compounds 1 and 2. For dimer D6, the interaction energy cal-
culated using the UNI force field is significantly higher than the value obtained
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with the CE-B3LYP method. For compound 3, the UNI force field calculations

indicate a perturbation in the interaction energies of the dimeric motifs D2 and D3.

a) =53.00 (CE-B3LYP) —42.77 (UNI) b) =36.40 (CE-B3LYP) —39.09 (UNI)

Fig. 3. Selected dimeric motifs of compound 2 with the corresponding interaction energies (in
kJ mol!) calculated using the CE-B3LYP and UNI methods. The dimers were numbered
according to the interaction energy values obtained from the CE-B3LYP approach.

The ball-and-stick style illustrates the asymmetric unit within the dimeric motif.

The differences in dimer ranking arise because UNI (force-field) and DFT
approaches estimate the relative importance of hydrogen, dispersion and electro-
static interactions differently. While DFT relies on electron density and accounts
for polarization and delocalization, often highlighting polar interactions, the UNI
method is purely geometric and tends to emphasize dispersive contacts.31-33

Reactivity profile

Conceptual density functional theory (CDFT) has evolved into a fundamental
framework within quantum chemistry for predicting molecular reactivity.34 By
relating the electron density distribution and the total electronic energy of a system,
CDFT provides a set of global and local descriptors that quantify molecular
stability, reactivity and the location of the most reactive sites. The frontier mole-
cular orbital (FMO) theory provides an additional approach for assessing mole-
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a) ~74.00 (CE-B3LYP) —53.44 (UNI) b) ~45.40 (CE-B3LYP)  ~36.79 (UNI)

¢) =35.30 (CE-B3LYP) —38.34 (UNI) d) =30.90 (CE-B3LYP)  —35.34 (UNI)

Fig. 4. Selected dimeric motifs of compound 3 with the corresponding interaction energies (in
kJ mol!) calculated using the CE-B3LYP and UNI methods. The dimers were numbered
according to the interaction energy values obtained from the CE-B3LYP approach.The ball-
and-stick style illustrates the asymmetric unit within the dimeric motif.

a) —85.50 (CE-B3LYP) —82.32 (UNI) b) —41.30 (CE-B3LYP)  —45.14 (UNI)

¢) —34.60 (CE-B3LYP) —27.86 (UNI) d) —20.90 (CE-B3LYP) —24.93 (UNI)

Fig. 5. Selected dimeric motifs of compound 4 with the corresponding interaction energies (in
kJ mol!) calculated using the CE-B3LYP and UNI methods. The dimers were numbered
according to the interaction energy values obtained from the CE-B3LYP approach.

The ball-and-stick style illustrates the asymmetric unit within the dimeric motif.
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cular reactivity, selectivity, and the pathways of chemical reactions.35 The HOMO,
as the highest occupied molecular orbital, typically represents an electron-rich
region and acts as an electron donor in chemical interactions. In contrast, the
LUMO, being the lowest-energy vacant orbital, corresponds to an electron-defi-
cient region capable of accepting electrons. For this purpose, the FMO energies of
the optimized monomeric structures were calculated in simulated environments of
gas phase, water and DMSO, and subsequently used to determine the global react-
ivity descriptors (Table I), as defined by the equations provided in the Supple-
mentary material.

TABLE I. The calculated energy of FMO (Eyomo, ELumo)s energy gap (AEq,,) and global
reactivity parameters — ionization potential (/P), electron affinity (EA4), chemical hardness (7),
chemical potential (1), electronegativity (y) and electrophilicity index () in units of eV for the
studied compounds 14

CompoundEHOMOELUMOAEggp IP EA n M X w
Gas phase
1 —6.67 —0.72 596 6.67 0.72 2.98 —=3.70 3.70 2.29
2 —6.62 —0.66 5.96 6.62 0.66 2.98 -3.64 3.64 2.22
3 —6.55 —0.57 598 6.55 0.57 2.99 -3.56 3.56 2.12
4 —6.63 —0.67 596 6.63 0.67 2.98 —3.65 3.65 2.24
Water
1 —6.63 —0.79 585 6.63 0.79 2.92 -3.71 3.71 2.35
2 —6.62 —0.76 5.86 6.62 0.76 2.93 -3.69 3.69 2.32
3 —6.65 —0.81 5.84 6.65 0.81 2.92 -3.73 3.73 2.38
4 —6.63 —0.73 590 6.63 0.73 2.95 —3.68 3.68 2.30
DMSO
1 —6.54 —0.55 599 6.54 0.55 2.99 -3.55 3.55 2.10
2 —6.54 -0.54 6.00 6.54 0.54 3.00 -3.54 3.54 2.09
3 —6.55 -0.56 599 6.55 0.56 2.99 -3.56 3.56 2.11
4 —6.54 —0.55 599 6.54 0.55 2.99 —3.54 3.54 2.10

Based on the HOMO-LUMO energy gap (AEg,p) values, it can be concluded
that all the studied compounds exhibit similar kinetic stability in the gas phase.
Positive ionization potentials (/P) and similar values of chemical hardness (7) also
indicate the kinetic (energetic) stability of these compounds. In compound 3, both
frontier orbital levels lie at higher energies (less negative values), which indicates
reduced overall stability. Although the values of E4, u, y and w are slightly lower
in absolute terms compared to the other molecules, compound 3 is expected to
show a modest overall increase in chemical reactivity.

The LUMO energy values decrease more noticeably (becoming more negat-
ive) in the simulated water environment, particularly for compound 3. In water, the
LUMO level is lowered while the HOMO remains nearly unchanged, and the
chemical potential (¢) decreases, making the system more stable. As a result, both
electronegativity (y) and electrophilicity (w) increase, indicating a stronger ten-
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dency of the molecule to attract electrons and a higher reactivity toward nucleo-
philes. In the simulated DMSO solvent, compounds 1, 2 and 4 become energetic-
ally less stable, less electronegative and less electrophilic, due to destabilization of
the LUMO level. Therefore, its reactivity towards nucleophiles is lower in DMSO
than in the gas phase.

CONCLUSION

A comparison of the results using the two methods revealed that the relative
ranking of the dimers depends on the method used to evaluate interaction energies.
While the energy framework based on the UNI force field relies on geometric and
empirical parameters, the CE-B3LYP approach derives interaction energies dir-
ectly from the electron density, explicitly accounting for polarization and charge
redistribution. The DFT (CE-B3LYP) method is generally regarded as more accur-
ate, although it can sometimes place greater emphasis on polar interactions com-
pared to the UNI approach. Nevertheless, it is worth noting that both methods
identified the key dimers with the highest interaction energies (dimers D1 and D2),
providing similar values and consistent relative rankings for the dominant contri-
butors to crystal packing. The nature and strength of intermolecular interactions in
dimers are strongly influenced by the substituents. Compound 3, bearing a polar
ethoxyacetyl group, shows enhanced electrostatic and hydrogen bonding contri-
butions, while compound 4, with a long alkyl chain, exhibits dominant dispersion
(hydrophobic) interactions. In contrast, compounds 1 and 2 with smaller or non-
polar substituents display weaker overall interactions, primarily governed by dis-
persion forces.

Overall, all studied compounds display comparable kinetic and energetic stab-
ility in the gas phase, with compound 3 being globally more reactive. Solvent
effects are relevant for reactivity: in water, the stabilization of the LUMO enhances
electrophilicity and nucleophile affinity, particularly for compound 3, whereas in
DMSO, the destabilization of the LUMO reduces these properties.

These findings highlight the critical role of substituent type in tuning mole-
cular packing and interaction patterns in the crystal lattice, which can be utilized
for the design and optimization of interactions between new drug candidates and
their biological targets.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13485, or from the correspond-
ing author on request.
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H3BON

YTUUAJ EJIEKTPOCTATUYKUX U JUCITEP3SUOHHUX MHTEPAKLIMJA HA KPUCTAJIHY
CTPYKTYPY U PEAKTHMBHOCT: IPUMEP ®EHUTOMNHA U IbETOBUX JJEPUBATA

UBAHA C. BOPBEBUR,! CObA TPYBULIUE,"' IPATAHA MUTUR,? IPATAH M. [IOTIOBUE!
1 HEMATbA TPUILIOBUR®
"Yrueepsuineini y Beoipagy, HHCTAUTGY W 30 XeMUjy TeXHOTIOTU]Y U Meldrypiujy, HHCIUTRY i 0g HAUUO-
HamHo1 3nauaja 3a Peniyonuxy Cpoujy, Fbeiowesa 12, 11001 Beoipag, *Ynusepsuinei y Beoipagy, Hnosd-
yuoHu uenap Xemujcxot paxyniueina, Geoipag u 3Ynusepsuiei y Beoipagy, TexHOIOUWK0—METLATY UK U
paxynieni, Kapnetujesa 4, 11120 beoipag

JlepyBaTi XWaHTOMHA IPE/CTaB/bajy PasHOBPCHY KJIacy XETEPOLMKINYHHUX jefUbena,
MO3HATa M0 CBOjUM apMaKoJIOIIKUM CBOjcTBUMa. bynyhu nma edrkacHOCT jiexa 4ecTto 3aBUCH
on ¢uHOr TmofjeuraBama Cladux mehymonexkynckux (HeKOBaJeHTHHX) MHTEpaKLHja, Mpoyda-
Balbe HEroBe KPUCTAIHE CTPYKTYPE je 3HauajHo jep oMoryhaBa pasyMeBame BHErOBOT UHTEPAK-
LHMjCKOT Tpoduia. Y 0BOj CTyAMjH UCIIUTAHO j€é KPUCTAIHO NIaKoBambe (DEHUTOMHA U 0fadpaHuX
IepuBaTa aHaJU30M JUMeEpa U PasINYUTHUX HauMHA MOJIEKYJICKOT Tperno3HaBamba, KOPHII-
heweM npopavyHa 3acHOBaHMX Ha Tosby cuia (force-field) u Teopuju dyHKUIKMOHANA TYCTUHE
(DFT). PenaTtuBHO TONapHa eTOKCHKAapOOHWJIMETHUI-TPyNa Yy MonoXkajy N3 XuIaHTOMHCKOT
mpcreHa, ca Moryhsomrhy ycrnocrasbaka BOOIOHUYHUX Be3a, T0jayaBa AOIPUHOC eJIeKTPOCTa-
TUYKUX W TIOJIapHUX KOMIIOHEHTH YKYTHO] eHepruju uHrepakudje. CynmpoTHO K0j, Ayradyka
aJIKWII Ipylia IOACTHYE YCIOCTaB/bake XUAPO(MOOHNX KOHTAKTa, YCIe  Yyera JUCTIEP3UoHe CUTIe
NIOCTajy IOMHUHAHTHE y ONHOCY Ha eJ1eKTPOCTaTHYKe HHTepakuyje. PeakTUBHOCT (eHUTONHA U
HErOBUX JIepuBaTta JI0NaTHO je UCNHTaHa KopuinhewmeM AeCKpUNITOpa KOHLENTyalHe TeopHje
¢ynkuunonana ryctuHe (CDFT). PesynTtatu mokasyjy fia CyNCTUTYeHTH 3HauajHO YTHUYYy Ha
U3rpajilby KPUCTTHOT TaKoBamba U IIPUPOJly HEKOBaJIEHTHUX HHTepaKIyja, Mpyskajyhu npuTom
3HauajaH YBU] 3a PasyMeBame MOJIEKYJICKOT IIperno3HaBamka U HHTepaKlija MojeKysia 1eka ca
LUWBHUM MEeCTHMa IITO Jjajbe JOIPHUHOCH JU3ajHApaky HOBUX TEPANHjCKUX areHaca.

(TTpumbeHo 5. aBrycra, peBuaMpaHo 22. asrycra, mpuxsaheno 24. oxroopa 2025)
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