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ABSTRACT. A series of five derivatives of the anticonvulsant drug phenytoin was synthesized 

and their crystal structures were determined. The relationship between the molecular and crystal 

structure of the investigated compounds was rationalized in context of contribution of 

intermolecular interactions and supramolecular structural motifs. The conformational preferences 

were analyzed by comparing the rotational freedom of the phenyl groups in the investigated 

compounds with 5,5-diphenylhydantoins from the Cambridge Structural Database. With exception 

of compound 3 bearing the cyclopropyl group, the crystal packing of the investigated compounds 

contains centrosymmetric dimers linked by paired N–H∙∙∙O hydrogen bonds which further self-

organize through pairs of C–H∙∙∙O interactions and a parallel interaction of two phenyl rings at a 

large offset into chains running along the c-axis. The principal feature of the crystal structure of 

compound 3 is formation of the chains by N–H∙∙∙O hydrogen bonds, C–H∙∙∙O and C–H∙∙∙π 

interactions. The coordination of phenytoin enables more rotational freedom for the phenyl groups. 

An emphasis was placed on docking of the investigated compounds into the voltage-gated ion 

channel in the open and closed state. The obtained results indicate that hydrogen bonding and 

hydrophobic interactions are dominant in stabilizing energetically-favored orientations of the 

investigated compounds bound to the protein.  
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INTRODUCTION. Phenytoin (5,5-diphenylhydantoin) is an extensively studied anticonvulsant 

drug which is effective in controlling seizure disorders.1 Moreover, it has class IB antiarrhythmic 

drug properties and the drug is considered as an alternative for patients with refractory ventricular 

arrhythmia when other drugs are contraindicated.2,3 Interestingly, phenytoin possesses a variety of 

effects which make it potentially useful even against dermatological disorders.4,5  

Molecular order of pharmaceutical solids directly influences their processing and 

formulation as well as important properties such as stability, dissolution rate and, thus, 

bioavailability. In this context, the crystal habits and the degree of crystal defects are frequently 

studied in terms of their relationship to pharmaceutical properties especially of poorly aqueous 

soluble drugs as phenytoin is. The modification of the crystal habit is an effective approach to 

enhance drug solubility. Nokhodchi et al. have prepared phenytoin crystals having different types 

of habits by recrystallization from ethanol and acetone under various conditions.6 Crystals obtained 

from the ethanolic solution have a needle shape, whereas crystallization from acetone affords 

rhombic crystals. Irrespective of the crystallization medium, the obtained polymorph is the same 

in both cases. It has been further shown that the dissolution rate of different crystals is lower than 

that of non-recrystalized samples which is ascribed to the surface area of crystals with different 

shapes.  

The crystallographic studies of the anticonvulsant drugs enable identification of structural 

requirements for the biological activity and provide an insight into the probable molecular 

environment at their binding sites.7,8 In the case of hydantoin derivatives, the crystallographic data 

have been applied in proposing the mechanism of action, because structural elements of their 

binding sites are present within the molecules themselves. This comprises a combination of both 

hydrogen bond acceptors and donors to bind the hydantoin moiety and lipophilic groups to bind 

Page 3 of 55

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

 

the alkyl and aryl substituents in position C5 of the hydantoin ring. Regarding the steric mode of 

behavior for hydantoin derivatives, it has been indicated that the spatial properties of these 

substituents relative to the rest of the molecule is an important factor in mediating the biological 

activity.7–10 In this context, Camerman and Camerman have suggested that the conformational 

rather than chemical similarities to the conventional anticonvulsant drugs should be a criterion for 

the selection of novel drug candidates.9 

Regarding mechanism of their action, hydantoin derivatives reduce the electrical 

conductance among neurons through stabilization of voltage-gated sodium channels (VGSCs) in 

the inactive state.11,12 These compounds have the probable binding site in the pore of the sodium 

channel α-subunit consisting of four highly homologous domains (I–IV).13–15 Each domain 

contains six transmembrane α-helical segments (S1–S6) which are arranged in a clockwise manner 

around the pore. Lipkind and Fozzard have investigated docking of phenytoin inside the inner pore 

of the VGSC.16 It has been shown that the N3–H group is directed to the center of the phenyl group 

of Phe-1764 and participates in a hydrogen bonding. One phenyl ring forms a perpendicular 

aromatic–aromatic interaction with Tyr-1771, whereas the second phenyl ring interacts with the 

side chain of Leu-1465 of DIII-S6. As expected, introduction of an alkyl substituent in position 

N3 of the hydantoin ring reduces binding.17  

Although an extensive research of the biological effects of phenytoin derivatives has been 

performed, the dependence of the molecular order and, thus, solid-state properties on their 

molecular structure is still not well understood. Herein, we present a detailed study of the crystal 

structures of a series of phenytoin derivatives, namely 3-alkyl-5,5-diphenylhydantoins and 3-

cycloalkyl-5,5-diphenylhydantoins (Figure 1), in terms of intermolecular interactions and packing 

preferences, whereby the length and branching of the alkyl group were systematically modified. 
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These compounds have already been identified as biologically active.18–21 Their conformational 

analysis is based on a correlation of the conformational energies, calculated by the quantum 

chemical methods, with the distribution of the torsion angles between the hydantoin ring plane and 

planes of the phenyl rings observed in different crystal packing environments. This analysis 

includes phenytoin derivatives from the Cambridge Structural Database (CSD)22 as well as 

transition metal complexes with the phenytoinate ligands which adopt various coordination 

geometries by small changes of steric hindrance. The crystal structures of the investigated 

compounds are governed by the N–H∙∙∙O hydrogen bonding. On the other side, the structural 

diversity is a result of a large number of relatively weak intermolecular interactions. An emphasis 

was placed on quantitative analysis of the crystal structures in terms of the contributing 

intermolecular interactions and structural motifs. By examining intermolecular interactions of the 

investigated compounds with VGSCs, we were able to evaluate the relevance of the 

crystallographic data for the discussion of their anticonvulsant activity. Taking into consideration 

both structural and biological aspects, the presented study will afford guidelines for furthering 

crystal engineering to design novel hydantoin derivatives with desired pharmaceutical properties.  

 
Figure 1. Chemical structures of the investigated compounds. 
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EXPERIMENTAL SECTION 

Synthesis. All investigated compounds were previously synthesized according to the reported 

procedures (Scheme 1). Commercially obtained phenytoin was alkylated using the corresponding 

alkyl halide in the presence of K2CO3 in N,N-dimethylformamide (DMF)  to afford compounds 1 

and 2.20 To obtain compounds 3–5, the Bilz synthesis, consisting in the condensation of N-

substituted urea on benzil in strong basic conditions, was applied.23,24 The structures of the 

synthesized compounds were confirmed by their melting points, FTIR, 1H and 13C NMR 

spectra.23,24 

 
Scheme 1. Synthesis of the investigated compounds. 

 

X-ray structure determination. Single crystals suitable for an X-ray structure determination were 

obtained by slow evaporation of ethanolic solutions in refrigerator. Single-crystal X-ray diffraction 

data were collected at room temperature (298 K) on an Oxford Gemini S diffractometer equipped 

with CCD detector using monochromatized MoKα radiation (λ = 0.71073 Å). Intensities were 

corrected for absorption using the multiscan method. The structures were solved by direct methods 

using SIR201425 and refined on F2 by full-matrix least-squares using the programs SHELXL-
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2018/326 and WinGX27. With an exception of atoms C19 and C21 in 4 and C19A, C19B, C20A, 

C20B, C21A and C21B in 5, which were refined isotropically, non-hydrogen atoms were refined 

anisotropically. In structure 1, two C atoms were disordered with congener atoms, C19A and 

C19B, and C20A and C20B having about 40 and 60% site occupancies in both cases. Since the 

disordered C atoms as well as C18 in 1 belong to the same alkyl group, the positions of the 

hydrogen atoms bonded to C18 are disordered in the same way as the corresponding structural 

fragments within the alkyl group. In structure 5, three disordered C atoms were found, C19A and 

C19B, C20A and C20B and C21A and C21B with about 39 and 61% site occupancies in all cases. 

The positions of H atoms connected to C and N atoms were calculated on geometric criteria and 

refined by the riding model with Uiso = 1.2Ueq(C, N) and Uiso = 1.5Ueq(C) for the methyl group. 

Selected crystal data and refinement results for 1–5 are listed in Table 1. CCDC 1880607–1880611 

(for 1–5) contain the supplementary crystallographic data for this paper. These data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk.
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      Table 1. Crystallographic data and refinement details 

Compound 1 2 3 4 5 

Formula C18H18N2O2 C18H18N2O2 C18H16N2O2 C19H20N2O2 C19H20N2O2 

Molecular weight/g mol–1 294.34 294.34 292.33 308.37 308.37 

Crystal system Triclinic Triclinic Monoclinic Triclinic Triclinic 

Space group P –1 P –1 P 21/c P –1 P –1 

a/Å 8.4334(6) 8.5357(9) 11.5996(5) 8.3079(17) 8.1335(16) 

b/Å 8.7476(7) 8.6225(8) 10.6459(3) 9.3863(19) 8.9657(18) 

c/Å 12.4251(9) 12.3979(9) 12.2992(5) 12.905(3) 12.991(3) 

α/° 98.501(6) 104.010(7) 90 106.09(3) 102.81(3) 

β/° 95.810(6) 91.826(7) 101.977(4) 91.97(3) 93.61(3) 

γ/° 115.500(7) 115.201(10) 90 115.95(3) 113.04(3) 

V/Å3 804.16(11) 791.54(14) 1485.74(10) 855.2(4) 838.2(4) 

Z 2 2 4 2 2 

Dc/g cm–3 1.216 1.235 1.307 1.197 1.222 

μ/mm–1 0.080 0.081 0.086 0.078 0.080 

F(000) 312 312 616 328 328 

Crystal size/mm 0.92 × 0.60 × 0.14 0.38 × 0.23 × 0.09 0.30 × 0.15 × 0.12 0.98 × 0.31 × 0.23 0.85 × 0.51 × 0.12 

θ range/° 3.46–25.68 2.67–25.68 2.56–25.68 3.48–25.68 3.43–25.68 

Limiting indices 

–8 ≤ h ≤ 10 

–10 ≤ k ≤ 9 

–15 ≤ l ≤ 12 

–9 ≤ h ≤ 10 

–10 ≤ k ≤ 9 

–15 ≤ l ≤ 15 

–14 ≤ h ≤ 14 

–12 ≤ k ≤ 12 

–14 ≤ l ≤ 14 

–9 ≤ h ≤ 10 

–9 ≤ k ≤ 11 

–15 ≤ l ≤ 11 

–9 ≤ h ≤ 9 

–10 ≤ k ≤ 10 

–15 ≤ l ≤ 15 

Measured reflections 5401 7058 8762 5970 12648 

Independent reflections 3049 3008 2813 3122 3057 

Reflections with I> 2σ(I) 2456 2252 2327 2205 2615 

Rint 0.0158 0.0190 0.0224 0.0185 0.0216 

Final R indices [I > 2σ(I)] 
R1 = 0.0456 

wR2 = 0.1023 

R1 = 0.0473 

wR2 = 0.1132 

R1 = 0.0403 

wR2 = 0.0914 

R1 = 0.0830 

wR2 = 0.2300 

R1 = 0.0698 

wR2 = 0.1822 

R indices (all data) 
R1 = 0.0588 

wR2 = 0.1109 

R1 = 0.0668 

wR2 = 0.1252 

R1 = 0.0511 

wR2 = 0.0974 

R1 = 0.1095 

wR2 = 0.2544 

R1 = 0.0792 

wR2 = 0.1896 

S 1.049 1.025 1.034 1.064 1.050 

Parameters 218 199 199 197 201 

Δρmax, Δρmin/e Å–3 0.175, –0.157 0.163, – 0.168 0.266, –0.281 0.512, –0.536 0.564, –0.423 
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Theoretical Study. To determine the crystal packings and how the orientation of the phenyl 

groups affects the stability of phenytoin derivatives, the quantum-chemical calculations at 

wb97xd/6-31+G** level were performed in Gaussian09 program.28 The optimized structure of 

compound 1 and the structure of hydantoin-metal complex, extracted from the crystal structure 

with refcode IPOYUI,29 were used as the model systems to evaluate the impact of the phenyl group 

orientations on the stability of phenytoin derivatives. To estimate the strength of interactions 

between individual fragments of the studied systems, the quantum-chemical calculations on the 

cyclopropane/benzene, cyclopropane/hydantoin, propane/benzene, and propane/hydantoin model 

systems were carried out at wb97xd/6-31+G** level. 

The binding of the investigated compounds to the neuronal Na+ channel in the open state 

(open channel model by Lipkind and Fozzard)16 and the closed state (K+ channel; the structure was 

obtained from the crystal structure with pdb code 1BL8)30 was explored by docking simulations 

with the aim to investigate their anticonvulsant ability on the basis of the binding affinity to the 

ion channel. Their structures were optimized at wb97xd/6-31+G** level. AutoDock 4.2 software 

program31 was used for docking calculations and preparation of protein structure, which included 

the addition of the hydrogen atoms and removal of ligands from the crystal structure. The structure 

of proteins was considered as a rigid species, while phenytoin derivatives were allowed to rotate 

freely. Grid box with whole protein was used to accommodate phenytoin derivatives during the 

docking study, the Geister partial charges were allocated during docking simulations, while the 

Lamarckian genetic algorithm was used as the search method for virtual screening, with 50 runs 

for each docking screen.  
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RESULTS AND DISCUSSION 

Molecular Structure. Representative ORTEP diagrams of the investigated compounds 1–5 are 

shown in Figure 2, while selected bond lengths and angles are listed in Table S1. The geometric 

parameters are very close to those of hydantoin derivatives described previously.32–36 The 

hydantoin ring is nearly planar. The π-conjugation within the imide fragments results in the length 

of the N1–C2 and N3–C4 bonds falling in the shortest ones (average 1.34 and 1.37 Å, respectively). 

On the other side, the C4–C5 and N1–C5 bonds have a σ character and they are the longest in the 

hydantoin ring (average 1.54 and 1.46 Å, respectively). With the exception of compound 3, the 

C4=O2 bond is slightly shorter than the C2=O1 bond. The N3–C18 bond between the hydantoin 

ring and (cyclo)alkyl substituent shows a σ character with the average length of 1.47 Å. In addition, 

this bond in compound 3 is slightly shorter than the average value, while it is longer than the 

average in compound 5. 
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Figure 2. ORTEP image of the investigated phenytoin derivatives.  

 

 

Intramolecular Interactions: Mutual Orientations of the Phenyl and Hydantoin Rings. The 

ability of the carbonyl and N–H groups of phenytoin to form intermolecular hydrogen bonds is 

presumably responsible for the anticonvulsant action of this drug. However, an in vitro study of 

the sodium channel binding activity of several 5-phenylhydantoins has suggested that the 

orientation of the phenyl groups is important for an efficient binding.10 The results have revealed 

that the derivative with the methyl group in ortho position of one phenyl ring possesses the higher 

rotational energy barrier and exhibits a corresponding decrease in the sodium channel binding 

activity when compared to phenytoin and the derivatives with the meta- and para-methyl 
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substituent. In addition, this study put a particular emphasis on the importance of the mutual 

orientation of the phenyl and hydantoin rings for the anticonvulsant activity of hydantoin 

derivatives. 

To determine the mutual orientation of the phenyl rings, the P1/P2 parameter was 

introduced as a measure of the angle between the planes of the phenyl rings. The orientation of the 

phenyl groups relative to the hydantoin ring is defined with two torsion angles, τ1 and τ2 (Figure 

3). These torsion angles are defined with respect to the carbonyl C4=O2 group, and labeled as 

C11–C6–C5–C4 (τ1) and C4–C5–C12–C13 (τ2), where C11 and C13 belong to the phenyl C–H 

groups closest to the carbonyl group (Figure 3). The parameters τ1 and τ2 can have values in the 

range from 0 to 180°, while positive values of the torsion angles refer to orientations in which the 

phenyl C6–C11 and C12–C13 bonds rotate from the carbonyl to N–H group of the hydantoin ring. 

Therefore, the torsion values close to 0 and 180° correspond to the orientations with C–H∙∙∙π 

interactions between the phenyl and carbonyl C4=O2 group, while the torsions in which the values 

are close to 100° (N1–C5–C4 angle is close to 100°) correspond to the orientations with C–H∙∙∙N 

interactions. Analysis of the geometric parameters for the investigated compounds, taken from X-

ray structure data (Table 2), showed that, in all structures, one phenyl group forms a C–H∙∙∙N 

interaction with atom N1 of the hydantoin ring, while the second one forms a C–H∙∙∙π interaction 

with the carbonyl C4=O2 group. The phenyl groups have orientations close to orthogonal 

(P1/P2≈90°), thus forming a C–H∙∙∙π interaction. 
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Figure 3. Optimized compound 1 used as the model system for description of the ring orientation 

in the investigated compounds and DFT calculations with the displayed geometric parameters and 

labels of the corresponding atoms.  

 

Table 2. Geometric parameters that describe the orientation of the rings in the crystal structure of 

the investigated compounds.  

Compound 

 
R 

Geometric parameter, ° 

τ1  τ2 P1/P2 

1 n-Pr 100.2 173.8 87.9 

2 i-Pr 79.8 157.8 88.7 

3 cyc-Pr 15.1 91.4 73.6 

4 sec-Bu 93.8 4.5 79.8 

5 t-Bu 97.0 5.0 81.4 

 

To determine how the orientation of the phenyl groups affects the stability of the 

investigated compounds, the quantum-chemical calculations were performed. The optimized 

structure of compound 1 containing the propyl group in position N3, taken from the X-ray analysis, 

was used as the model system. The values of the torsion angles τ1 and τ2 were systematically varied 

from 0 to 180° in steps of 30°. The positive values of τ1 and τ2 parameters correspond to rotations 

around the C5–C6 and C5–C12 bonds, in which the projection of the C6–C11 and C12–C13 bonds 

onto the mean plane of the hydantoin ring moves towards its center.  

To understand the mutual orientation of the rings, selected values of the torsion angles τ1 

and τ2  are presented: 0° - the projection of the ortho C–H group of the phenyl ring matches the 
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direction of the C5–C4 bond of the hydantoin ring (groups form a C–H∙∙∙π interaction); 50° - the 

projection of the ortho C–H group of the phenyl ring passes through the centroid of the hydantoin 

ring (groups form a C–H∙∙∙π interaction); 100° - the projection of the ortho C–H group of the phenyl 

ring matches the direction of the N1–C5 bond of the hydantoin ring (groups form a C–H∙∙∙N 

interaction); greater than 100° - the projection of the ortho C–H groups of the phenyl ring is outside 

the hydantoin ring.   

Based on the results of calculations, some general conclusions can be derived (Table 3). 

The unfavorable geometries (with energies less than 120 kcal/mol) occur when the interacting 

phenyl C–H groups have similar values of τ1 and τ2 angles and both groups are located above the 

carbonyl C4=O2 group (τ1 and τ2 have values close to 0 or 180°), above the N1–H group (τ1 = τ2 = 

90°) or close to the centroid of the hydantoin ring (τ1= τ2 = 60°). 

 

Table 3. The relative energies (in kcal/mol) of the investigated compounds (calculated with respect 

to the most unstable orientation of the phenyl rings) as a function of the τ1 and τ2 torsion angle 

values.  

τ1↓ τ2→ 0° 30° 60° 90° 120° 150° 180° 

0° –117.1 –115.6 –129.0 –132.2 –129.8 –128.4 –117.1 

30° –115.4 0.0 –95.3 –129.0 –130.4 –129.6 –115.4 

60° –128.8 –95.2 *** –105.4 –128.6 –131.0 –128.8 

90° –133.3 –130.2 –106.7 –90.0 –126.4 –131.9 –133.3 

120° –132.4 –133.2 –131.6 –128.2 –128.7 –131.1 –132.4 

150° –129.5 –130.8 –132.4 –132.0 –129.5 –129.5 –129.5 

180° –117.1 –115.6 –129.0 –132.2 –129.8 –128.4 –117.1 
*** for this orientation, a small interatomic H∙∙∙H distance was encountered (Figure 4). 

Orientations with energies up to 10 kcal/mol less than the most stable orientation are marked with the dark gray 

background; the orientations with energies for 10–20 kcal/mol less than the most stable orientation are marked with 

the light gray background; the least stable orientations are marked with the white background.  

 

 

 

In the most stable geometry (τ1 = 90° and τ2 = 0°), the ortho C–H group of the first phenyl 

group interacts with the carbonyl C4=O2 group of the hydantoin ring (form a C–H∙∙∙π interaction), 
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with the C4∙∙∙H distance of 2.38 Å. The ortho C–H group from the second phenyl group interacts 

with atom N1 of the hydantoin ring (form a C–H∙∙∙N interaction) with the H∙∙∙N1 distance of 2.34 

Å. The phenyl rings have a geometry close to T-shape (P1/P2 angle of 72.7°), building a C–H∙∙∙π 

interaction with distance between centroids of 3.26 Å (Figure 4). On the other hand, in the least 

stable geometry (τ1 = τ2 = 60°), the ortho C–H group of both phenyl groups interacts with the 

centroid of the hydantoin ring (Ω) with the H∙∙∙Ω distances of 2.62 Å. The phenyl rings are planar 

(P1/P2 angle of 0°) with an unfavorable short H∙∙∙H contact (Figure 4). 

 

 

Figure 4. Illustration of the most stable geometry (LEFT, τ1 = 90° and τ2 = 0°) and the least stable 

geometry (RIGHT, τ1 = τ2 = 60°) of optimized compound 1.  

 

Based on the presented results, one can conclude that orientations of the rings in the crystal 

structures of the investigated compounds correspond to the most stable calculated geometry 

(Figure 4, LEFT), and indicate that the size and orientations of the selected substituents do not 

have significant influence on the orientation of the rings. 

The range of the torsion angles defining the relative orientation of the phenyl groups of 

phenytoin is wider in the solid state than in solution.37 On the other side, the range of the torsion 

angles which characterize the relative orientation of the hydantoin and phenyl rings is more narrow 

in the solid state.37 To examine the influence of substitution in position N3 of the hydantoin ring, 

the crystal structures of uncoordinated phenytoin derivatives were extracted from the CSD, as well 
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as the geometric data describing the mutual orientation of the phenyl and hydantoin rings (P1/P2 

parameter, torsion angles τ1 and τ2). Results of statistical analysis (Figure 5) showed that the phenyl 

groups are generally located above the carbonyl C4=O2 group (τ1 and τ2 have values close to 0 or 

180°), or close to the N1–H group (τ1 and τ2 have values close to 100°). As in the case of the 

investigated compounds, the phenyl groups of the extracted structures have nearly orthogonal 

orientations (P1/P2≈90°).  

 

Figure 5. Distributions of the geometric parameters describing the mutual orientation of the phenyl 

and hydantoin rings (P1/P2 parameter, τ1 and τ2 torsion angles) in the crystal structures of 

uncoordinated phenytoin derivatives. The graphs show the distributions of the parameters for 

compounds 1–5 and thirteen structures extracted from the CSD. 

 

In the structures with the projections of the phenyl rings outside the hydantoin ring, the 

neighboring molecule is located above the hydantoin ring and simultaneously interacts with the 

hydantoin and phenyl groups. These orientations (150° ≥ τ1 ≥ 120° and 150° ≥ τ2 ≥ 120°) are 

energetically favorable (orientations with dark gray background in Table 3) in comparison to the 

orientations in which both phenyl groups are located above the hydantoin ring. In the crystal 

structure of 3-amino derivative of phenytoin (refcode NIXTAR,38 Figure 6), the phenyl group of 

the first molecule is positioned above the hydantoin ring of the second one. This phenyl group 

simultaneously forms a stacking interaction with the hydantoin ring (distance between the 

centroids of the rings is 3.87 Å), a N–H∙∙∙π with the amino group (normal distances of the amino 
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H atom to the mean plane of the phenyl ring is 2.69 Å), and a bifurcated C–H∙∙∙π interaction with 

the phenyl group from the second molecule (distances of H atoms from the centroids of the second 

phenyl ring are 3.09 and 3.50 Å). The geometries in which one phenyl group is located above the 

N1–H group, while second one is close to the carbonyl C4=O2 group, are less frequent in the 

crystal structures, despite the similarities in the energies with geometries where the phenyl rings 

are outside the hydantoin ring (Table 3 and Figure 5). This geometry occurs in the structures 

bearing a bulky substituent in position N3 of the hydantoin ring (structure with refcode JALGEL,39 

Figure S1), which sterically hinders the access of species from the environment to the hydantoin 

ring. These examples demonstrate the importance of voluminosity of the substituent on the mutual 

orientation of the hydantoin and phenyl rings, and, consequently, on the interactions of phenytoin 

derivatives with species from the environment. 

   

 

Figure 6. Illustration of the crystal packing of 3-amino-5,5-diphenylhydantoin with refcode 

NIXTAR.38 

 

Intermolecular Interactions: Crystal Packing. The basic structural motif in the crystal packing 

of compounds 1, 2, 4 and 5 represents a centrosymmetric dimer (dimeric motif D11, Figure 7), 

where two molecules are connected by two N–H∙∙∙O hydrogen bonds (distance d1, Table 4) with 
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interaction energy from –13.48 (compound 5) to –14.61 kcal/mol (compound 1). This motif 

possesses the highest interaction energy in all mentioned systems. These structural motifs are 

further linked into chains running along the c-axis (dimeric motif D12, Figure 7) and mutually 

form two C–H∙∙∙O interactions between the C–H group of the phenyl rings and the carbonyl O 

atom (distance d2, Table 4) as well as a parallel interaction of two phenyl rings at a large offset 

(distance between centroids d3, Table 4). Within the chains, the planes of the hydrogen-bonded 

motifs are mutually parallel. Viewed from the direction of the a-axis (Figure 8a), the phenyl groups 

are arranged alternately on different sides of the secondary chain containing only the hydantoin 

rings (framed with a red box). In the direction of the b-axis (Figure 8b), the alkyl and phenyl groups 

are arranged alternately on the same side of the secondary chain. 

 

Figure 7. Typical structural motifs identified in the crystal structures of compound 1 used as an 

illustration of the crystal packing in compounds 1, 2, 4 and 5. Only the crystal packing of 

compounds 1 and 5 contains the dimeric motif D14. 

 

The chains are further linked into layers parallel to the bc-plane (Figure 8c and 8d), 

whereby every basic motif interacts with three motifs from the neighboring chains. The C–H∙∙∙π 

and C–H∙∙∙O interactions between the phenyl and hydantoin rings (distances d4 and d5, Table 4) 
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promote dimerization of these motifs from the neighboring chains along the b-axis (dimeric motif 

D13, Figure 7). In the crystal packing of 1 and 5, a centrosymmetric dimeric motif is generated by 

the bifurcated C–H∙∙∙O interactions (distances d6 and d7, Table 4) between the phenyl C–H groups 

and hydantoin C2=O4 group (dimeric motif D14, Figure 7).  

 

 

Figure 8. Crystal packing of compounds 1, 2, 4 and 5.  

 

The layers pile up along the a-axis to form a three-dimensional framework structure, in 

which every basic motif interacts with four ones from the neighboring layers. Four independent 

motifs can be further recognized. One of them (dimeric motif D15, Figure 7) is formed through a 

C–H∙∙∙O interaction between the phenyl ring and the carbonyl O atom (distance d8, Table 4), C–

H∙∙∙π interactions between the phenyl rings (distance d9, Table 4), as well as between the alkyl 

group and π-system of the phenyl group (distance d10, Table 4). The motifs from the adjacent layers 

interact along a direction extending between the a- and b-axes (dimeric motif D16, Figure 7). The 

propyl group forms a C–H∙∙∙π interaction with the π-system of the phenyl group (distances d11, 

Table 4). However, the analyzed structures 2 and 4 slightly differ in this dimeric motif. Namely, 

in these structures the alkyl group forms the bifurcated C–H∙∙∙π interactions (distances d11 and d12, 

Table 4). In the third motif (dimeric motif D17, Figure 7), two phenyl groups form stacking 
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interactions (d13 distance between centroids, Table 4), with the interaction energy of –3.57 

kcal/mol.  The propyl group interacts with the hydantoin C2=O4 group (dimeric motif D18, Figure 

7), through two C–H∙∙∙O interactions of the same geometries (distances d14 and d15, Table 4).  

 

Table 4. Geometric parameters (in Å) and interaction energies (in kcal/mol) for the dimeric motifs 

in the crystal packing of the investigated phenytoin derivatives 1, 2, 4 and 5  

Dimeric 

motif 
Parameter 

Compound (x) 

1 2 4 5 

Dx1 
d1 2.00 2.00 2.02 2.01 

ΔE1 14.61 –14.50 –14.00 –13.48 

Dx2 

d2 2.62 2.79 (3.11) 2.64 3.02 

d3 6.13 6.66 (6.00) 6.10 6.45 

ΔE2 –5.81 –4.89 (–4.91) –6.59 –5.50 

Dx3 

d4 2.93 3.15 3.73 3.27 

d5 2.86 3.12 3.81 3.36 

ΔE3 –4.89 –5.72 –3.62 –4.40 

Dx4 

d6 2.70 – – 2.74 

d7 3.10 – – – 

ΔE4 –7.05 – – –5.92 

Dx5 

d8 2.84 2.68 2.83 2.80 

d9 2.97 – 3.42 3.42 

d10 3.00 – 3.02 3.27 

ΔE5 –7.05 –4.33 –6.16 –6.35 

Dx6 

d11 3.19 3.29 3.55 2.80 

d12 – 3.29 3.58 – 

ΔE6 –4.39 –4.83 –3.93 –5.00 

Dx7 
d13 4.70 4.56 (5.89) 4.71 4.81 

ΔE7 –3.99 –4.27 (–2.45) –4.89 –4.02 

Dx8 

d14 3.25 3.51 (3.35) 2.99 3.23 

d15 3.25 3.51 (3.35) 2.99 3.23 

ΔE8 –4.89 –4.24 (–2.38) –5.86 –5.15 

       *Values in the parentheses refer to the second orientation within the same dimeric motif. 

 

Although these motifs occur in almost every analyzed structure, the differences in the 

length and branching of the alkyl group result in a slight difference in the geometries of the 

particular motifs, but not in the overall crystal packing. The geometries of these motifs in the 

crystal structures of 2, 4 and 5 are shown in Supplementary Information (Figures S2–S4).  
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In contrast to other structures, compound 3 which contains the cyclopropyl group does not 

form the centrosymmetric hydrogen-bonded dimeric motif. The basic structural motif represents a 

dimer (Figure 9) consisting of molecules linked by one N–H∙∙∙O hydrogen bond, one C–H∙∙∙O 

interaction and two C–H∙∙∙π interactions. The hydrogen bonding occurs between the N–H group 

and the carbonyl O atom of two neighbouring hydantoin rings (distance 2.23 Å). The C–H∙∙∙π 

interactions are formed between two phenyl groups (distance 2.92 Å) as well as the cyclopropyl 

and phenyl groups (distance 3.07 Å). The cyclopropyl group additionally forms a C–H∙∙∙O 

interaction with the carbonyl O atom (distance 3.13 Å). The interaction energy for this dimeric 

motif is –13.89 kcal/mol, which is slightly smaller than the interaction energies of the previously 

described basic motifs (with exception of compound 5). 

 

Figure 9. Basic motif in the crystal structure of compound 3.  

 

Along the c-axis the basic motifs form a chain (Figure 10a), in which each molecule 

interacts in the same manner with the neighboring molecules, as in the basic motif (one N–H∙∙∙O 

hydrogen bond, two C–H∙∙∙π interactions and one C–H∙∙∙O interaction). Viewed along the b-axis, 

the phenyl groups are located to the same side of the secondary chain containing the hydrogen-

bonded hydantoin rings, while the cyclopropyl groups are on the other side (Figure 10a). Parallel 

to the bc-plane, the chains build layers (Figure 10b) connected by aromatic interactions of the 
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phenyl rings at a large displacement (the shortest distance between centroids is 6.64 Å). Within 

the layer, the chains are oriented in such a manner that the phenyl groups are located to one side 

of the layer, while the cyclopropyl groups are located to the opposite side (Figure 10c). Along the 

a-axis, the layers form a three-dimensional framework structure, in which the phenyl regions of 

the neighboring layers are in contact, while the cyclopropyl regions interact with each other (Figure 

10d).  

 

Figure 10. Crystal packing of compound 3.  

 

In the phenyl contact region, three different dimeric motifs are observed: two motifs with stacking 

interactions of the phenyl rings, while in the third motif molecules simultaneously form a C–H∙∙∙O 

interaction (between the phenyl and carbonyl groups), and the π∙∙∙π aromatic interaction at a large 

distance of centroids (motifs Df1–Df3, Figure S5). The interaction energies for these orientations 

range from –4.20 to –5.38 kcal/mol. On the other side, there are also three dimeric motifs (Dc1–

Dc3, Figure S5): two of them with the simultaneous C–H∙∙∙O interactions of the phenyl and 
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carbonyl groups (interaction energies are –7.04 and –8.51 kcal/mol), while in the third motif the 

cyclopropyl group is a H-donor for the C–H∙∙∙O interaction with the carbonyl group (interaction 

energy is –3.16 kcal/mol).  

By comparing the crystal packings of compounds 1 and 3, it can be noted that the propyl 

group has a tendency towards the C–H∙∙∙π interactions with the phenyl group, while the 

cyclopropyl group forms mostly the C–H∙∙∙O interactions with the carbonyl group of the hydantoin 

ring. In addition, the cyclopropyl group forms the C–H∙∙∙π interactions with the phenyl groups, as 

well as the aromatic interactions at a large displacement. To explain the trends observed in the 

crystal packings, the quantum-chemical calculations were carried out on the 

cyclopropane/benzene, cyclopropane/hydantoin, propane/benzene, and propane/hydantoin model 

systems at wb97xd/6-31+G** level. The starting model systems contain the propane (or 

cyclopropane) group positioned above the benzene or hydantoin ring or outside these rings, with 

the parallel and T-shaped geometry of the interacting species. The optimized orientations and their 

interaction energies are shown in Figures 11 and 12. 

Cyclopropane has a greater tendency to position above the benzene ring (to build a C–H∙∙∙π 

interaction) and outside the hydantoin ring (to build a C–H∙∙∙O interaction) (Figures 11). In 

contrast, propane has a greater tendency to localize above the benzene and hydantoin ring (Figures 

12). However, in the crystal structure of compound 1, the phenyl group is located above the 

hydantoin ring (dimeric motif D13, Figure 7), which is probably a consequence of a stronger 

interaction between the phenyl group and the hydantoin ring, in comparison to interaction between 

the propyl group and the hydantoin ring. The interaction energy for the optimized structure for the 

benzene–hydantoin dimer, with benzene positioned above the hydantoin ring, is –7.28 kcal/mol 

(Figure S6).  
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Figure 11. Optimized orientations of the cyclopropane/benzene and cyclopropane/hydantoin 

model systems and the corresponding interaction energies (in kcal/mol).  

 

 

Figure 12. Optimized orientations of the propane/benzene and propane/hydantoin model systems, 

and the corresponding interaction energies (in kcal/mol).  

 

It is known that the benzene molecules tend to build parallel interactions at a large offset 

(4.0–6.0 Å) in the crystal structures rather than the stable stacking interactions (offset of 1.5 Å).40  

These interactions between benzene molecules at the large offset values are substantially attractive 

(around 2.0 kcal/mol) and offer better possibilities of a dense packing.  It is interesting that the 

contribution of parallel interactions at the large offset values between two benzene molecules in 

dimeric motif D12 (–1.46 kcal/mol, Figure S7) is greater than the C–H∙∙∙O interaction of benzene 

with the hydantoin C=O group (–1.31 kcal/mol, Figure S7).    
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Impact of Phenytoin Coordination on the Phenyl Groups Orientation and the Stability of the 

Phenytoin Compounds: By analyzing the crystal structures extracted from the CSD, it was 

observed that the structures with coordinated hydantoin are more numerous (55 structures). In the 

case of metal complexes with the 5,5-diphenylhydantoinate (phenytoinate) ligand (Figure 13), 

there is a clear tendency of the phenyl rings to orient outside the hydantoin ring (τ1 and τ2 angles 

greater than 100°), or close to the N1–H group (τ1 and τ2 have values close to 100°). This tendency 

is a consequence of voluminous substituents in position N3, which prevent the phenyl groups to 

position above the hydantoin ring (illustration is shown at Figure S8, structure with refcode 

VELZOC).41 

 

Figure 13. Distributions of the geometric parameters describing the mutual orientation of the 

phenyl and hydantoin rings (P1/P2 parameter, τ1 and τ2 torsion angles) in the crystal structures of 

coordinated phenytoins in position N3.  

 

The results of calculation at model system of hydantoin complex, extracted from the crystal 

structure with refcode IPOYUI (Figure S9),29 showed that the coordination of phenytoin through 

N3 atom to Ni(II) leads to a greater rotational freedom of the phenyl groups. Namely, the difference 

between the most stable and most unstable structure is less than 90 kcal/mol (Table 5), in 

comparison to non-coordinated phenytoin derivatives, where this difference is much higher and 
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amounts approximately 135 kcal/mol (Table 3) supported by a larger number of orientations with 

energy for 10 kcal/mol less than the most stable orientation (τ1 = 30° and τ2 = 120°). 

 

Table 5. The relative energies (in kcal/mol) for coordinated compound (calculated with respect to 

the most unstable orientation of the phenyl rings) as the function of values of the torsion angles τ1 

and τ2.  

τ1↓ τ2→ 0° 30° 60° 90° 120° 150° 180° 

0° –76.8 –75.5 –82.2 –85.1 –84.3 –81.4 –76.8 

30° –75.5 –40.9 –63.6 –83.5 –85.5 –82.8 –75.5 

60° –81.3 –62.6 0.0 –68.4 –84.4 –83.8 –81.3 

90° –83.9 –82.3 –68.2 –60.7 –82.6 –84.2 –83.9 

120° –83.1 –84.3 –84.2 –82.6 –84.0 –83.4 –83.1 

150° –80.7 –82.0 –84.0 –84.6 –83.7 –81.4 –80.7 

180° –76.8 –75.5 –82.2 –85.1 –84.3 –81.4 –76.8 
The orientations with energies up to10 kcal/mol less than the most stable orientation are marked with the dark gray 

background; the orientations with energies from 10 to 20 kcal/mol less than the most stable orientation are marked 

with the light gray background; the least stable orientations are marked with the white background. 
 

 

Docking Study. The docking study revealed 50 most stable orientations of the investigated 

compounds inside the voltage-gated ion channel in the open and closed state. Although slightly 

differing in the conformation, all docked molecules are bound to the same binding site (forming a 

cluster, Figures 14 and S10) with binding energies ranging from –7.3 to –7.5 kcal/mol (Table 6) 

when the channel is in the open state. In this way, these molecules block the transport of ions 

through the channel. 

The results also showed that differences in the length and branching of the substituent R 

do not have an important role in binding to the pump (Figures S11–S15). Namely, the alkyl 

substituents mainly form hydrophobic interactions with amino acids from the environment (with 

ValF:87, LeuF:88, LeuG:88, PheF:91, and LysD:7) in the binding sites with the highest binding 

energies. The orientation of the phenyl groups is usually determined by C–H∙∙∙π interaction (with 

LysD:7, ValF:87, ValH:87, AlaC:7) and π∙∙∙π  aromatic interactions (with PheH:84, PheF:91). The 

Page 26 of 55

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



27 

 

hydantoin ring is involved in the interactions with the amino acid residues only in systems with 

compounds 4 (O–H∙∙∙O hydrogen bond with ThrG:87) and 5 (N–H∙∙∙π interactions with PheH:84 

and C–H∙∙∙O interaction with ThrG:87). 

 

 

Figure 14. Cluster binding site of the investigated compounds in the voltage-gated ion channel in 

the open state.  

 

Table 6. Binding energies (in kcal/mol) for the most stable orientation of the investigated 

compounds and voltage-gated ion channel in the open and closed state. 

Compound Open state Closed state 

1 –7.5 –8.6 

2 –7.5 –8.8 

3 –7.3 –9.1 

4 –7.3 –9.0 

5 –7.3 –9.1 

 

In the closed state of the pump, the inner helices form the K+ ion selectivity filter region 

(Figure S16) under which a cavity exists. Docking calculations showed that all docked molecules 

also form a cluster inside the voltage-gated ion channel (Figure 15), with the binding energies from 

–8.6 to –9.1 kcal/mol (Table 6). By binding within the channel, these molecules prevent the normal 

function of the pump, thus making the change from the closed to open state difficult. All 

compounds in the most stable orientation form at least two hydrogen bonds as acceptors through 

the carbonyl O atom of the hydantoin ring (interacting with ThrA:75, ThrB:75 or ThrC:75), while 

compounds 1 and 2 additionally form hydrogen bonds as donors through the N1–H group of the 

Page 27 of 55

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28 

 

hydantoin ring (interacting with ThrA:75, and ThrD:75) (Figure S17-S21). The substituent R 

forms hydrophobic interactions, usually with IleB:100, IleC:100 or PheA:103, while the phenyl 

groups simultaneously form C–H∙∙∙π interactions with IleA:100 and IleDS:100. 

 

 

Figure 15. Cluster binding site of the investigated compounds in the voltage-gated ionic channel 

in the closed state.  

 

CONCLUSIONS. The investigated series underlines a fine distinction in the crystal structures of 

phenytoin derivatives as a result of the variation in the length and branching of the substituent in 

position N3 of the hydantoin ring. Regarding the conformational preferences of the investigated 

compounds, the obtained results indicated that the relative orientations of the rings correspond to 

the most stable calculated geometries and the selected substituents do not have significant 

influence on them. On the other side, substituent effects are reflected in different patterns of 

intermolecular interactions established with species in their environment. With exception of 

compound 3, the crystal structure of the investigated compounds contain centrosymmetric dimers 

linked by paired N–H∙∙∙O hydrogen bonds; these supramolecular motifs are connected by the pairs 

of C–H∙∙∙O interactions and the parallel interaction of two phenyl rings at a large offset to generate 

chains running along the c-axis. Compound 3 containing the cyclopropyl group forms the chain 

linked by one N–H∙∙∙O hydrogen bond, one C–H∙∙∙O and two C–H∙∙∙π interactions. The observed 
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differences are confirmed by different contribution of intermolecular interactions involving the 

alkyl (i.e., propyl) and cyclopropyl group. Furthermore, results of crystallographic analysis and 

quantum chemical calculations revealed that metal ion coordination of phenytoin allows more 

rotational freedom for the phenyl groups, so phenytoin can adopt the desired conformation with 

less energetic penalty comparing to non-coordinated derivatives. Docking calculations for two 

states of the voltage-gated ion channel showed that the investigated compounds inhibit the pump 

and preferentially stabilize the closed state. In this case, the hydantoin ring is involved mainly in 

a hydrogen bonding with the threonine side chains. Interestingly, hydrogen bonds involving the 

carbonyl groups seem to be preferred over those formed by the N–H groups. The substituent R 

form hydrophobic interactions, while the phenyl groups are further stabilized through the C–H∙∙∙π 

and π∙∙∙π interactions with either isoleucines or phenylalanines.  

We believe that the applied integrated approach can provide an insight into the importance 

of individual structural fragments of phenytoin derivatives in their stability as well as their 

supramolecular structures, and may lead to a design of new compounds with improved 

pharmaceutical properties.  
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Substituent effects on the patterns of intermolecular 

interactions of 3-alkyl and 3-cycloalkyl derivatives 

of phenytoin: a crystallographic and quantum-

chemical study 

Nemanja Trišović, * Lidija Radovanović, Goran V. Janjić, Stefan T. Jelić, Jelena Rogan  

 

SYNOPSIS. Based on the X-ray structure determination and the quantum chemical calculations, 

we discuss different modes of the supramolecular aggregation in the crystal structures of five 

phenytoin derivatives and the structural mechanism underlying their binding in the voltage-gated 

sodium channels.  
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Figure 1. Chemical structures of the investigated compounds. 

85x136mm (300 x 300 DPI) 
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Figure 2. ORTEP image of the investigated phenytoin derivatives. 

171x138mm (300 x 300 DPI) 
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Figure 3. Optimized compound 1 used as the model system for description of the ring orientation in the 
investigated compounds and DFT calculations with the displayed geometric parameters and labels of the 

corresponding atoms. 
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Figure 4. Illustration of the most stable geometry (LEFT, τ1 = 90° and τ2 = 0°) and the least stable 
geometry (RIGHT, τ1 = τ2 = 60°) of optimized compound 1. 

85x38mm (300 x 300 DPI) 
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Figure 5. Distributions of the geometric parameters describing the mutual orientation of the phenyl and 
hydantoin rings (P1/P2 parameter, τ1 and τ2 torsion angles) in the crystal structures of uncoordinated 

phenytoin derivatives. The graphs show the distributions of the parameters for compounds 1–5 and thirteen 
structures extracted from the CSD. 

84x52mm (300 x 300 DPI) 
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Figure 6. Illustration of the crystal packing of 3-amino-5,5-diphenylhydantoin with refcode NIXTAR.38 
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Figure 7. Typical structural motifs identified in the crystal structures of compound 1 used as an illustration 
of the crystal packing in compounds 1, 2, 4 and 5. Only the crystal packing of compounds 1 and 5 contains 

the dimeric motif D14. 
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Figure 8. Crystal packing of compounds 1, 2, 4 and 5. 
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Figure 9. Basic synthon in the crystal structure of compound 3. 
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Figure 10. Crystal packing of compound 3. 
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Figure 11. Optimized orientations of the cyclopropane/benzene and cyclopropane/hydantoin model systems 
and the corresponding interaction energies (in kcal/mol). 
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Figure 12. Optimized orientations of the propane/benzene and propane/hydantoin model systems, and the 
corresponding interaction energies (in kcal/mol). 

255x141mm (96 x 96 DPI) 

Page 50 of 55

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 13. Distributions of the geometric parameters describing the mutual orientation of the phenyl and 
hydantoin rings (P1/P2 parameter, τ1 and τ2 torsion angles) in the crystal structures of coordinated 

phenytoins in position N3. 

85x53mm (300 x 300 DPI) 

Page 51 of 55

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 14. Cluster binding site of the investigated compounds in the voltage-gated ion channel in the open 
state. 
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Figure 15. Cluster binding site of the investigated compounds in the voltage-gated ionic channel in the 
closed state. 
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Scheme 1. Synthesis of the investigated compounds. 
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