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Abstract 
 

The sodium salt of 5-acetic acid hydantoin (5AAH) was synthesized, and its crystal 
structure determined by single crystal X-ray diffraction.  The material was found to exhibit 
rather unusual structural features. Firstly, contrarily to what is most common for 
hydantoins, the 5AAH molecules in the crystal bind the sodium ions through coordination 
via its oxygen atoms (instead of via a deprotonated ring nitrogen). In second place, the 
molecular formula of the salt is Na(5AAH)2, i.e., the formal charge of the hydantoin in the 
crystal is −0.5 e. Finally, the conformation adopted by the 5AAH molecules in the crystal of 
the salt is neither the most stable conformer for the isolated molecule (and observed before 
in the gas phase of the compound), nor that present in the neat crystalline compound (most 
stable polymorph at room temperature). These results show that 5AAH is a structurally very 
versatile molecule, which is able to participate in strong intermolecular interactions that 
can supersede the intrinsic higher structural stability of the individual molecules and lead 
to selection of different higher energy conformers on formation of a crystalline phase. 

The Raman spectrum of the newly synthesized salt was also obtained and used to 
extract further structural details of the crystal, in particular on the prevalent intermolecular 
interactions. The results (both structural and spectroscopic) obtained for the studied 
sodium salt of 5AAH are also compared with those relative to the neat 5AAH most stable 
crystalline polymorph at room temperature. To help the interpretation of the spectra, 
DFT(B3LYP)/6-311++G(d,p) calculations were undertaken on simple models based on the 
structural elements of the crystals. 
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Introduction 

Hydantoins have many practical uses. They receive application as pharmaceuticals (e.g., 

phenytoin and fosphenytoin are used as anticonvulsants in the treatment of seizures and 

epilepsy [1-4], dantrolene is used as a muscle relaxant to treat, for instance, spasticity and 

ecstasy intoxication [5,6], and ropitoin is used as an antiarrhythmic drug [7], while several 

hydantoin derivatives have also been proposed for the treatment of cancer and AIDS [8-11]), 

as desinfectants, insecticides, herbicides and fungicides (as, for example,  sulfochloranthine, 

imiprothrin and iprodione [12-14]), and as reactants in the synthesis of amino acids [15,16]. 5-

acetic acid hydantoin (2-(2,5-dioxoimidazolidin-4-yl)acetic acid; abbreviated 5AAH;  Fig. 1) has 

been shown to have antitumor activity [17] and is used in the synthesis of anti-inflammatory 

and analgesic active compounds [18]. Knowledge on details of the molecular structure for the 

isolated hydantoin molecules or for their condensed phases is instrumental to understand their 

mechanisms of action at the different levels and areas of application of the compounds.   

Within the scope of our research programme on hydantoin derivatives [19-24], we have 

recently shown that 5AAH exhibits five different polymorphs, from which the most stable one 

at room temperature (polymorph I) has the peculiar characteristic of being formed by 5AAH 

molecules that assume a conformation identical to the highest-energy conformer for the 

isolated molecule [24]. In fact, this higher-energy conformer, which has an energy as large as 

~40 kJ mol-1 higher than that of the conformational ground state, is selected upon 

crystallization from among 13 different conformers of the molecule. The selection upon 

crystallization of a conformer that for the isolated molecule is not the absolute minimum 

energy structure is not a rare phenomenon [25], however, this is an extreme case that, to the 

best of our knowledge, has no parallel in the literature. 

 
 

 

Figure 1. Experimentally relevant conformers of 5AAH. From left to right: cis-I, the most stable conformer for the 
isolated molecule and observed experimentally for the compound isolated in cryogenic inert matrices [24]; trans-
I, the conformer present in the investigated sodium salt of 5AAH; trans-III, the conformer present in the room 
temperature most stable crystal (polymorph I) of the neat hydantoin [24]. On total, the molecule has 13 different 
conformers [24]. The numbers in parentheses are the DFT(B3LYP)/6-311++G(d,p) calculated relative energies of 
the conformers [24].    
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In the present study we focused our attention on the sodium salt of 5AAH, which had never 

been investigated before. Our interest for this system resulted mostly from our curiosity to 

answer the following questions: 

 

(i) Does 5AAH coordinate sodium ions via the hydantoin ring (through a deprotonated 

ring nitrogen atom as it in general occurs for hydantoins, e.g. phenytoin [26]) or 

through the carboxylic acid substituent? 

(ii) Which is the protonation state of the 5AAH in the complex?  

(iii) Which is the conformation assumed by the 5AAH molecules in the complex? 

 

We were particularly interested to determine the conformational preferences of the 5AAH 

molecules in the crystal of the newly synthesized salt, and compare the results with what has 

been observed for the neat hydantoin [24]. We were also very much interested to compare 

the crystal structures of the hydantoin and of its salt regarding the most relevant 

intermolecular interactions defining their structures, in particular hydrogen bonding. 

As it will be shown in details below, the sodium salt of 5AAH was found to exhibit a stunning 

crystal structure where (a) all carbonyl moieties present in the 5AAH molecules coordinate a 

sodium ion while both nitrogen atoms of the hydantoin ring are protonated, (b) the effective 

charge of the ligand is –0.5 e, with the carboxylic hydrogen atom being equally shared by two 

hydantoin molecules, and (c) the conformation adopted by the hydantoin molecules is 

different from that found in the known crystal of the neat hydantoin, but it is still a high-energy 

form for the isolated molecule of the compound. 

Besides the crystallographic study, we present also the Raman spectrum of the salt and 

interpret it in comparison with the spectrum of the crystalline hydantoin (polymorph I [24]), 

taking into account the X-ray diffraction structural information now determined for the salt 

and that previously reported for the ligand [24]. The analysis of the Raman spectroscopy data 

is also supported by theoretical results obtained within the scope of the density functional 

theory (DFT).  

 
 

Experimental Procedures and Computational Methods 

The sodium salt of 5-acetic acid hydantoin, with formula C10H11N4NaO8, was synthesized 

from the hydantoin (35 mg) and NaOH in dioxane solution (4 mL). The solvent was let to 
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evaporate slowly at room temperature and the resulting material was subsequently dried in a 

desiccator for several days. Examination at the microscope showed that the obtained material 

was a mixture of two crystals, with clearly different morphologies. The Raman spectra of the 

two types of crystals allowed to conclude that those present in larger amount corresponded 

to the original hydantoin, while those present in smaller quantity should be assigned to a new 

material, which, as demonstrated by single crystal X-ray diffraction, was found to be the 

sodium salt of 5AAH. 

Raman spectra (in the 50-4000 cm-1 range) were registered with accuracy better than 0.5 

cm−1 using a micro-Raman system Horiba LabRam HR Evolution. A HeNe laser ( = 633 nm; P= 

~17 mW at the sample), a collection time of 30 seconds, 30 accumulations, and a 50x objective 

(laser spot diameter of 1 μm at the sample) were used. Wavenumber calibration was done 

using the Si wafer band at 520.5 cm-1. 

The single crystal X-ray diffraction experiments were performed at room temperature 

using graphite monochromated MoK ( = 0.71073 Å) radiation in a Bruker APEX II 

diffractometer. The structure was solved by direct methods, and full-matrix least-squares 

refinement of the structural model was performed. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were placed at calculated idealized positions and refined as 

riding using SHELXL-2018/1 default values [27], except for those of the N−H and O−H groups 

that where refined isotropically with a displacement parameter constrained to 1.2x and 1.5x 

of their parent atoms, respectively. The occupancy of the disordered carboxylic atom (see 

below) was fixed at 0.5. Full details on data collection and structure refinement are provided 

in the Supporting Information (SI). A summary of the data collection and refinement details is 

given in Table 1. A CIF file containing the supplementary crystallographic data was deposited 

at the Cambridge Crystallographic Data Centre, with reference CCDC 1996470. 

All calculations were undertaken for the isolated species in the vacuum using Gaussian 09 

[28], with the B3LYP functional and the 6-311++G(d,p) basis set [29-32]. The calculated 

vibrational frequencies were scaled by 0.918, 0.971 and 1.023 (above 3400 cm-1, between 

3400 and 1600 cm–1, and below 1600 cm–1, respectively) which were chosen in order to obtain 

a better description of the observed spectra by the theoretical data. The calculated vibrational 

modes were approximately characterized by using the animation module of ChemCraft [33].  
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Table 1 – Summary of the single-crystal X-ray data collection and crystal structure refinement. 

Chemical formula C10H11N4NaO8 

Color, shape Clear colorless, block 

Formula weight 338.22 

Space group 𝑃21/𝑛 

Temperature(K) 293(2) 

Crystal system monoclinic 

a (Å) 7.9613(14) 

b (Å) 10.4664(19) 

c (Å) 8.1592(14) 

α (deg) 90 

β (deg) 94.491(6) 

ɣ (deg) 90 

Cell volume (Å 3) 677.8(2) 

Z 2 

Dc (Mg m-3) 1.657 

Diffractometer/scan Bruker ApexII/ φ and ω scans 

Radiation (Å) (graph. monochromated) 0.71073 

Max. crystal dimensions (mm) 0.13×0.11×0.06 

Θ range (deg) 3.221-24.993 

Range of h, k, l –9,9; –12,12; –9;9 

Reflections measured/independent 7800/1192 

Reflections observed (I > 2 σ) 696 

Corrections applied Absorption (Multi-scan, SADABS) 

Computer programs APEXIII, SHELXT-2014/5, SHELXL-2018/1, 
PLATON, VESTA 

Structure solution Direct Methods 

Data/restraints/parameters 1192/0/115 

GOF 1.025 

R1 (I >2 σ) 0.0457 

wR2 0.1076 

Function minimized Σ w (|Fo|2 – S|Fc|2) 

Diff. density final max/min (e Å- 3) 0.226, –0.284 

 
 

Results and Discussion 

In our previous study on 5AAH [24] we have shown that the compound crystallizes 

in the P212121 space group, with one molecule in the asymmetric unit, which assumes 

the conformation of the highest energy conformer predicted for the isolated molecule 

(see Fig. 1). As mentioned in the introduction, the fact that the selected conformer 

(trans-III) upon crystallization of the compound (polymorph I, most stable polymorph 

at room temperature) is the highest energy conformer among 13 conformers of the 

molecule, with an energy ~40 kJ mol-1 above that of the most stable conformer (cis-I; see Fig. 

1) is unique. In the 5AAH crystal, 3 different types of hydrogen bonds are present. Taken a 
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molecule as reference, the first, connects the OH group of the acetic acid substituent of the 

molecule to the oxygen atom of the ring carbonyl group of a neighbour molecule which is 

vicinal to two NH groups (O–H…O= type H-bond, with d(O…O) = 2.615 Å and <(O–H…O) = 166o); 

the second, connects the N–H group of the ring that stays between the two carbonyl groups 

of the hydantoin ring of the considered molecule to the oxygen atom of the second ring 

carbonyl group of another neighbour molecule (N–H…O= type H-bond, with d(N…O) = 2.836 Å 

and <(N–H…O) = 166o); and the third, connects the second N–H group of the molecule to the 

acid oxygen atom of a third neighbour molecule (N–H…O= type H-bond, with d(N…O) = 3.010 Å 

and <(N–H…O) = 175o). The H-bond acceptor moieties of the molecule receive H-bonds of these 

3 types where the donors belong to neighbour molecules. A particularly interesting structural 

peculiarity is that the carbonyl oxygen atom of the acetic acid substituent is not involved in any 

classical H-bond in the crystal of 5AAH (instead, it participates in two non-classical CH…O 

interactions with two neighbour molecules). As it will be shown below, this pattern of hydrogen 

bonding is completely different from that existing in the sodium salt of the compound. Also, 

the conformation assumed by the 5AAH hydantoin molecules in the crystal of the salt is not 

the same as in the neat 5AAH crystal described above. Such facts prove the 

structural/conformational versatility of the 5AAH molecule.  

 

Single Crystal X-Ray Diffraction Analysis of the Sodium Salt of 5AAH   

The compound crystallizes in the P21/n monoclinic space group with unit cell parameters a 

= 7.9613(14) Å, b = 10.4664(19) Å, c = 8.1592(14) Å, β = 94.491(6)°. The structure is a 3D 

coordination polymer built around the metal ions which are hexa-coordinated with oxygen 

atoms from the organic moiety in a pseudo-octahedral geometry (Fig. 2). 

The Na atoms sit on inversion centers at the special positions ½, ½, 0; 0, 0, ½ (Wyckoff site: 

b) with multiplicity 2, whereas the atoms of the organic moiety sit at general positions of 

multiplicity 4. This means that the ratio between the number of Na atoms and the organic 

moiety is fixed by the crystallographic space group as 1:2, thus corresponding to the chemical 

formula C10H11N4NaO8 (or Na(5AAH)2). Therefore, charge neutrality can only be achieved if one 

out of two organic moieties is single charged, meaning an average anionic charge per organic 

moiety of −0.5 e.  

The coordination geometry is determined out of any doubt and is described in details 

below, but it is clear that the NH moieties of the hydantoin ring are protonated and do not 
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participate in the coordination with the metal. In this regard, the coordination of 5AAH in the 

studied complex does not follow the general trend of hydantoins, which usually bound via the 

deprotonated NH group of the ring which is vicinal to the two carbonyl groups (N3-H in Fig. 2) 

(see the illustrative example described in Ref. [26]). Coordination through the deprotonated 

carboxylic moiety of 5AAH, with the two NH groups of the ring being protonated, has been 

reported for the tetra-aqua-bis-5AAH CoII complex [34], showing that the most labile group to 

deprotonation in 5AAH is indeed the carboxylic moiety thus favoring complexation of the 

molecule where the structural integrity of the hydantoin ring is preserved.       

In the studied substance, the found structural formula, together with the observation that 

the hydantoin ring keeps its structural integrity, implies that the carboxylic group is on average 

half deprotonated. Indeed, the H atom of the carboxylic O16 atom (see Fig. 2) was found to be 

disordered and in a trans position while being involved in a hydrogen bond with the same atom 

of a neighbour symmetry related molecule (Fig. 3). Thus, a single H atom is shared by the two 

molecules, with 50% probability of acting as an acceptor/donor. 

 

 
Figure 2. ORTEP plot of the cation coordination shell showing the anisotropic displacement ellipsoids drawn at 
the 50% probability level. 

 

The measured O16...O16 distance of 2.453(5) Å is indeed characteristic of a strong 

hydrogen bond. The disordered H atom was included in the refinement with a fixed occupancy 

of 0.5, therefore describing the average structure in what concerns this particular hydrogen 

bond. Whether the proton is truly randomly disordered corresponding to the average structure 
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described in the P21/n space group or rather fully or partially ordered (implying a lower 

symmetry space group) cannot be disclosed from our XRD data. However, refinement on P21/n 

converged to a low R-factor, with no anomalies found upon examination of the anisotropic 

displacement ellipsoids of the non-H atoms. Therefore, any putative distortion of the structure 

due to ordering of the shared carboxylic H atom would be very small. Moreover, tentative 

refinements on lower symmetry space groups allowing two-inequivalent organic moieties (one 

neutral, the other deprotonated) could not refine properly because of the strong correlation 

between the structural parameters due to the pseudo-symmetry. 

 

 
 
 
Figure 3. Projection of the crystal structure along the a-axis. Hydrogen bonds are depicted as dashed lines, the 
disordered hydrogen bond involving the carboxylic H atom is depicted as a double dashed line. 

 

The Na ion sits on inversion centers, therefore the coordination polyhedron features only 

3 distinct Na−O bonds, with bonding distances 2.291(2), 2.334(2) and 2.670(2) Å, the shortest 

one being that involving the carbonyl O15 atom of the ligand, and the second and third ones 

involving the ring O9 and O7 atoms, respectively. All carbonyl oxygen atoms of the 5AAH ligand 

are then involved in the coordination to the metal. The O−Na−O angles in the plane 

perpendicular to the longest Na−O bond are 87.7°/(92.3°). The angles in one of the two 

coordination planes containing the longest Na-O, 80.21(99.79), deviate more strongly from the 

ideal value (90°), while in the other plane they are close to the ideal value, 89.05/(90.05). The 
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distorted pseudo-octahedral volume is 18.729 Å3, with a quadratic elongation of 1.020 and an 

angle variance of 37.08°2 [35]. The O atom involved in the longest Na−O bond (O7) also 

participates as an H-bond acceptor from one of the two NH groups of a neighbour molecule 

(N1-H) (Table 2). The other NH group (N3-H) of the hydantoin ring also participates in hydrogen 

bonding as a donor towards the O16 atom of the carboxylic group of another neighbour 

molecule. 

 
Table 2 – Hydrogen bonds and short intermolecular contacts. Distances and angles are given in Å and degrees, 
respectively. Symmetry codes: a) 1−x,1−y,1−z; b) x,y,−1+z; c) 1−x,2−y,1−z; d) 1−x,2−y,2−z; e) x−1/2, −y+3/2, z−1/2.a 

D-H…A D-H H-A D…A < D-H…A 

N1−H6…O7a 0.82(3) 2.14(3) 2.937(4) 166(3) 
N3−H8…O16b 0.90(3) 1.89(3) 2.784(3) 174(3) 
O16−H17…O16c    0.87(8) 1.61(8) 2.454(3) 164(13) 
C11−H12…O9d 0.97 2.46 3.304(4) 145   
C5−H10…O16e  0.98 2.66 3.487(4) 142.7 

a See Figure 3 for atom numbering. 
 

Concerning the geometry of the 5AAH molecules in the crystal, the hydantoin ring has the 

expected planar geometry (r.m.s. deviation from the least-squares plane of 0.02 Å), the O9 

atom lying in the plane whereas atom O7 is slightly out of the plane (0.11 Å). The weighted 

average torsion angle within the ring is 3.2(2)°. The least-squares plane of the substituent 

atoms forms an angle of 49.5(1)° with the ring plane. The relevant torsion angles 

O15=C14−C11−C5 and C14−C11−C5−C4 are 12.03° and 170.3°, respectively, which are very 

similar to those of conformer trans-I (see Fig. 1) found for the isolated molecule of 5AAH, 2.89° 

and 171.4°, respectively [24]. According to the DFT(B3LYP)/6-311++G(d,p) calculations 

reported in Ref. [24], conformer trans-I is the second most stable form of 5AAH bearing the 

carboxylic group in the trans geometry (O=C−O−H dihedral of ca. 180°), with a relative energy 

to the ground conformational state (cis-I; see Fig. 1) of 22.9 kJ mol-1. Though it is considerable 

more stable than the conformer present in the crystal of the neat hydantoin (form trans-III, 

with a relative energy of 39.3 kJ mol-1 [24]), conformer trans-I is still a high-energy conformer 

of 5AAH (8th out of 13 conformers in order of energy). This result reinforces the conclusion that 

5AAH is a structurally very versatile molecule, which is able to participate in strong 

intermolecular interactions that can supersede the intrinsic higher structural stability of the 

individual molecules and lead to selection of higher energy conformers on formation of a 

crystalline phase. 
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Raman spectra of the Sodium Salt of 5AAH   

Figures 4 and 5 show the Raman spectrum of the Na(5AAH)2 compound, together with that 

of the neat 5AAH (polymorph I), in the high and low frequency regions, respectively. These 

spectra are compared with those simulated based on the DFT(B3LYP)/6-311++G(d,p) 

calculated Raman spectrum for the isolated-molecule 5AAH conformer trans-III (which is the 

constituting unit of the neat 5AAH crystal) and for the 1:1 cationic [Na-5AAH]+ species where 

the 5AAH molecule was kept fully protonated and in the trans-I conformation (as found in the 

crystal of the salt by XRD). Several other models were used to help interpretation or simulate 

the Raman spectrum of the crystalline salt (see Figs. S1 and S2 in the SI, where the 

corresponding DFT(B3LYP)/6-311++G(d,p) calculated Raman spectra are shown): (i) the 5AAH 

isolated-molecule trans-I conformer (the conformer of 5AAH existing in the crystal of the salt 

as determined by XRD), (ii) the 1:1 neutral Na-5AAH complex, where the 5AAH molecule has 

its carboxylic group deprotonated, and (iii) the 2:2 cationic [Na2-5AAH2]+ species represented 

in Fig. S3 in the SI, where an O…H…O bond established between two molecules of the hydantoin 

is present (this structure was made centrosymmetric in an attempt to mimic the relevant 

structural unit of the crystal, and the minimum number of Na ions were included – bound to 

the O15 atoms which were found to form the strongest coordination bond –, in order to keep 

the model as simple as possible). 

The Raman spectrum of the neat hydantoin crystal is reasonably described by the 

calculated Raman spectrum of isolated conformer trans-III, in particular in the high frequency 

region (including the carbonyl stretching region) and below ca. 1000 cm-1. Naturally, those 

vibrations that are expected to be more sensitive to intermolecular interactions, e.g., OH and 

NH stretching modes, cannot be duly described by such a simple model, but the observed shifts 

between the calculated and observed bands can also be used to shed light on structural 

characteristics of the system, as pointed out below. In turn, the Raman spectrum of the 

Na(5AAH)2 crystal is not properly described at all by the calculated spectrum of the isolated 

5AAH trans-I conformer, nor by the 1:1 neutral Na-5AAH complex where the 5AAH molecule 

has its carboxylic group deprotonated (see Figs. S1 and S2 in the SI). Besides intermolecular 

interactions, in the first case complexation is not accounted for, while in the second case the 

presence of a hydrogen atom connected to O16 is not taken into account. On the other hand, 

the calculated spectrum for the 1:1 cationic [Na-5AAH]+ species, where the 5AAH molecule 

was kept fully protonated and in the trans-I conformation, describes quite reasonably some of 
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the most relevant features observed in the experimental spectra of the compound. This 

unequivocally demonstrates the relevance of the presence of a hydrogen atom bound to the 

carboxylic group of the 5AAH molecules in the crystal also in determining the vibrational 

spectra of the compound. Somehow unexpectedly, the spectrum calculated for the more 

complex 2:2 cationic [Na2-5AAH2]+ system (Figs. S1 and S2 in the SI) shows a worse agreement 

with the experimental spectrum of the 5AAH sodium salt than that obtained using the 1:1 

cationic [Na-5AAH]+ model, so that in this latter will be used in the discussion below. 

 

Figure 4. High frequency region of the room temperature experimental Raman spectra of the neat crystal of 5AAH 
(polymorph I) and of the synthesized sodium salt of the hydantoin [mid spectra], and DFT(B3LYP)/6-311++G(d,p) 
calculated Raman spectra for trans-III conformer of 5AAH and the 1:1 cationic [Na-5AAH]+ species where the 
5AAH molecule was kept fully protonated [top and bottom spectra]. In the calculated spectra, frequencies were 
scaled as described in the section Experimental Procedures and Computational Methods, and the intensities were 
obtained by dividing the calculated Raman activity of each mode (expressed in in Å4 (AMU)-1) by its frequency 
(Raman shift expressed in cm-1). The arrows indicate the shifts due to intramolecular hydrogen bonding taken as 
reference the calculated scaled values of the used models. The vertical dashed line is only to guide the eyes for 
better comparison between the positions of the bands ascribed to the NH stretching modes. 
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In the high frequency spectral region, the spectral profiles of the experimental Raman 

spectra of the 5AAH and its sodium salt, as well as the changes in going from one system to 

the other, are very well reproduced by the calculated spectra for the isolated 5AAH trans-I 

conformer and 1:1 cationic [Na-5AAH]+ species in what concerns the C-H stretching vibrations 

(the group of intense bands around 3000 cm-1). The relative positions of the bands ascribable 

to the NH stretching modes are also predicted properly by the two simple molecular models. 

After scaling, the calculated values are 3350/3341 cm–1 (5AAH) and 3336/3322 cm–1 ([Na-

5AAH]+). The scale factor in this spectral region was chosen to allow reproduction of the 

experimental value for the NH stretching modes in the neat crystal of 5AAH (3347 cm-1), so 

that the matching between the experimental and calculated values for this system was 

imposed by the used scaling criterion. However, this criterion was used because it allows to 

get some information regarding the relative strength of the intermolecular H-bond interactions 

involving the NH groups in the two crystals. Indeed, the fact that the experimentally observed 

NH stretching bands in the experimental spectrum of the crystalline salt (3289/3255 cm-1) are 

shifted to lower frequencies in comparison with the calculated values for the used model 

indicate that the H-bonds involving the NH groups in the crystal of the sodium salt of 5AAH are 

stronger than those in the crystal of the neat compound. This is in agreement with the 

structural data presented in the previous section, as detailed below. In turn, the bands due to 

the OH stretching vibrations in the experimental spectra are observed at much lower values in 

both chemical systems (major bands at 3194 and ca. 3150 cm–1, for 5AAH and its sodium salt, 

respectively) than those predicted theoretically and scaled by the same scale factor used for 

the NH stretching modes, which clearly correlates with the fact that the intermolecular H-bond 

interactions in the crystals involving the OH moiety as donor are the strongest ones in both 

crystals. Comparing the frequencies for both NH and OH stretching modes in the two crystals 

one can see that they are observed at lower frequencies in the salt, which is in consonance 

with the presence of stronger H-bond interactions in the last crystalline material and agrees 

with the structural information obtained from XRD (O16…O16, N1…O16 and O1…O17 H-bond 

distances in the salt are 2.454, 2.784 and 2937 Å, respectively, while the related H-bond 

distances in the neat 5AAH crystal are 2.615, 2.836 and 3.010 Å [24]). The relative broadness 

of the bands ascribed to the NH and OH stretching modes in the two crystals are also in 

agreement with stronger H-bonds in the salt (broader bands) than in neat 5AAH (less broad 

bands). 
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Figure 5. Low frequency region of the room temperature experimental Raman spectra of the neat crystal of 5AAH 
(polymorph I) and of the synthesized sodium salt of the hydantoin [mid spectra], and DFT(B3LYP)/6-311++G(d,p) 
calculated Raman spectra for trans-III conformer of 5AAH and the 1:1 cationic [Na-5AAH]+ species where the 
5AAH molecule was kept fully protonated [top and bottom spectra]. In the calculated spectra, frequencies were 
scaled as described in the section Experimental Procedures and Computational Methods, and the intensities were 
obtained by dividing the calculated Raman activity of each mode (expressed in in Å4 (AMU)-1) by its frequency 
(Raman shift expressed in cm-1). The vertical dashed line is only to guide the eyes for better comparison between 
the positions of the bands ascribed to the C=O stretching modes. 
 
 

 

In the carbonyl stretching spectral region, the calculated frequencies (frequencies scaled 

using the same scale factor as for the CH stretching modes, which are not particularly sensitive 

to intermolecular interactions) considerably overestimate the observed frequencies, which is 
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crystalline materials. The observation of the band at 1691/1668 cm–1 in the spectrum of the 

salt, which is assigned to the stretching mode of the carbonyl moiety of the acetic acid 

substituent, clearly reveals the involvement of this moiety in the coordination with the metal 

(in the spectrum of the neat 5AAH crystal the band due to this vibration is buried within the 

intense vibration at 1738 cm–1). On the other hand, the two bands ascribed to the ring carbonyl 

stretching vibrations (better described as symmetric and anti-symmetric vibrations involving 

the two carbonyl groups, according to the calculations) are observed to occur at higher 

frequency in the salt. This trends shall essentially be due to indirect effects of the binding to 

the sodium ion since, on one side, the opposite order of frequencies is observed when the 

calculated spectra of the trans-III 5AAH conformer (existing in the neat 5AAH crystal) and trans-

I conformer (existing in the salt) are compared and, on the other side, the same order of 

frequencies is observed in the calculated spectra of the trans-III 5AAH conformer and of the 

[Na-5AAH]+ species. 

Other vibrational mode that could be expected to be very much sensitive to H-bonding is 

the OH torsion, while the vibrations having major contributions of the C-O stretching and COH 

bending coordinates (that usually mix extensively) could also be expected to be influenced by 

the H-bonding in some extent [36-38]. The OH torsion in 5AAH is ascribable to the band 

observed at 518 cm–1, which are considerably blue shifted compared to the predicted position 

for the isolated molecule (436 cm–1) as expected for a strong hydrogen bonded group [38]. In 

the spectrum of the salt, the torsional vibration shall appear at an even considerably higher 

frequency, since the H bond in which the OH group is involved is stronger than in the neat 

crystalline 5AAH, and most probably contributes to the intensity of the broad spectral feature 

observed at ca. 609 cm-1. The pairs of bands due to the mixed C-O stretching/COH bending 

coordinates are predicted by the used simple models at 1300 and 1153 cm-1 (5AAH) and 1327 

and 1203 cm–1 ([Na-5AAH]+), and assigned to the pairs of bands at 1292 and 1121 cm-1 and 

1303 and 1127 cm-1, respectively, being slightly higher in frequency for the salt, as expected 

considering the stronger H-bond involving the OH group in this crystal. 

The most intense Raman bands appearing in the low frequency range in the experimental 

spectra (above 200 cm–1) are observed at 836 and 640 cm-1, in the case of the crystal of 5AAH, 

and at 974 and 649 cm–1 for the 5AAH sodium salt. The higher frequency bands has a large 

contribution from the stretching mode of the C–C bond alfa to the carboxylic moiety, while the 

lower frequency band corresponds to a hydantoin ring deformational mode. These modes are 
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predicted at 826 and 648 cm–1 for the trans-III 5AAH conformer and at 982 and 644 cm–1 for 

the [Na-5AAH]+ species, in good agreement with the experimental data and demonstrating 

that these vibrations are not particularly sensitive to the intermolecular environment. 

A general tentative assignment of the Raman spectra of the two crystalline materials is 

provided in Table 3, together with the calculated frequencies and Raman activities for the 

chosen model systems. 

 

Conclusion 

Following our interest on the structure, reactivity, thermal and spectroscopic properties of 

hydantoins [19-24], in particular our recent investigation of 5AAH, which was found to exhibit 

the rather unusual structural behaviour of selecting, as structural units for the most stable 

room temperature crystalline phase, the highest-energy conformer among 13 possible 

conformers of the molecule [24] (with an energy higher by ~40 kJ mol-1 than that of the 

conformational ground state), in the present study we have investigated the sodium salt of the 

compound. Our main interest was to find if the peculiar structural behaviour of 5AAH would 

also manifest in the properties of the salt. 

As shown above, the salt revealed itself a very interesting, from the structural point of view, 

crystalline material, and also confirmed the structural versatility of 5AAH. This was shown 

directly through the determination, by XRD, of the structure of the crystal of the newly 

synthesized salt, but also indirectly by Raman spectroscopy, supported by DFT calculations of 

the Raman spectra of simple models of the crystals of both the salt and the neat hydantoin, 

built based on their relevant structural elements.  

First of all, the 5AAH molecules in the crystal give rise to a pseudo-octahedral coordinating 

geometry and bind via their oxygen atoms, instead of via a deprotonated ring nitrogen as is 

commonly found for hydantoins [26]. The lability of the carboxylic hydrogen atom of the acetic 

acid substituent justifies the preference of coordination via the carboxylic group, and also 

determines the very interesting formal charge of the hydantoin in the crystal, which is −0.5 e. 

DFT(B3LYP)/6-311++G(d,p) calculations performed in this study on the simple 1:1 Na-5AAH 

complexes where the carboxylic group or the most acidic hydantoin ring nitrogen atom (N3) 

are deprotonated showed that the first complex is more stable than the second by 62.2 kJ  

mol–1, in agreement with the observations.  
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Table 3. Assignment of the Raman spectra of 5AAH (polymorph I) and of the sodium salt of the hydantoin, and DFT(B3LYP)/6-
311++G(d, p) calculated data for the isolated trans-III conformer of 5AAH and the [Na-5AAH]+ and [Na2-5AAH2]+ species. a 

5AAH 

(Polymorph I) 

Exp. Freq. 

5AAH 

trans-III 

Calc. Freq. 

 

 

Raman activity 

Na-5AAH 

Crystal 

Exp. Freq. 

 

[Na-5AAH]+ 

Calc. Freq. 

 

 

Raman activity 

Assignmentb 

3347 3350/3341 103.0/101.7 3289/3255 3336/3322 84.2/111.6 (N1H), (N3H) 

3194/3066 3496 82.8 3150/3033 3457 66.0 (OH) 

2980 2980 53.7 2961 2976 24.2 (CH2)as 

2945 2944 158.6 2926 2935 128.9 (CH2)s 

2916 2924 77.7 2940 2947 74.3 (CH) 

1770/1738 1803 40.9 1758 1820 43.9 (C=O)s 

1738 1799 7.7 1691/1668 1708 12.9 (C14=O) 

1679 1764 3.2 1734 1773 4.3 (C=O)as 

1460 1487 5.7 1420 1468 4.5 (CH2) 

1439/1425 1458 3.7 1404 1452 6.1 (N1H) 

1402 1442 1.2 1404 1443 4.7 (CH) 

1402 1414 1.1 n.obs. 1422 1.1 w(CH2) 

1358 1392 3.7 1336 1400 3.6 (N3H) 

1346 1360 6.1 1312 1376 1.8 3(ring) 

1314 1338 3.8 1246 1288 1.8 2(ring)  

1292 1300 5.1 1303 1327 1.2 (COH) 

1233 1254 5.0 1214 1268 3.8 tw(CH2) 

1200 1217 2.7 1202 1209 3.2 1(ring) 

1121 1153 4.3 1127 1203 5.8 (C14-O)  

1049 1142 3.0 1046 1155 2.3 (C5-C11) 

1032 1067 2.1 1023 1080 1.5 (CH2) 

1022 1011 2.8 1015 1001 2.2 5(ring) 

937 951 2.0 937 934 4.2 (CH) 

921/912 935 1.1 913/893 901 2.4 4(ring) 

836 826 12.7 974 982 7.3 (C11-C14) 

795/789 797 3.2 836/807 779 0.4 (C2=O)  

765 777 0.3 745/722 752 2.1 2(ring)  

709/690 698 5.0 675 695 5.1 (C4=O) 

663 665 1.3 675 682 1.2 (C14=O) 

640 648 6.6 649 644 6.7 1(ring) 

597 606 0.8 631 628 0.8 (N3H)  

582 580 0.8 614 618 0.8 (CC=O)  

545 567 0.8 609 594 1.4 (C2=O), (C4=O) 

518 436 1.2 609 532 0.7 (OH)  

509 520 1.5 566 510 1.7 (N1H) 

435 421 1.2 n.obs. 486 0.6 (CCO) 

361 376 1.8 430 423 1.4 (C11(ring)) 

278/267 327 2.3 385 361 2.8 (C2=O), (C4=O) 

215/206 243 1.5 334 300 1.0 (C11(ring)) 

195/181 183 0.7 252/208 196 0.7 2(ring) 

148 162 0.2 199 158 0.3 (CCC) 

124/111 - - 153/117/111 - - Intermolecular 

88 101 0.9 99/92 109 1.4 1(ring) 

79 70 2.1 80 104 0.7 (C5-C11) 

63 44 2.0 71 49 1.4 (C11-C14) 

a Number in parentheses are Raman activities in Å4 (AMU)-1. Note that the intensities used to simulate the theoretically 
calculated spectra shown in Figs. 4 and 5 were obtained by dividing the Raman activity of each mode by its frequency (Raman 
shift) and multiplying the result by 100. Calculated frequencies were scaled by 0.918, 0.971 and 1.023 (above 3400 cm-1, 
between 3400 and 1600 cm–1, and below 1600 cm–1, respectively). For the [Na-5AAH]+ model, the vibrational modes involving 
the Na atom are not included in the table, they were calculated at 24, 31 and 104 cm-1 (scaled values). b Numbering of atoms 
as in Fig. 2. Abbreviations: s, symmetric; as, anti-symmetric; ν, stretching; δ, in-plane bending; γ, out-of-plane bending; τ, 
torsion, w, wagging; tw, twisting. Approximate description of vibrations was obtained by visual inspection of modes using the 
animation module of Chemcraft [33]. 
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Additionally, the conformation adopted by the 5AAH molecules in the crystal of its sodium 

salt (trans-I) was determined to be different both from that existing in the gas phase of the 

hydantoin (the most stable conformer for the isolated matrix: cis-I [24]) and from the one 

present in the neat crystalline compound (most stable polymorph at room temperature): 

trans-III. Interestingly, the conformer existing in the crystal of the salt resembles more that 

existing in the gas phase of the 5AAH, than that found in the crystal of the neat compound 

whose structure has already been solved (polymorph I [24]) (see Fig 1). Indeed, conformer 

trans-I (present in the salt) differs from the most stable 5AAH conformer found in gas phase of 

the hydantoin only by changing the conformation within the carboxylic group (from cis to trans, 

as it can be observed in Fig 1), while conformer trans-III (present in the neat crystalline 5AAH 

polymorph I) differs from the conformational ground state both in the conformation within the 

carboxylic group and in the relative orientation of the whole acetic acid substituent in relation 

to the hydantoin ring. 

This is the first comprehensive investigation on the crystal properties of the sodium salt of 

5AAH, and the obtained data, together with previously reported information on the molecular 

properties of hydantoins and on the properties of simple hydantoins in the crystalline state 

[19-24], will certainly constitute a source of fundamental structural and spectroscopic 

information for those working on applications of hydantoins, in particular for those interesting 

to address its mechanisms of action at a molecular level, which can be expected to be mostly 

determined by characteristic structural aspects of the compounds. 

 

Supporting Information 

Figures S1 and S2, with the Raman spectra of 5AAH neat crystal and crystalline 5AAH 

sodium salt and DFT(B3LYP)/6-311++G(d,p) calculated spectra for model systems in the high 

and low frequency regions, respectively; Figure S3, with the DFT(B3LYP)/6-311++G(d,p) 

optimized  structure of the cationic 2:2 [Na2-5AAH2]+ species. Tables S1-S9 with the 

crystallographic data. This data is available free from internet from http://... 
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Highlights 
 

 The sodium salt of 5AAH was synthesized and structurally characterized. 

 5AAH coordinates by O atoms (substituent and ring) in a pseudo-octahedral geometry. 

 The molecular formula is Na(5AAH)2; the formal charge of 5AAH in the crystal is -0.5 e 

 The conformers of 5AAH in the crystalline salt and neat compound are distinct 

 Raman spectrum of the salt was interpreted using DFT theory and data for neat 5AAH 
 


