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ABSTRACT: The synthesis and characterization of the ferrocenyl methylhydantoin (5-ferrocenyl-5-methylimidazolidine-2,4-
dione), efficiently prepared through Bucherer–Bergs reaction, and its derivatives carrying tert-butoxylcarbonyl (Boc) protecting 
groups, namely 1,3-di(tert-butoxycarbonyl)-5-ferrocenyl-5-methylimidazolidine-2,4-dione and 1-(tert-butoxycarbonyl)-5-
ferrocenyl-5-methylimidazolidine-2,4-dione, are reported. X-Ray diffraction and ESI-Mass spectrometry analyses of the ferrocenyl 
methylhydantoin revealed the presence of C=OꞏꞏꞏHN intermolecularly hydrogen bonded dimers. The mono-Boc derivative dis-
played to form a hydrogen-bonded dimer in solution, as confirmed by 1H-NMR, FT-IR and cyclic voltammetry experiments at dif-
ferent concentrations in CDCl3 or CHCl3.   

INTRODUCTION  

Hydantoin (imidazolidine-2,4-dione) is an important cy-
clic imide used in medicinal chemistry. Due to its broad 
spectrum of biological activities it is a leading compound 
for the synthesis of drugs with anticonvulsant, antiparasite,   
and anticancer activities.1 Indeed, hydantoins derivatives 
can be found in a wide array of drugs and biologically active 
compounds2 and are also important intermediates in the 
synthesis of α-amino acids.3 

 Hydantoin, possessing two N-H donors and two C=O ac-
ceptors, appears a structurally attractive species for the 
study of noncovalent molecular interactions, such as inter-
molecular hydrogen bonding.4 Moreover, the N-H hydro-
gens are crucial for interactions with solvents. Therefore, the 
characterization of these interactions is of fundamental in-
terest for the in depth understanding of structural and mech-
anistic aspects. In fact, multiple hydrogen bonds are useful 
building blocks for assembling complex systems because 
they can set molecules in particular geometries, by virtue of 
their directionality. 

In addition, it was previously shown that the incorporation 
of a ferrocenyl unit into hydantoin rings5 or other organic 
moieties6 leads to ferrocenyl compounds showing a strong 
cytotoxic effect. Interestingly, the introduction of the ferro-
cenyl moiety into the side chain of chloroquine yiekded 
ferroquine, a well-known drug with higher antimalarial as 
compared to chloroquine and other organometallic com-
pounds.7 

Besides, ferrocenyl derivatives were intensely studied be-
cause of their potential applications in many fields such as 
optoeletronic materials, catalysts and biochemical redox or 
photonic devices.8 They present a remarkably flexible con-
formation, caused by the free rotation of the cyclopentadi-

enyl moieties. Also, the redox behavior between the neutral 
Fe(II) state and the cationic Fe(III) state, involving fast and 
reversible electron transfer (ET), is an important property 
that is very well described in the literature.9  

Furthermore, ferrocene and its derivatives are the most 
commonly used mediators in amperometric biosensors.10 
For instance, ferrocenyl-urea11 and ferrocenyl-ureidopyrimi-
dine12 derivatives were used as receptors of host molecules 
forming multiple hydrogen-bonding arrays. The introduction 
of the redox-active ferrocene moiety into these systems 
makes it feasible to follow or even modify interactions by 
electrochemical methods. 

In the last few decades, ferrocenyl amino acids13 and pep-
tides14 received remarkable attention because they reflect 
properties of both ferrocene and biological moieties. Ferro-
cene was exploited as organometallic scaffold for the as-
sembly of foldamers via intramolecular H-bonding and as a 
redox probe in the study of ET through peptides and other 
biomolecules.15 For example, self-assembled monolayers 
(SAMs) Fc-terminated -helical peptides served as suitable 
model systems for studying the ET through helical pep-
tides.16  

Recently, we reported the synthesis and the characteriza-
tion of new series of 310-helical peptides of different lengths 
and rigidity. They are based on the strongly helix inducer α-
aminoisobutyric acid (Aib) and contain one terminal ferro-
cenyl unit,14e namely Z-(Aib)n-NH-Fc (Z = benzyloxycar-
bonyl, n = 1-5) and Fc-CO-(Aib)n-OMe (OMe, methoxy, n 
= 1-5), or two,14f Fc-CO-(Aib)n-NH-Fc (n = 1-5). In the two 
series of monometallic ferrocenyl-peptides the position of 
the ferrocenyl groups, at the positive or negative end of the 
helix macrodipole, had a remarkable effect on the trends of 
the oxidation potentials. In the bimetallic ferrocenyl pep-
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tides, the intrinsic redox asymmetry of the C-terminal and 
N-terminal ferrocenyl groups allowed to generate, selective-
ly, the cationic and dicationic derivatives. The end-to-end 
effects of the charge holes generated by single and double 
oxidations were studied by means of electrochemical and 
spectroelectrochemical techniques. In particular, in the pen-
tapeptide, charge was transferred through an intramolecular 
iron–iron separation of 14 Å. Since no intervalence transi-
tion bands were observed for the end-capped bis(ferrocenyl) 
peptides, the end-to-end effects of the charge holes generat-
ed by single oxidation could be explained by inductive 
and/or electrostatic interactions transmitted through the in-
tramolecularly H-bonded networks.  

Besides covalently linked structures, it is also imaginable 
to design intermolecularly H-bonded molecules connecting 
redox centers. However, in spite of the exceptional infor-
mation that these systems would provide to ET processes in 
DNA and other biological systems, it is surprising that only 
a few examples have been reported so far.17 

Herein we present the synthesis and the characterization of 
ferrocenylmethylhydantoin (5-ferrocenyl-5-methylimidazo-
lidine-2,4-dione) (1) and its Boc (tert-butoxylcarbonyl) de-
rivatives 1,3-diBoc-5-ferrocenyl-5-methylimidazolidine-2,4-
dione (2), and 1-Boc-5-ferrocenyl-5-methylimidazolidine-
2,4-dione (3). The aim was to explore the possible formation 
of H-bond-assisted molecular dimers, through C=OꞏꞏꞏH–N 
interactions, by exploiting the efficient ferrocenyl electro-
chemical probe. 

RESULTS AND DISCUSSION 
Synthesis. The synthesis of 5-ferrocenyl-5-methyl-
imidazolidine-2,4-dione (1) was performed through the 
Bucherer–Bergs method18 (Scheme 1).  

Scheme 1. Syntheses of Compounds 1−3. 
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  Acetylferrocene was treated with sodium cyanide in the 
presence of ammonium carbonate at 50 °C for 24 hours to 
afford 1 in good yield. The treatment of 1 with bis(tert-
butyl)dicarbonate (Boc2O) in CH2Cl2, in the presence of 4-
(dimethylamino)pyridine (DMAP) and triethylamine (TEA), 
furnished the corresponding di-Boc derivative (2). Then, the 
mono-Boc derivative (3) was obtained by treating 2 with 
NaOMe in methanol. 

Molecular structures. The molecular structures of com-
pounds 1 and 2, as determined by single crystal X-ray dif-
fraction analysis, are illustrated in Figure 1 (panels A and B, 
respectively). Both compounds were synthesized as race-

mates. Compound 1 crystallized in a centrosymmetric space 
group, in which both enantiomers co-exist, and the isomer 
of R configuration at C1 (shown in Figure 1, top) was arbi-
trarily selected as the asymmetric unit.  

 
Figure 1. X-Ray diffraction structures of: (A) 5-ferrocenyl-5-methyl-
imidazolidine-2,4-dione (1), and (B) its 1,3-di-Boc l derivative (2) with 
atom numbering. In both structures, only the major occupancy site for 
the distal cyclopentadienyl ring is shown. Anisotropic displacement 
parameters for the non-hydrogen atoms are drawn at the 30% probabil-
ity level. Hydrogen atoms are omitted for clarity, except those on nitro-
gens in 1. 

Conversely, compound 2 crystallized in the acentric P212121 
space group (in which molecules of only one handedness are 
present), but the crystal turned out to be twinned by inver-
sion. The fractions of the two twin components are equal 
within experimental error (see Experimental Section for 
details). The atomic coordinates of 2 and the related torsion 
angles discussed in the following refer to the (S)-enantiomer 
depicted in the bottom part of Figure 1. In both structures, 
the distal cyclopentadienyl (Cp) ring showed rotational dis-
order and was refined on two sets of positions. In 1, the an-
gles between the normal to the proximal Cp ring and those 
of the major and minor occupancy sites of the distal Cp are 
2.7(4)° and 4.1(3)°, respectively. The corresponding angles 
found for 2 are 2.5(3)° and 4.0(6)°. The values of the aver-
age H-C – C-H inter-ring angles of twist are -13.1° and 3.2°, 
respectively, for the major and minor occupancy sites of the 
distal Cp for compound 1, while -9.8° and 14.7°, respective-
ly, for 2. Overall, these ferrocene conformations can be de-
scribed as nearly eclipsed. 
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Figure 3. 1H NMR spectrum (400.13 MHz) of 3 in CDCl3 at different concentrations. 

The Fe–C bond lengths range from 1.951(14) to 2.148(12) 
Å in compound 1, while from 1.991(12) to 2.156(23) Å in 
compound 2. In both cases, the extreme values involve at-
oms of the disordered, distal Cp rings. Fe–C bond length 
distributions are much narrower for the proximal Cp rings, 
in the range 2.0313(15) – 2.042(2) Å for 1, and 2.026(3) – 
2.057(3) Å for 2. 

In both structures, the hydantoin and ferrocenyl moieties 
are nearly perpendicular to each other. The angles between 
normals to the average plane of the hydantoin and of the 
proximal Cp ring are 81.30(7)° in 1 and 79.40(10)° in 2. 
However, differences are observed for the torsion angles 
about the CC bond connecting the aforementioned groups. 
Specifically, for 1, the values of the N1-C1-C5-C6 and N1-
C1-C5-C9 torsion angles are 26.0(2)° and -161.71(15)°, 
respectively, whereas for 2 the values of the corresponding 
N1-C1-C15-C16 and N1-C1-C15-C19 torsion angles are -
89.0(3)° and 82.9(3)°, respectively. 

Interestingly, in 2, the urethane carbonyl oxygens O3 and 
O5 are positioned differently with respect to the hydantoin 
ring. Specifically, O5 is coplanar [within 0.044(3) Å] to the 
average plane of the hydantoin, whereas O3 is displaced by 
1.073(3) Å. This latter finding is related to the values adopt-
ed by the torsion angles C3-N2-C4-O3 [-53.3(5)°] and C2-
N2-C4-O3 [122.5(4)°]. Values close to 0° / 180° or 180° / 
0° for this pair of torsion angles are strongly disallowed, as 
they would bring the distance of O3 from either O1 or O2 as 
short as 2.60 Å. Conversely, the C3-N1-C9-O5 torsion angle 
is trans [172.2(3)°]. The twist about the urethane N2-C4 
bond is expected to affect the electron delocalization of the 
-system. Indeed, the N2-C4 bond, 1.434(4) Å, is 0.03 Å 
longer than the corresponding N1-C9 bond [1.405(4) Å] of 
the planar urethane moiety on N1. Similar findings were 
previously reported for a fully Boc-protected piperidine-
spiro-hydantoin.19 Overall, these geometrical features sug-
gest that the Boc group on N2 might be more labile than that 
on N1, thus accounting for its regioselective removal ob-
served in the reaction of 2 with sodium methoxide in metha-
nol, which afforded the 1-Boc derivative 3 in excellent 
yield. 

In the packing mode of 1 (Figure 2), the N2-H2 group is 
intermolecularly H-bonded to the (-x, -y, 2-z) symmetry 

equivalent of the O2 carbonyl oxygen, thus generating dou-
bly H-bonded centrosymmetric dimers. It is worth recalling 
that hydantoins can form six different types of doubly H-
bonded dimers.20 The type observed for 1 (in which the N-H 
donor and the C=O acceptor are at ring positions 3 and 2, 
respectively) is shared by only 8 out of 83 entries of 5,5-
disubstituted hydantoins, the structures of which are availa-
ble in the Cambridge Structural Database (version 5.37, 
Nov. 2015).21 A second type of intermolecular H-bond is 
observed between the N1-H1 group and a (1/2-x, -1/2+y, z) 
symmetry equivalent of O1, connecting molecules in a zig-
zag motif along the b direction. The N2-H2…O2 hydrogen 
bond, characterized by N…O and H…O separations of 
2.7808(17) and 1.94 Å, respectively, appears to be stronger 
than the N1-H1…O1 hydrogen bond, for which the N…O 
and H…O separations are 2.8640(17) and 2.04 Å, respec-
tively.  

 
Figure 2. Packing mode of 5-ferrocenyl-5-methyl-imidazolidine-2,4-
dione (1) as viewed down the c axis.  Only the major occupancy site for 
the distal cyclopentadienyl ring is shown. Intermolecular hydrogen 
bonds are indicated by dashed lines. 

The di-Boc derivative 2 lacks any N-H hydrogen-bonding 
potential donor. Its packing mode is achieved through in-
termolecular van der Waals interactions and C-H…O con-
tacts. Among the latters, the shortest (H…O separations  
2.70 Å) involve H-atoms on C11 and C22, respectively, and 
the O2 and O3 carbonyl oxygens, respectively, of sym-
metry-related molecules (the C-H groups belonging to the 
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minor occupancy sites of the distal Cp have been excluded 
from this analysis). 

NMR spectroscopy. Compound 3 undergoes H-bond as-
sisted dimerization (Scheme 2), as suggested by 1H-NMR 
(Scheme 2), as suggested by 1H-NMR (cancellare) experi-
ments in CDCl3 at different concentrations.22 Upon dilution 
from 70 mM to 4 mM solutions, the N-H signal of 3 shifted 
upfield from 8.4 ppm to 7.3 ppm (Figure 3), supporting the 
role of N-H in forming intermolecular H-bonds at high con-
centrations. At concentrations lower than 70 mM the ferro-
cenyl and methyl signals broadened and shifted downfield 
and upfield, respectively, whilst the Boc signal did not ex-
hibited significant shifts or broadening. On the contrary, the 
spectrum of 3 in acetone-d6 solution did not show the H-
bonded N-H shift because of the high polarity of this solvent 
that disrupts the hydrogen bonding interactions (see Exper-
imental Section). These evidences strongly support the 
prevalence of dimers 32 at high concentration.   

Scheme 2. Dimerization of 3. 
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Among the three different types of doubly H-bonded dimers 
which 3 can form (Scheme 2) the type c, containing none-
quivalent N-H, Fc, methyl and Boc groups, can be excluded 
on the basis of the presence of single signals for each type of 
hydrogen in the 1H-NMR spectra of Figure 3.  

IR spectroscopy. The dimerization of 3 in CDCl3 was cor-
roborated also by FT-IR measurements at different concen-
trations (Figure 4).  
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Figure 4 FT-IR absorption spectra in the N-H stretching region in 
CDCl3 solution 1 mM (black line), 10 mM (blu line), 20 mM (green 
line), 40 mM (purple line) and 70 mM (red line) for 3. The absorbance 
was corrected for peptide concentration and optical path. 

The N-H stretching region allowed us to assess if the N-H 
groups are involved in C=OꞏꞏꞏHN H-bonds. Absorptions at 
34003450 cm1 are usually associated with free N-H 
groups, while bands at 33203340 cm1 are related to H-
bonded N-H groups.23 The FT-IR spectra of 3 in CDCl3 so-
lution show a band centered at 3410 cm-1 (free N-H) and, by 
increasing the concentration from 10 to 70 mM, a broad 
band at about 3220 cm1, not observed at concentration of 1 
mM. This unusually high-energy absorption can be safely 
attributed to the formation of strong intermolecular H-bonds 
at high concentrations. Again, this behavior is in agreement 
with the formation of H-bonded dimers. 

Mass spectrometry. ESI mass spectrometry, an effective 
tool for investigating the formation of H-bonded species, 
further confirmed the formation of the H-bonded adduct. 
Besides the molecular ion peak (M+) assigned to the mono-
mer, the ESI spectrum of 3 revealed a small peak corre-
sponding to the dimer (M2Na+) (see Supporting Infor-
mation). Contrary to 3, compound 1 is poorly soluble in 
halogenated solvents, thus preventing us from investigating 
its self-association properties by NMR and IR experiments. 
However, the occurrence of an intense peak assigned to the 
dimer (M2H+) in the ESI spectrum of 1 (see Supporting In-
formation) strongly support the view that even in the gas 
phase this compound does give rise to a H-bonded com-
plex,24 in all probability similar to that observed in the crys-
tal state. 

Electrochemistry. Cyclic voltammograms (CVs) at differ-
ent concentrations of 3 were obtained under argon in 
CHCl3/0.1 M nBu4NB(C6F5)4 (Figure 5).  
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Figure 5. CVs in CHCl3 / 0.1 M n nBu4NB(C6F5)4 of 3, C = 3 mM 
(black line) and 10 mM (red line), at gold disk working electrode (d = 
125 m). Scan rate v (a) 0.5 Vs-1, (b) 100 Vs1. The current was correct-
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ed for the concentration of 3 and the square root of the potential scan 
rate v. 

The compound exhibited one oxidation wave, chemically 
and electrochemically reversible (E1/2 = 0.54 V, ia/ip  1, 
EpEp/2 = 69 mV at 0.5 Vs1) as predictable for a Fc/Fc+ re-
dox couple. The value of imax/v1/2C decreased by increasing 
the concentration from 3 to 10 mM (Figure 5), an effect 
observed for the potential scan rates in the range of 0.2100 
Vs1 (Figure 6a).  

The two data sets nicely merged when plotted vs log v×C 
(Figure 6b), indicating concentration dependence of the 
forwards and back reactions of equilibrium reported in 
Scheme 2, being second and first order, respectively. The 
sigmoidal fitting of the overall dataset (Figure 6b) indicates 
that imax/v1/2C tends to constant values for log v×C tending 
to 0 and .  

 

 

 

 

 

Figure 6. Concentration dependence, C = 3 mM (black) and 10 mM 
(red) 3, (a)  vs log v,  (b) vs log log vC. Sigmoidal fitting (dark gray 
line). 

We ascribe this current drop to a difference in the diffusion 
coefficients of the monomeric and dimeric species, consid-
ering that the relative diffusion coefficients depend on their 
molecular size according to the Stokes-Einstein equation (D 
 1/r).25 Lower values of D and imax are expected for 32. 

In fact, for a nernstian (reversible) ET process, the value 
of imax of a CV experiment is given by equation 1:26 

                     2/12/12/35
max )1069.2( vCADni     (1) 

where A is the area of the electrode, D and C are diffusion 
coefficient and the bulk concentration of the electroactive 
species, respectively, and n is the number of electrons ex-
changed. Considering that Cm/Cd = 2 and nm = 1 and nd = 2 
(the subscripts m and d stand for monomer and dimer, re-
spectively) as 32 contains two noninteracting ferrocenyl 
groups (no intervalence transition absorptions were ob-
served in the near-IR region), the square root of the diffu-
sion coefficient ratio (equation 2) results:    
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Since (imax / v1/2C)v  0  2 (imax / v1/2C)v   as experimental-
ly observed (Figure 6), it results that Dm  8Dd. 

The concentration dependence of the current intensity of 3 
was also evidenced by differential pulse voltammetry (DPV) 
experiments (Figure 7). The DPV at 3 mM of 3 and scan 
rate of 0.5 Vs1 displayed a single and narrow peak at 0.52 V 
vs SCE. 
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Figure 7. DPVs of 3 in CHCl3 / 0.1 M n nBu4NB(C6F5)4, C = 3 mM 
(black line) and 10 mM (red line), at gold disk working electrode (d = 
0.5 mm). Modulation amplitude of 200 mV; modulation time of 0.05 s; 
interval time (t) of 0.1 s, different step potential (Estep) of 0.05 V. Scan 
rate, v = Estep / t, 0.5 Vs1. The current was corrected for the concentra-
tion of 3. Gaussian deconvolution (red dashed line) of DPVs at 10 mM. 
The current was corrected for the concentration of 3. 

By increasing the concentration to 10 Mm, a broad and less 
intense peak appeared. Its gaussian deconvolution displayed 
the presence of two peaks at 0.52 and 0.66 V vs SCE. 

According to NMR and IR results, we attribute the ob-
served concentration effect and the appearance of the new 
peak at 0.66 V in DPV experiments to the formation of the 
dimer 32 (Scheme 2) which is indeed oxidized at higher 
potential with respect to monomer 3.  
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Scheme 3. Proposed oxidation mechanism. 

In particular, the oxidation of the dimer at more positive 
potential represents a crucial point for the assessment of the 
redox behavior and justifies the decrease of imax/v1/2C dis-
played in Figure 6 and 7. In fact, as the oxidation of 3 firstly 
occurs, at adequately slow scan rate the equilibrium process 
is dragged to the monomer (Scheme 3). Conversely, if the 
scan rate is sufficiently fast the dissociation of the dimer has 
no significant effect, then the oxidation of the dimer 32 can 
occur and the value of imax/v1/2C decreases according to the 
lower value of its diffusion coefficient (Dd < Dm). 

CONCLUSIONS 
We have successfully synthesized the ferrocenyl methylhy-
dantoin (1) and its derivatives carrying one (3) or two (2) 
Boc protecting groups at the ring nitrogen atoms. Their 
characterization was achieved by combining structural anal-
ysis together with spectroscopic and electrochemical tech-
niques. 

The single crystal X-ray analysis of 1 and 2 showed that 
the hydantoin and ferrocenyl moieties are nearly perpendic-
ular to each other. Interestingly, in the packing mode of 1 
doubly H-bonded centrosymmetric dimers are generated 
through C=OHN intermolecular interactions. 

The formation of H-bonded dimers was observed also for 
compound 3, in CDCl3 solution. By increasing the concen-
tration of 3 the proton N-H resonance moved downfield in 
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the 1H-NMR spectrum, whereas a high-energy absorption 
band appeared in the NH stretching region of the FT-IR 
spectrum. 

 Finally, the H-bond-assisted molecular dimerization was 
highlighted exploiting the presence of the efficient ferro-
cenyl electrochemical probe. DPV experiment showed that 
the dimer 32 is oxidized at higher potential with respect to 
monomer 3. The CV oxidation wave of 3 appeared concen-
tration and time dependent.  The current drop of the oxida-
tion wave is due to a difference in the diffusion coefficients 
of the monomeric and dimeric species, being Dm > Dd as the 
relative diffusion coefficients depend on the molecular size. 
Since the oxidation of 3 occurs at lower potential, at low 
scan rates the dimerization equilibrium process is drawn 
back to the monomer. If the scan is sufficiently fast the di-
mer dissociation does not to occur, then the oxidation of 32 
takes place and the current intensity decreases. It is worth 
noting that the electrochemical analysis allowed detecting 
the formation of the dimer even if present in a small amount 
and at relative low concentration as shown by the IR spec-
trum of 3 at 10 mM.  

The multitechnique approach exploited in this study was 
instrumental in unraveling the C=OꞏꞏꞏHN H-bond-assisted 
molecular dimerization of 1 and 3. 

EXPERIMENTAL SECTION 
General methods. All reactions and complex manipulations were 

performed in oxygen and moisture-free atmosphere utilizing standard 
Schlenk techniques. Solvents were dried by reflux over the appropriate 
drying agent and distilled under stream of Argon. Acetylferrocene, 
ammonium carbonate, sodium cyanide, di-tert-butyldicarbonate, tri-
ethylamine, 4-(dimethylamino)pyridine, sodium methoxide solution 
and anhydrous methanol were Sigma Aldrich products. Microanalyses 
were performed at the Dipartimento di Scienze Chimiche, Università di 
Padova. HRMS spectra were obtained using an ESI-TOF Mariner 5220 
(Applied Biosystem) mass spectrometer with direct injection of the 
sample and collecting data in the positive mode. 1H and 13C NMR spec-
tra were obtained on a Bruker Avance III HD spectrometer operating at 
400.13 and 100.61 MHz, respectively (T = 298 K). The assignments of 
the proton resonances were performed by standard chemical shift corre-
lation and 2D (NOESY and COSY) experiments. The 13C resonances 
were attributed through 2D-heterocorrelated experiments (HMQC27 for 
the H-bonded carbon atoms, HMBC27 for the quaternary ones). CV 
experiments were performed in an air-tight three electrode cell connect-
ed to a vacuum/argon line. The reference electrode was a SCE (Tacus-
sel ECS C10) separated from the solution by a bridge compartment 
filled with the same solvent/supporting electrolyte solution used in the 
cell. The counter electrode was a platinum spiral with ca. 1 cm2 appar-
ent surface area. The working electrodes were disks obtained from 
cross section of gold wires of different diameters (0.5 and 0.125 mm) 
sealed in glass. Between successive CV scans the working electrodes 
were polished on alumina according to standard procedures and soni-
cated before use. An EG&G PAR-175 signal generator was used. The 
currents and potentials were recorded on a Lecroy 9310L oscilloscope. 
The potentiostat was home-built with positive feedback loop for com-
pensation of the ohmic drop.28 Autolab PGSTAT 100 potenti-
ostat/galvanostat (EcoChemie, The Netherlands) run by a PC with 
GPES software was used for the DPV experiments. IR spectra were 
recorded with Nicolet Nexus 670 FTIR spectrophotometer. 

Preparation of 5-ferrocenyl-5-methylimidazolidine-2,4-dione (1). A 
suspension of acetylferrocene (6.7 g, 29 mmol) in ethanol (25 mL) was 
treated with a solution of ammonium carbonate (6.7 g, 70 mmol) in 
water (18 mL). Then at 25 °C a solution of sodium cyanide (1.4 g 29 
mmol) in water (8 mL) was added dropwise to the stirred suspension 
prepared previously. The resulting orange mixture was warmed at 50 
°C for 24 hours and filtered. The residue was washed with water (200 
mL) and diethylether (300 mL) and evaporated to dryness, yielding 1 as 

an orange solid (4.2 g, 49 %). Anal. Calcd for C14H14FeN2O2: C, 56.40; 
H, 4.73. Found: C, 56.38; H, 4.74. HRMS (ESI+): m/z Calcd for 
C14H14FeN2O2 (M+): 298.0405. Found: 298.0530. 1H NMR (acetone-
d6): δ 1.63 (s, 3H, CH3), 4.21-4.18 (m, 7H, C5H5, C5H4), 4.25 (m, 1H, 
C5H4), 4.29 (m, 1H, C5H4), 7.28 (s, 1H, NH), 9.50 (s, 1H, NH). 13C 
NMR (acetone-d6): δ 26.75 (CH3), 62.71 (C5), 66.28 (C5H4), 66.85 
(C5H4), 68.96 (C5H4), 69.66 (C5H5), 91.34 (C5H4, Ci), 156.63 (CO), 
176.73 (CO). 

Preparation of 1,3-di(tert-butoxycarbonyl)-5-ferrocenyl-5-methyl-
imidazolidine-2,4-dione (2). Bis(tert-butyl)dicarbonate (1.1 g, 5 mmol), 
4-(dimethylamino)pyridine (4 mg, 0.04 mmol), triethylamine (145µL, 1 
mmol) were added to a stirred suspension of 1 (300 mg, 1 mmol) in 
dichloromethane (4mL) under argon. The solution changed immediate-
ly the color from orange to red. The resulting mixture was stirred at 
room temperature for 48 h. Elimination of the solvent in vacuo and 
purification by column chromatography (silica gel, pentane/ethyl ace-
tate) afforded 440 mg (88%) of orange product. Anal. Calcd for 
C24H30FeN2O6: C, 57.84; H, 6.07. Found: C, 57.86; H, 6.08. HRMS 
(ESI+): m/z Calcd for C24H30FeN2O6 (M+): 498.1453. Found: 498.1502. 
1H NMR (acetone-d6): δ 1.48 (s, 9H, COOC(CH3)3), 1.60 (s, 9H, 
COOC(CH3)3) 1.94 (s, 3H, CH3) 4.12 (m, 1H, C5H4), 4.19 (s, 5H, Cp), 
4.22 (m, 1H, C5H4), 4.28 (m, 1H, C5H4), 4.38 (m, 1H, C5H4). 13C NMR 
(acetone-d6): δ 24.51 (CH3), 27.96 (COOC(CH3)3), 28.17 
(COOC(CH3)3), 66.15 (C5), 67.05 (C5H4), 68.12 (C5H4), 68.59 (C5H4), 
69.11 (C5H4), 70.20 (C5H5), 84.52 (COOC(CH3)3), 86.83 
(COOC(CH3)3), 88.29 (C5H4, Ci), 146.54 (COOC(CH3)3), 148.14 
(COOC(CH3)3), 149.36 (CO), 169.30 (CO). 

Preparation of 1-(tert-butoxycarbonyl)-5-ferrocenyl-5-methyl-
imidazolidine-2,4-dione (3). A methanol solution of sodium methoxide 
(55 L, 25% in pentane, 0.24 mmol) was added at 0 °C and under argon 
atmosphere to a solution of 2 (40 mg, 0.08 mmol) in dry methanol (2 
mL). After 30 min, the reaction mixture was warmed to 25 °C, stirred 
for 24 h, then was poured in 5 mL of water and finally the organic layer 
was separated. The water layer was extracted in ethylacetate (15 mL). 
The combined organic layers were dried over anhydrous Na2SO4, and 
after filtration the solvent was removed under vacuum to yield a yellow 
product (30 mg, 94%). Anal. Calcd for C19H22FeN2O4: C, 57.30; H, 
5.57. Found: C, 57.32; H, 5.58 HRMS (ESI+): m/z Calcd for 
C19H22FeN2O4 (M+): 398.0929. Found: 398.1037. 1H NMR (acetone-
d6): δ 1.47 (s, 9H, COOC(CH3)3), 1.90 (s, 3H, CH3) 4.11 (m, 1H, C5H4), 
4.17 (s, 5H, C5H5), 4.19 (m, 1H, C5H4), 4.23 (m, 1H, C5H4), 4.40 (m, 
1H, C5H4), 10.24 (s, 1H, NH). 13C NMR (acetone-d6): δ 24.09 (CH3), 
28.25 (COOC(CH3)3), 67.01 (C5H4), 67.16 (C5), 68.39 (C5H4), 68.49 
(C5H4), 68.62 (C5H4), 70.20 (C5H5), 83.58 (COOC(CH3)3), 88.76 (C5H4, 
Ci), 149.71 (COOC(CH3)3), 152.19 (CO), 173.49 CO). 

X-Ray diffraction. Crystals of 1 and 2 were grown by slow evapora-
tion from methanol and ethyl acetate – n-pentane solutions, respective-
ly. X-Ray diffraction data were collected with a Gemini E four-circle 
kappa diffractometer (Agilent Technologies) equipped with a 92 mm 
EOS CCD detector, using graphite monochromated Mo K radiation ( 
= 0.71073 Å). Data collection and reduction were performed with the 
CrysAlisPro software (Agilent Technologies). A semi-empirical ab-
sorption correction based on the multi-scan technique using spherical 
harmonics, implemented in the SCALE3 ABSPACK scaling algorithm, 
was applied. The structures were solved by ab initio procedures of the 
SIR 2014 program.29 Whereas the structure of 1 belongs to a centro-
symmetric space group, namely Pbca, as expected for a racemic com-
pound, the structure of 2 could be solved only in the acentric P212121 
space group. Refinement was carried by full-matrix least-squares on F2, 
using all data, by application of the SHELXL-2014 program,30 with 
anisotropic displacement parameters for all of the non-H atoms. In both 
structures, the distal Cp ring showed rotational disorder and was refined 
on two sets of positions, with population parameters of 0.54(3) and 
0.46(3) for 1, while of 0.66(3) and 0.34(3) for 2. These Cp rings were 
constrained to the idealized geometry. Restraints were applied to the 
anisotropic displacement parameters of the carbon atoms of the disor-
dered Cp rings to approach isotropic behaviour. H-Atoms were calcu-
lated at idealized positions and refined using a riding model. Initial 
refinement of the structure of 2 yielded an absolute structure parameter 
close to 0.5, which indicated the occurrence of an inversion twin. For 
the final refinement, the TWIN / BASF instructions were included in 
the instruction file, and the fraction of the second twin domain refined 
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to 0.48(2). Relevant crystal data and structure refinement parameters 
for 1 and 2 are listed in Tables S1 and S2 (Supporting Information). 
CCDC 1531458 and 1531459 contain the supplementary crystallo-
graphic data for this paper. The data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/structures. 
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The synthesis of the ferrocenyl methylhydantoin (5-ferrocenyl-5-methylimidazolidine-2,4-dione) and its derivatives with the pro-
tecting group tert-butoxylcarbonyl (Boc), 1,3-di(tert-butoxycarbonyl)-5-ferrocenyl-5-methylimidazolidine-2,4-dione, and 1-(tert-
butoxycarbonyl)-5-ferrocenyl-5-methylimidazolidine-2,4-dione allowed an in depth multitechnique (X-Ray, NMR, FT-IR, ESI-MS, 
Cyclic and Differential Pulse Voltammetry) investigation on how C=OꞏꞏꞏHN hydrogen bonds can induce hydantoin dimerization. 

 

 

 


