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Abstract

Background The study and development of fluorouracil metal complexes are important in the development of new synthetic
methods and materials with applications in pharmaceuticals, agrochemicals, and materials science.

Mothodology A new Cd(II) compound, (H-SFC) [(H-5FC) Cd Cl1] (1), (where H-5FC is HFlucytosine), was successfully
synthesized and crystallized by slow evaporation at room temperature. The compound was characterized by single-crystal
X-ray diffraction technique and UV—-Visible spectroscopy.

Results The structure shows that the compound constitutes of an independent protonated (H-5FC)* cation and two protonated
flucytosine molecules that coordinate to the Cd(II) ion via an oxygen atom to form a trinuclear [(H-5FC),Cd;Cl,,]*~ anionic
moieties. The independent protonated (H-5FC)™ bridges the [(H—SFC)ZCd3Cllo]2_ anions via N/C-H:--Cl/O hydrogen bonds.
Supramolecular structure analysis of (1) with the aid of Hirshfeld calculations showed the importance of the H---Cl, O---H,
C---Cl, and F---Cl interactions. Their percentages were calculated to be 42.2, 10.3, 6.6, and 8.7%, respectively. The band gap
energy of the compound, deduced from the Tauc plot of the absorption spectrum, indicated a wide energy gap of 3.65 eV.
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Introduction

The chemistry of drug salts and cocrystals is commonly
employed to create a wide range of supramolecular archi-
tectures with potential applications [1-6]. Metal ion inter-
actions with nucleobases have garnered a lot of attention in
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biological science over the last few decades [7-10]. Among
these, cadmium(II) ion—nucleobase interactions are of cur-
rent interest [11-13]. Although free Cd(II) ion is well known
for its high toxicity to human health, several research stud-
ies have shown that Cd(II) compounds with organic ligands
have interesting bio-activities such as DNA binding [14, 15],
antitumor [16, 17], and antibacterial [18, 19]. Several drugs
and their metal compounds, including cytosine and its ana-
logs, have been tested for fungicidal and fungistatic activi-
ties [20, 21]. Flucytosine (also known as 5-fluorocytosine or
5FC) is an established antifungal agent with a long history of
use [22]. Although it was first synthesized in 1957, its potent
antifungal properties were not recognized until 1964 when
it demonstrated activity against Cryptococcus neoformans
and Candida species [23]. Although it lacks inherent antifun-
gal properties, once absorbed by vulnerable fungal cells, it
undergoes a transformation into 5-fluorouracil (5-FU). Sub-
sequently, this compound is converted into metabolites that
hinder the synthesis of fungal RNA and DNA [24]. Two
recent developments have sparked renewed interest in SFC:
It is increasingly used in combination with azole antifungal
agents such as ketoconazole, fluconazole, and itraconazole;
and it plays a crucial role in a new therapeutic strategy in
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the treatment of certain cancerous cells, notably colorectal
carcinoma [25]. It exerts its antifungal effects by interfering
with both deoxyribonucleic acid (DNA) and protein synthe-
sis [26].

In this current study, Cd(IT) compound of 5-Flucytosine
(5FC) was synthesized in order to study the structural inter-
action of the metal ion and the organic moiety, as well as
the non-covalent interaction in the supramolecular assem-
bly. A search in CSD version 5.41 (November 2019) reveals
56 structures based on flucytosine as polymorphs, hydrates,
solvates, salts, and cocrystals. Thirty-three of them crys-
tallized in the monoclinic crystalline system, in the P2,/c,
P2,/n, P2,/m, P2,/a, C2/c and Cc space groups. Twenty-one
crystallized in the triclinic P 1 space group, as well as a few
others (P4,2,2, Pbca) [19, 27-36]. From these numbers, it
is possible to observe that neutral state is most common
for the 5-Flucytosine. Furthermore, studies on metal com-
pounds and flucytosine salts have been limited and this has
motivated the current study. The aim was to explore more
structural understanding and offer conceptual illumination
of this topic, since numerous components of this molecule's
reactivity with metals have yet to be examined. However, a
search of CSD for metal compounds of SFC gives a single
hit of a Zn(II) compound (refcode VEZQUP) having the
formula, [ZnBr,(5FC)(H,0)].(SFC). In this, the Zn(II) ion is
tetracoordinated, and the SFC ligand is attached to zinc in a
monodentate fashion by the nitrogen atom of the pyrimidine
ring. Metal complexes of (SFC) might theoretically include
the coordination via the N or O atoms of the pyrimidine
ring and the N atom of the amino substituent. To determine
how these possibilities will be realized, we prepared a new
cadmium compound with SFC, (H-5FC),[(5-HFC),Cd;Cl,],
and report its coordination mode, hydrogen bond pattern,
supramolecular architecture, Hirshfeld surface analysis, and
optical absorption.

Experimental
Materials and physical measurements

All reagents and solvents were obtained commercially from
Sigma-Aldrich and used without any further purification.
The CHN analyses were performed on an Elementary, Vario
EL Cube, set up for CHNS analysis. The absorption spec-
trum of the powdered (1) compound was measured at room
temperature with a JASCO V-770 spectrophotometer in the
wavelength range 200—700 nm, using BaSO4 plates as a ref-
erence. Infrared spectrum was recorded using Agilent Cary
630 Fourier transform infrared spectrophotometer (FTIR)
in the 4000-400 cm™' spectral region with a single clean
crystal.
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Synthesis of (H-5FC),[(H-5FC),Cd;Cl, ]

A hot solution (8 mL) of flucytosine (0.258 g, 2 mmol)
and 2 mL of concentrated HCI (Scheme 1) was added to
a solution of Cd-Cl,.H,0 (0.201 g, 1 mmol) in 10 mL of
distilled water and 2 mL of concentrated HCI. The pH
of the solution was around 2. The reaction mixture was
refluxed for 4 h before being reduced to approximately 10
mL. This product solution was kept unperturbed in a 50
ml beaker and colorless needle shaped crystals appeared
after 30 days.

Yield of 72.7%, MPt, 156 °C. Analysis calculated (%)
for C,¢H,,Cd;Cl,,F,N,0,: C 15.85, H 1.66, N 13.87;
found C 15.80, H 1.52, N 13.68.

Crystallography

A single crystal of (H-5FC),[(H-5FC),Cd;Cl,,] suitable
for crystal structure analysis was obtained by slow evap-
oration of the mother liquor at room temperature. Data
were collected at 298 K using the Bruker APEX3 soft-
ware package on a Bruker AXS D8 Quest Diffractometer
(MoKa radiation, A=0.71073 /o\) [37]. Data reduction was
performed using SAINT [38]. The structure was solved
with the ShelXT [39] structure solution program and
refined with the ShelXL [40] refinement package using
least squares minimization on F2. Data were corrected for
absorption using the numerical method (SADABS) based
on crystal dimensions [41]. All non-hydrogen atoms were
refined with anisotropic displacement parameters, while
all hydrogen atoms were placed at geometrical estimates
and refined using the riding model. The illustrations were
drawn by Ortep 3[42] and Mercury [43]. Selected intera-
tomic distances and bond angles are presented in Table 1S
in the Supporting. Details of crystal refinement and data
collection for (H-5FC),[(H-5FC),Cd;Cl,,] are given in
Table 1.

Results and discussion
Synthesis and physical properties

The reaction proceeds firstly by the protonation of the
drug using HCl in order to improve its solubility in water
and enhance the reactivity with the metal ion. The subse-
quent synthesis reaction at elevated temperature resulted
in additional reaction via the oxygen atom of the drug.
A slow evaporation of the colorless solution crystallized
the product as needle shaped crystals after 30 days. The
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Table 1 Crystallographic data and structure refinement parameters of

(€]

Chemical formula

(H-5FC),[(H-5FC),Cd,Cl, ]

CCDC number

M, (g/mol)

Crystal system, space group
Temperature (K)

a/ble (A)

a/Ply (°)

V (AY)

Z

p (mm™")

D, (Mgm™)

F(000)

Crystal size (mm)

emm/ emax ( )

No. of measured/independent/
observed [I>20(I)] reflections
Rine
Data/Restraint/parameters
R[F?>26(F?)]

wWR(F?)

S=GOOF

Apmax/A.Dmin (e'A_3)

2,249,554

1212.14

Triclinic,T

298

9.6805 (11)/9.8121 (12) / 10.5720
(13)

67.019 (6) / 69.961 (6) /81.662 (6)

868.45 (19)

1

2.66

2.318

582

0.21x0.15x0.05

2.2/28.3

86,345/4316/3880

0.151
4316/0/223
0.051

0.140

1.19
4.00/-2.10

compound, (H-5FC),[(H-5FC),Cd;Cl,,], was found to
be soluble in alcohols but insoluble in nonpolar solvents
including chloroform, hexane, and dichloromethane.

Fig.1 The ORTEP diagram of
the molecular structure of (1).
The ellipsoids are drawn at the
50% probability level. (Sym-
metry codes: (i) —x, — y, — z;
(i) x, y—1,z+1)

Structure description

The compound (1) belongs to the triclinic crystal system and
P1 space group. The crystal structure consists of two unique
Cd(I) ions Cd1 and Cd2 of which Cd2 is located in an inver-
sion center. Additionally, there are five chloride anions, with
Cl1 and CI12 acting as terminal ligands, while the remain-
ing chloride ions serve as bridging ligands. Furthermore,
there are two crystallographically independent protonated
5FC cations. One of these cations coordinates with Cdl1,
while the other independent (H-5FC)* cation serves as a
charge balancing species (Fig. 1). Bond lengths and angles
of anionic and cationic moieties are listed in Tables 1S. The
two cadmium atoms have an octahedral coordination envi-
ronment. The central Cd2 is hexacoordinated by six chlorine
atoms. The Cd1 atom is octahedrally surrounded by five
CI™ ions and one protonated [H-5FC]™ ligand through the O1
atom. Such that the two distorted octahedral units are linked
by sharing a common face, using three p,-bridging modes
(1,-Cl13, p,-Cl4 and p,- C15). This gives rise to a zig-gag
subunit with Cd1-Cd2-Cdl angle of 180° that runs along
b-axis (Fig. 1S, Table 1S).

The geometrical parameters of the octahedron, Cd-Cl
distances (2.4942 (10) A to 2.7382 (10) A), d(Cd-
01)=2.485 (3) A and C1-Cd—Cl bond angles (80.36 (3)°-
180.0° are comparable to those of previously reported
anions [44-46]. The Cd-p,-Cl is longer than the terminal
Cd-Cl, ,. The Cdl1---Cd2 distance is 3.3536 (5) A, which
is greater than the sum of cadmium Van der Waals radii
(3.2 A), indicating that there are no effective intermetal-
lic interactions between them. The protonated [H-5FC]*
ligand is planar (r.m.s deviation=0.0084 A) and linked
the octahedron by its oxygen atom with Cd—O distance
of 2.485 (3) A. The anionic moieties are balanced by

f cg . F2 N3i
NN N2y
C5 cr2i cz/ ,
N5 C“d Ne \cm'//@A Ao
. ori i cdi
CI% cri
ci d1 ii
ii F2
\/ c14 Cd2 cisi i c8 ﬁ
N1, c1 /& 05"
O\/\ C6"
711 / /@k N6ii
F1 C3 C2 N2 Ci2 02" ON5"
N3
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Fig.2 Hydrogen bonding interactions in (1)

Table 2 Intermolecular hydrogen bonding parameters of (1)

D-H-A H-A (A) D--A (A) D-H--A (°)
C8-H8.--Cl4! 2.96 3.723 (4) 140
N6-H6B---C13! 2.80 3.393 (4) 127
N6-H6B---CI121 2.72 3.463 (4) 145
N6-H6A.--CI5 2.58 3.354 (4) 150
N5-H5---Cl1 2.24 3.103 (3) 176
N4-H4---01" 2.04 2.872 (4) 162
N3-H3B---ClI3" 2.86 3.385 (3) 121
N3-H3B---CI2" 2.70 3.494 (4) 154
N3-H3A---CI2" 2.48 3.239 (3) 148
N2-H2.-02"i 1.98 2.813 (4) 163
N1-H1--Cll 2.29 3.112 (3) 159
C8-H8---Cl4i 2.96 3723 (4) 140
N6-H6B---CI*! 2.80 3.393 (4) 127
N6-H6B---CI2 272 3.463 (4) 145
N6-H6A.--CI5 2.58 3.354 (4) 150
N5-H5--Cl1 2.24 3.103 (3) 176
N4-H4---01" 2.04 2.872 (4) 162
N3-H3B---ClI3" 2.86 3.385 (3) 121
N3-H3B--CI2" 2.70 3.494 (4) 154
N3-H3A--CI2" 2.48 3239 (3) 148
N2-H2---02"1 1.98 2.813 (4) 163
N1-H1--Cll 229 3.112 (3) 159

Symmetry codes: (i) — x, — y, — z+2; (ii)) — x, — y, — z+1; (iii)
x=Ly,ziVxy,z- 1) —x+1, —y+1, —z4+2; (v x, y+1, 25
(vii) x, y, z+1

independent [H-5FC]* cations that occupy the cavities on
both sides of the inorganic chains in a zig-zag motif (Pink

@ Springer

cations in Fig. 1S). These organic cations interact with the
inorganic chains through N/C-H---Cl and N-H---O hydro-
gen bonds, contributing to a three-dimensional hydrogen
bond network (Fig. 2, Table 2). From the supramolecu-
lar crystal structure of this compound, it can be seen that
the stability of the compound is ensured by non-classical
Y-X---m interactions that occurs between chlorine atoms
Cl1 and Cg8 (Cd1-Cl1---Cg8), where Cg8 is the cen-
troid of independent [H-5FC]" cation (Fig. 3a, Table 3)
and between oxygen of independent cations O2 and Cg7
(C7-02---Cg7), where Cg7 is the centroid of the chelat-
ing ligand. Furthermore, X:--Y non-covalent interactions
type F---F (2.668 A) interactions between cation and anion
moieties in the structure also assure the cohesion of the
structure (Fig. 3b).

Infrared spectroscopy study

The vibrational spectra of the complex and the free ligand
were analyzed (for comparison) and presented in Figs. 3S
and 48, respectively. The spectrum of the ligand shows
peaks at 3340 and 3310 cm™!, which are identified as the
antisymmetric and symmetric N-H stretching vibrations,
respectively. The spectrum also showed the C=0 vibra-
tion at 1659 cm™!, while the C—F stretching vibrations
are observed in the 1100-1200 cm™! region. In coordi-
nated complexes, the functional groups of the ligands in
the proximity of the ligating atoms slightly shift depend-
ing on the bonding fashion and the size of the metal ion.
Figure 4S shows the characteristic band of a coordina-
tion compound with a protonated SFC moiety. The asym-
metric stretching mode due to the N-H of an aliphatic
amine NH, group appears at 3322 cm™!, which is higher
than that of the symmetrical one (3056 cm™"). The band
at 3117 cm™! is assigned to NH of pyrimidine ring. This
peak often appears at a lower frequency region compared
to the free ammine group. In the current study, it is about
200 cm™! less, indicating a weakening of the vibrational
frequency due to the proximity to the ligating O atom. The
band observed at 2936 cm™! is assigned to C—H stretching
vibration, while those at 1661 and 1212 cm™! are assigned
to the stretching modes of C=C and C-C bonds, respec-
tively. The C=N and C-N stretching vibrations appeared
at 1693 and 1277 cm™!, respectively. Silverstein et al. [47]
assigned the stretching vibration of C-N in the region of
1342-1220 cm™!. However, in the coordinated 5FC, this
position is bound to change due to the metal-ligand bond.
The vibrational peak at 1718 cm™! can be attributed to the
C=0 stretching mode, while the C—F vibrational mode is
located at 1196 cm™'. The reported peaks conform with
the peak assignments in previous studies [48—51].
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(a) Y-X---mInteractions
1.4
1 (b) Non-Covalent Interactions
Fig.3 A view of a Y-X---x interactions in (1) and b the anion—anion interaction
Table3 Y-X--Cg interactions Y- X (A) d(X-Cg) (A) d(Y--Cg) (A) Y-X--Cg(°)
parameters for (1)
Cd1-Cl1---Cg8Viii- 2.541 (1) 3.708(2) 5.009(2) 105.02(4)
C7-02...Cg7"ii 1.224 (5) 2.968(4) 3.688(5) 117.0(3)

Symmetry codes: (viii) x,1 — y,1 — z; (viiii) x,1 — y,1 — z

Fig.4 ad,,, mapped on Hir-
shfeld surfaces for visualizing
the intermolecular interactions,
b shape index, and ¢ curvedness
of (H-5FC),[(H-5FC),Cd;Cl,,]

Hirshfeld surface analysis

The Hirshfeld surface analysis (HS) [52] and the associated
2D fingerprint plots [53] were generated using CrystalEx-
plorer17 program [54]. Figure 4 depicts the mapping of the
Hirshfeld surface of (1) onto d ., (2) ranging from — 0.597

norm

(b)

to 1.109 A, shape index (b) ranging from -0.998 to 0.998
A, and curvedness (c) ranging from — 3.821 to 0.435 A.
The d,,, mapping shows a bright red region in the Hirsh-
feld surface, indicating that hydrogen bonding interactions
are dominant in the structure. These interactions include
N/C-H-+-Cl/O hydrogen bonding between chlorine atoms in
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Fig.5 Fingerprint plots with fragment patches of a H---CI, b O---H, ¢ C---Cl and d F---Cl contacts in (1)

[(H-5FC),Cd,Cl,,]*~ and (H-5FC)* cations (Table. 2). Fig-
ures Sb and ¢ show how shape index and curvedness surfaces
were utilized to demonstrate n-stacking interaction patterns.
The existence of red and blue triangles in the same region of
the shape index surface (Fig. 4b) suggests that the n-stacking
is present in the structure. Blue and red triangles depict the
convex and concave regions generated by the carbon atoms
in the molecule on the surface. Curvedness mapping on the
Hirshfeld surface (Fig. 4c) depicts flat green patches divided
by blue edges which is another feature of the n-stacking.
The overall 2D fingerprint plots for dominant contacts
are shown in Fig. 5, together with their relative contribu-
tions to the Hirshfeld surface. The 2D fingerprint plots
show that the dominant intermolecular H---Cl, O---H,
Cl---C, and F---Cl interactions contribute 42.2%, 10.3%,
6.6%, and 5.1%, respectively, to the overall crystal pack-
ing. The fingerprint plot of H:+-Cl contacts correspond-
ing to N/C-H-Cl interactions, which represent the largest
contribution to the Hirshfeld surfaces (42.2%), shows two
highly concentrated distinct spikes with a minimum value
ofd,+d;=2.8 A (Fig. 5a). The O---H interactions, which
refer to N—H--+O interactions appear as the second largest
region of the fingerprint plot (10.3%) and have two distinct
spikes having almost the same d,+d;=2.2 A (Fig. 5b).
The 2D fingerprint map shows the third and fourth most
abundant C---Cl and F---Cl contacts as a narrow and wide
zone in the center, accounting for 6.6% (Fig. 5c) and 5.5%
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(Fig. 5d) of the total Hirshfeld surface area. The HS analy-
sis reveals the presence of other interactions with low con-
tributions that are summarized as a pie chart and presented
in Fig. 28S.

Optical study

The optical absorption spectra of compound (1) and the
(5FC) drug, recorded in the wavelength range of 200
nm-700 nm, are shown in Fig. 5S. Both spectrums exhibit
a broad absorption band, with the highest peaks of absorp-
tion centered at 268 nm. These broad peaks were attributed
to m-m* transition within the pyrimidine ring of SFC drug
[55]. The band gap energy of the sample was estimated
using Tauc’s formula [56], which is given as:

(@hv)'" = A(hv - E,) (1)
where A is a constant, h and v are the Planck’s constants
and the photon frequency, respectively. The value of n is
dependent on the type of compound; hence, n=1/2 for direct
and n=2 for indirect semiconductor. The plot of [ahv]? vs
hv (Fig. 5S) shows that the compound has a wide band gap
of 3.65 eV. The compound has great potential for use in
UV-sensitive applications such as coatings and solar cell
window layers.
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Conclusion

In the present study, a new cadmium compound (1), involv-
ing flucytosine moiety as a ligand and counter ion was syn-
thesized and analytically characterized by UV-Visible spec-
troscopy. This compound, which crystallized in the P-1 space
group, is made up of one independent protonated [H-5FC]*
cation and half trinuclear [(H-SFC)ZCd3C110]2_ anion. These
entities are joined together via hydrogen bonds, Cd1-Cl1---nt
interactions, and F+F non-covalent interactions, resulting in
a three-dimensional network. The Hirshfeld surface analy-
sis of the crystal structure indicates that the most important
contribution for crystal packing is from H---Cl (42.2%) and
H---O (10.3%) interactions and confirms the presence of
Cl---m and F---Cl non-covalent interactions between different
entities. The optical absorption shows that the compound's
band gap is 3.65 eV, and it could be employed in UV-sensi-
tive coatings and solar cell window layers.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11243-023-00562-7.
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