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This work describes the synthesis, thermal, spectroscopic properties (Raman and infrared), and
crystal structures of five new supramolecular compounds [Mn(bpa)(H,O)4]B,-4H,O (1),
[Fe(bpa)(H20)4]B, - 4H,0 (2), [Co(bpa)(H>0)4]B, - 4H,0 (3), [Zn(bpa)(H,0)4]B, - 4H,0 (4),
and Co,mal,bpa - 2H,0 (5), where B is the anion of barbituric acid, bpa is 1,2-bis(4-pyridyl)-
ethane, and mal is malonate ion. Compounds 1-4 are isostructural, showing covalent linear 1-D
[M(bpa)(H>0)4]** chains, which interact by hydrogen-bonding and w-stacking interactions
with barbiturate and crystallization water molecules resulting in a 3-D arrangement, belonging
to Phcn space group. Compound 5 has been obtained from the opening of the barbituric acid
ring, with the formation of malonate, coordinated simultaneously to three cobalts in a 1-D
chain along the c-axis, whereas bpa ligand gives rise to another 1-D chain along the a- and
b-axes, resulting in a 3-D coordination polymer containing cavities. The vibrational spectra of
1-4 are also very similar; Raman spectra display two intense bands related to bpa at 1616 and
1020 cm ™", assigned to the (vee/ven) and ring stretching modes, respectively. The barbiturate is
also confirmed by a band at 684 cm™'; the interesting point to be emphasized is this vibrational
mode is not observed for 5, corroborating the absence of this building block in the structure.

Keywords: Supramolecular structures; Metal complexes; Raman spectroscopy; Barbituric acid;
Malonate ion

1. Introduction

Synthesis of metallic-organic complexes has attracted interest from a structural point of
view and due to their potential applications in catalysis, electrical conductivity,
magnetism, and photochemistry [1-5]. There is growing interest on the design and
construction of metallic-organic polymers achieving supramolecular structures based
on strong covalent metal-ligand interactions as well as weak intermolecular forces, such
as hydrogen bonding, Coulombic, and n-stacking interactions [6-8]. These weak non-
covalent interactions, especially hydrogen bonds, play a crucial role in fundamental
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Figure 1. Molecular structure of barbituric acid, barbiturate, and the resonance forms (adapted from
reference [14]).

biological processes, such as the expression and transfer of genetic information. These
forces are also essential for molecular recognition between receptors and substrates, as
well as for the construction of complicated supramolecular arrays [9, 10].

Barbiturates and derivatives are building blocks recently employed in constructing
crystalline arrays for properties as molecular memory storage, non-linear optical
materials (NLO), and strong fluorescent properties [11-13]. Barbiturates belong to a
group of drugs derived from barbituric acid (figure 1) [14], acting as depressants of the
central nervous system and presenting powerful sedative and hypnotic properties
[14, 15]. The presence of several potential donors such as two amine nitrogens and three
carbonyl oxygens makes barbiturates very interesting polyfunctional ligands in
coordination chemistry [16, 17].

Another well-known ligand in supramolecular chemistry is 1,2-bis(4-pyridyl)-ethane
(bpa), which has been extensively employed as organic building block for construction
of 1-D, 2-D and 3-D networks. It can be used in coordination chemistry as a bidentate
bridging ligand [18], but can also act as a terminal ligand [19] or as a host molecule [20].
Bpa can exhibit different conformation geometries, due to the presence of the flexible
ethyl group between the pyridine rings, which may be further involved in hydrogen-
bonding and/or m-stacking interactions [21]. Another important feature is related to the
properties of new materials containing bpa, ranging from magnetism and catalysis to
NLO [22, 23].

This work describes the conventional synthesis, spectroscopic, and structural
characterization of four new coordination complexes obtained from the building
blocks 1,2-bis(4-pyridyl)-ethane (bpa) and barbiturate with Mn>", Fe**, Co®", and
Zn*>*. The solvothermal synthesis has also been used for the supramolecular system
involving bpa, barbiturate, and Co**, which has been characterized by X-ray
diffraction and vibrational spectroscopy. This is the first work describing the opening
ring of the barbituric acid structure giving rise to malonate, from the use of
solvothermal synthesis.

2. Experimental

2.1. Chemicals and reagents

All chemicals and solvents were used as purchased: MnSO,-H,O (98.0%, Vetec),
FeSO4-7TH,O (99.5%, Sigma Aldrich), CoCl,-6H,O (99.5%, Sigma Aldrich),
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ZnSO,4-TH,O (99.0%, Vetec), barbituric acid (C4H4N,O;, 99.0%, Merck), and
1,2-bis(4-pyridyl)-ethane (98.0%, Sigma Aldrich).

2.2. Synthesis

Generally, the synthesis method is the same for all compounds: 10.0 mL of an aqueous
solution containing 34.0 mg (0.27 mmol) of barbituric acid (HB) were added to 10.0 mL
of an ethanolic solution containing 50.0 mg (0.27 mmol) of 1,2-bis(4-pyridyl)-ethane
(bpa), resulting in a homogeneous colorless solution; to this solution was added the
solution with the metallic ion, according to the following description. For complexes
of general formula Mn(bpa)(H,0)4]B,-4H,O (1), [Fe(bpa)(H,0)4]B,-4H,O (2),
[Co(bpa)(H,0)4]B, - 4H,O (3), and [Zn(bpa)(H,0)4]B, - 4H,O (4), it was added slowly
by diffusion of 5.0 mL of an aqueous solution containing 0.27 mmol of MnSOy - H,O,
FeSO, - 7H>0, CoCl, - 6H50, or ZnSOy, - 7H,0. After a few days suitable single crystals
were obtained, being colorless for 1 (yield=35%) and 4 (yield =40%), yellow for 2
(yield =33%), and orange for 3 (yield =40%). For the synthesis of Co,mal,bpa-2H,0
(5), 5.0mL of an aqueous solution containing CoCl, - 6H,O was added, followed by
Smin of stirring, generating an orange solution, which was transferred and sealed in a
30 mL Teflon-lined autoclave, being subjected to solvothermal conditions at 120°C for
40h, and cooled to room temperature at 5°Ch~". After opening the reaction vessel pink
crystals (yield = 10%) suitable for X-ray diffraction were observed. Elemental analysis:
[Mn(bpa)(H,0)4]B, - 4H,0 (1): Caled (%): C, 37.68; H, 5.38; N, 13.18. Found (%): C,
37.86; H, 5.72; N, 12.71. [Fe(bpa)(H,0)4]B, - 4H,0 (2): Caled (%): C, 37.63; H, 5.37; N,
13.17. Found (%): C, 37.72; H, 5.53; N, 12.98. [Co(bpa)(H,0)4]B, - 4H,0 (3): Calcd
(%): C, 37.45; H, 5.34; N, 13.10. Found (%): C, 37.56; H, 4.89; N, 12.66.
[Zn(bpa)(H,0)4]B, - 4H,O (4): Caled (%): C, 37.08; H, 5.29; N, 12.97. Found (%):
C, 37.35; H, 5.15; N, 12.95 and Co,mal,bpa - 2H,O (5): Caled (%): C, 39.87; H, 3.72;
N, 5.17. Found (%): C, 39.74; H, 3.81; N, 5.13.

2.3. Physical measurements

Thermogravimetric (TG/DTA) measurements were done using a Shimadzu TG-60 with
thermo balance; samples were heated at 10°C min~' from room temperature to 750°C in
dynamic nitrogen with a flow rate equal to 100 mLmin~". Infrared (IR) spectra were
obtained using a Bomem MB-102 spectrometer fitted with a CsI beam splitter, with the
samples dispersed in KBr pellets and a spectral resolution of 4cm™'; good signal-
to-noise ratios were obtained from accumulation of 128 spectral scans. Fourier-
transform Raman spectroscopy was carried out using a Bruker RFS 100 instrument,
Nd**/YAG laser operating at 1064 nm in the near-IR and CCD detector cooled with
liquid N»; good signal-to-noise ratios were obtained from 1000 scans accumulated over
a period of about 30 min using 4cm ™" as spectral resolution. All spectra were obtained
at least twice to show reproducibility, and no changes in band positions and intensities
were observed. Single crystal X-ray data were collected using an Oxford GEMINI A
Ultra diffractometer with Mo-Ko (A =0.71073 A) at room temperature (298 K). Data
collection, reduction, and cell refinement were performed by CrysAlis RED, Oxford
Diffraction Ltd — Version 1.171.32.38 program [24]. The structures were solved and
refined using SHELXL-97 [25]. An empirical isotropic extinction parameter x was
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refined according to the method described by Larson [26]. A Multiscan absorption
correction was applied [27]. The structures were drawn by ORTEP-3 for windows [28]
and Mercury [29] programs.

3. Results and discussion

To study the stability of the coordination polymers, TG measurements were performed
under nitrogen; the TG curves of 1-4 are deposited as Supplementary materials (figures
S1-S4). All curves exhibit very similar profile, with two consecutive mass losses at ca
100°C, related to the loss of all water molecules present in the structure (both
crystallization and coordination water molecules). Other successive mass losses are
observed for all complexes with temperature increasing from ca 180°C, referring to the
thermodecomposition of the compounds, and ending with a residue related to the metal
oxide at 750-850°C.

The structures of 1, 2, 3, and 5 have been revealed by X-ray single crystal analysis.
Compound 4 did not produce suitable single crystals for X-ray diffraction analysis;
nevertheless, the unit cell of this complex could be obtained (a=10.2677(1) A,
b=14.5372(1) A, ¢=18.8234(2) A) and is almost the same for 1, 2, and 3 (table 1),
strongly suggesting that the Zn(II) compound is isomorphous to the Fe(II), Mn(II), and
Co(II) complexes.

Figure 2 shows the molecular 1-D arrangement of 1-3, displaying the cationic unit
composed by metal coordinated in a slightly distorted octahedral geometry, from four
water molecules in the equatorial positions and two pyridyl nitrogens from two
different bpa ligands in the axial positions. The entire structure for the three compounds
is neutralized by two uncoordinated barbiturate anions, belonging to the orthorhombic
Pbcn space group. The averages of M—O and M-N bond distances are 2.168(2) and
2.281(2) A for 1, 2.098(2) and 2.229(1) A for 2, and 2.085(3) and 2.176(3) A for 3. In all
compounds M—N is longer than M—O. The longest M—N distance is observed for 3,
explained by the difference in ionic radius of the metallic sites, which decrease with the
increasing atomic number from Fe(Il) to Co(II). Distances between two adjacent
metallic sites connected by bpa in a bis-monodentate mode are 13.929, 13.878, and
13.762 A for 1, 2, and 3, respectively. Other important bond distances for the
complexes, together with their angles, are shown in table 2.

The 3-D arrangement via covalent bonds and hydrogen-bond interactions for 1-3 are
displayed in figure 3; observation along the ac diagonal plane reveals the presence of
layers, formed by [M(bpa)(H,0)4]*" 1-D parallel linear chains. Another layer can also
be observed through hydrogen interaction between barbiturate and water. The
supramolecular interaction between barbiturates can be classified as moderate to
weak, according to the geometric parameters [30-33]. The NH of one barbiturate is a
hydrogen donor and interacts with the carbonyl of another barbiturate, O---N
(O5---N3) at distances of 2.855(2), 2.786(2), and 2.825(4) A for 1,2, and 3, respectively.
Interaction between two consecutive layers occurs through hydrogen bonds, promoted
by the two types of water (crystallization and coordination) and barbiturate. All
hydrogen interactions which can be observed for 1-3, with distances of interaction, can
be seen in table 3 for comparison. An interesting aspect for supramolecular structure
analysis comes from the centroid—centroid distances; for 1, 2, and 3 the distances
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N2v

Figure 2. ORTEP representation of the 1-D covalently bonded chain and barbiturate. Thermal ellipsoids
are drawn at the 50% probability level for 1-3. Water molecules are omitted for clarity. Symmetry code: " x,

.1V, .V,
vV —x, y, —z4 Yoy Vi —x, —y, —z.

between the barbiturate rings and pyridyl rings (figure 3) are 3.67(1), 3.60(1), and
3.63(2) A, respectively, indicating the existence of z-stacking interactions between bpa
and barbiturate arising from different layers along the b-axis and contributing to the
crystal lattice stability. Garcia et al. [34] synthesized similar systems consisting of
[M(bpy)(H,0),*" (bpy is 4,4-bipyridine) with covalent chains neutralized by barbi-
turate anions, but the presence of the m-stacking interaction was not verified. For the
compounds investigated here the m-stacking interaction can be explained due to the
accommodation of the barbiturate charge density over the [M(bpa)(H,O)4*" covalent
chain, being favored by geometrical parameters such as the presence of the ethyl group
(-CH,—CH,-), which is responsible for increasing the distance between the pyridyl rings
of the chains. Comparing both structures, the w-stacking interactions observed for 1-3
show up mainly due to the lack of two crystallization water molecules, which are
present in the previous supramolecular arrangement described by Garcia et al. [34].
In recent investigations involving coordination of other types of barbituric acid analogs,
Aksoy et al. [35] and Yilmaz et al. [36] have coordinated 5,5-diethylbarbiturato to
copper and nickel metal sites through nitrogens and oxygens. The success of that
coordination strategy may be due to the lack of the acid hydrogen on C5 (for
numbering see figure 1) in the 5,5-diethylbarbiturato structure, which is bonded to
two ethyl groups, thus enabling coordination by NH of the structure. However, despite
the little information about supramolecular interactions in these particular works, it
can be seen that the main driving forces over the solid structure are the hydrogen
bonds [35, 36].

Figure 4 displays the repeating unit of Co,mal,bpa-2H,0 (5) as a coordination
polymer composed of two metallic sites featuring a slightly distorted octahedral
geometry. The bpa coordinates in the bridge mode between two metal centers and each
metal is also coordinated to a single water molecule and two malonates. Malonate was
not an added reactant, being produced during the reaction; for this specific synthesis
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Figure 3. Layers formed by covalent bonds for [M(bpa)(H,0),*" and supramolecular interactions of
hydrogen bonding and m-stacking interactions, generating a 3-D arrangement of the complexes.

under high pressure and temperature conditions, figure S5 (Supplementary material)
displays a tentative scheme to understand the production of malonate from barbituric
acid. The acidic environment provided by the barbituric acid deprotonation probably
promotes attack on the carbonyl oxygen by H*, followed by attack on the carbonyl
carbon by water, leading to ring opening and formation of malonic acid and urea, the
same products which are involved in the synthesis of barbituric acid [37]. Figure 5
shows the 3-D arrangement of the structure containing only covalent bonds, formed by
bidentate malonate monodentate to two metal centers along the c-axis (figure 5a); along
the a-axis bpa is a bridge between two metal sites, generating a kind of ladder that
extends indefinitely. A rectangular cavity generated by four metal ions, two bpa, and
two malonate ligands is formed with a volume of ca 356 A’ (this volume has been
calculated by using the rectangle volume approximation). Due to this cavity and the
lack of crystallization water in the structure, this complex could act as a gas absorber in
complex systems. Figure 5(b) shows the existence of the chain zigzag along the ab plane,
with the presence of water in the terminal position of the chain connected to the metal
center which serves as a connector to an adjacent chain. The angle between the
molecular planes of this zigzag design is about 88°. The existence of supramolecular
interactions is evidenced by the presence of 7-stacking interactions between two pyridyl
rings of adjacent bpa as in figure 5b, with centroid—centroid distance of 3.84(2) A.
Another supramolecular interaction is observed through a single hydrogen bond that
occurs between O3---0l1 =2.650(1)A. These interactions together with the new
covalent bonds formed are responsible for crystal stability of the entire complex. The
description of this polymer has been made by the TOPOS program package [38], where
the metal site (Co®") is considered as the node; this coordination polymer is constituted
by a 7-connected uninodal net that can be described with short Schlifli symbols 3%435”.
Figure 6 displays a fragment of the net formed in 5, where it is possible to see all seven
connections (figure 6a) as well as some circuits generated from the Co** node
(figure 6b). In this last figure it is also possible to note the presence of the three distinct
circuits described by short Schlifli nomenclature: the three-membered circuit formed by
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Figure 4. ORTEP representation of the 2-D covalently bonded chain. Thermal ellipsoids are drawn at the
50% probability level for 5. Symmetry code: : x, y, z; 't —x, —y, z; " —x + Vo, y+ Vo, —z 4+ Vo3 V1 —x, =y, —z;
X,y =z X+ Ve, —y 4 Ve, 2+ Y viid, —x+ Yo, y+ Vo, 24 V.
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Figure 5. 3-D view of the structure of 5: (a) in the form of stairs along the ac plane, (b) in the form of zigzag
along the ab plane.

atoms labeled 1, 2, and 3; the four-membered formed by atoms 1, 4, 5, and 6, and the
five-membered generated by 1, 2, 7, 8, and 3 atoms.

The vibrational spectra of all ligands and complexes investigated in this work are
displayed in figure S6 and figure 7 (IR and Raman spectra, respectively). All spectra are
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Figure 6. Schematic view of 5 obtained by TOPOS program showing (a) the 7-connections from Col and
(b) some circuits formed by this polymer. The Co>" is considered as the node of the net.
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very similar and are in agreement with the crystal data, indicating the same molecular
arrangement for all compounds. The main vibrational bands are summarized in table 3
as well as the respective tentative vibrational assignments based on similar chemical
systems [34, 39-41].

From the analysis of the barbiturate IR spectrum, a very broad band in the 3300-
3600cm ™! region can be observed, assigned to stretching modes of H,O and NH;
this band is also observed for all coordination complexes, except for 5. Two intense
bands at 1688 and 1636cm™' can be assigned to ve_o of the carboxyl group
(referring to C,¢ and C,, respectively). This band appears shifted by ca 40 and
60cm~! to lower wavenumbers when compared to free barbituric acid, being
observed at 1730 and 1694 cm ™" [42]. This may be explained by the loss of the acidic
hydrogen and a consequent increase of electronic delocalization over the carboxyl
groups, with the formation of the resonance structure represented in figure 1. In the
Raman spectrum of the barbiturate anion a single and very intense band at
684cm~' can be observed, assigned to the ring breathing mode. This same
vibrational mode appears originally in barbituric acid as a band at 665cm ™", shifting
to higher wavenumbers due to the electronic delocalization through the ring due to
the formation of the barbiturate anion (figure 1). Therefore, this mode is very
important for the confirmation of the presence of barbiturate anion in the
complexes. Bands of less intensity can be seen at 1627 and 1702cm™', assigned
to vco.-

In the IR spectrum of free 1,2-bis(4-pyridyl)-ethane, an intense band at 1597 cm™
can be observed, tentatively assigned to the coupled (vcc/ven) stretching modes of the
pyridyl rings. Bands at 1414 and 830cm™' are attributed to (Vring +8cr) and Scp,
respectively. In the Raman spectrum the most intense and characteristic bands are at
1216cm™", assigned to Scy, and at 1598 and 995cm™', assigned to the (vec/vew)
stretching and vy,,, respectively. Experimental observations have been made where
bands at 1597 (IR) and 1598cm™' (Raman) for the free ligand shift to higher
wavenumbers when the ligand is coordinated to metal [37, 43].

For 14 IR spectra exhibit intense bands characteristic of barbiturate (B™) around
1690 cm ™', assigned to the CO stretching mode [vco]. Other bands at ca 1300, 1360, and
1400cm ™! can be related to Vring +8cu, Onm, and ven modes, respectively. These last
three bands have the same profile for all the coordination compound’s spectra,
indicative of the presence of barbiturate in the supramolecular arrangement. For 5,
bands for barbiturate are not observed, confirming its absence. Bands at 710, 1358, and
1576 cm™! can be tentatively assigned to 8oco. vee, and voco of malonate, respectively.
The presence of bpa in the IR spectrum of each compound is confirmed by
characteristic band at ca 830cm™', assigned to §cy, and at 1615cm™", attributed to
(vee/ven) of pyridyl ring. This last mode appears shifted to higher wavenumbers when
compared to the free ligand spectrum (appearing at 1597 cm™"), confirming coordina-
tion of the ligand to the metal center.

Raman spectra of all the synthesized compounds display characteristic bands at 1615
and 1020cm ™', assigned to (vee/ven) and ring stretching modes (vring) Of bpa. Another
characteristic, but not intense, band for this ligand can be observed at 1215em ™!,
assigned to (8cy). The presence of the barbiturate in 1-4 can be confirmed by an intense
band at 684cm ™!, assigned to ring breathing (v,ine); this band can also be understood as
a specific marker for the presence of the barbiturate. For 5 this band is not observed,

1
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showing the advantage of using spectroscopic techniques, such as IR and Raman, for
the study of these supramolecular systems.

As a final remark, the metallic centers Mn(Il), Fe(Il), Co(ll), and Zn(II)
investigated in this work seem to be less important for generating the supramolec-
ular structure than the ligands, since all the complexes appear isostructural, with
almost the same hydrogen bonds and rm-stacking interactions. For Co(Il), another
structure was produced, originated by cleaving the barbiturate ring, giving malonate.
However, the obtained supramolecular structure appears to be similar to the others
when the solid-state forces are compared; similar hydrogen bonds are responsible for
the 3-D arrangement.

4. Conclusions

Synthesis  of  five  supramolecular  complexes [Mn(bpa)(H,0)4]B,-4H,0,
[Fe(bpa)(H20)4]B, - 4H,0, [Co(bpa)(H,0)4]B, - 4H,0, [Zn(bpa)(H,0)4]B; - 4H,0, and
Co,mal,bpa - 2H»O are reported. For 1, 2, and 4 the formation of a covalent linear 1-D
chain [M(bpa)(H,O)4*" has been observed, interacting by hydrogen bonds and
m-stacking interactions with barbiturate and crystallization and coordination water
molecules, resulting in a 3-D arrangement. For 5 opening of the barbiturate ring with
the formation of malonate, unprecedented in the literature of barbituric acid
coordination chemistry, has been observed. The 3-D coordination polymer formed
presents a short Schlifli symbol 3%4%57. In the IR spectra for 1-4 a band at ca 1690 cm ™
is observed for vco of barbiturate. For 5 this band is not seen, suggesting the absence of
barbiturate in the supramolecular structure. The Raman spectra confirm these
observations. This work demonstrates that multifunctional organic ligands containing
nitrogens and carbonyl groups (with H-donors and H-acceptors), together with specific
solvent, and synthetic methodology (diffusion or solvothermal) have the potential to
give different compounds.

Supplementary material

CCDC numbers 787745, 787743, 787742, and 787744 contain the supplementary
crystallographic data for 1, 2, 3, and 5, respectively; these data can be obtained free of
charge at http://www.ccdc.cam.ac.uk or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 IEZ, UK (Fax: (Internat.) 1 44-1223/336-033;
E-mail: deposit@ccdc.cam.ac.uk).
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