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Abstract

Synthetic metalloporphyrin complexes are often used as analogues of natural systems, and they can be
used for the preparation of high-dimensional coordination polymers. In this work, a new chiral Fe-
TCPP (TCPP is meso-tetra-(4-carboxyphenyl)porphyrin) coordination compound has been synthesised
and structurally characterized. The compound is 2D via coordination bonds, and it exhibits strong
hydrogen bonds that connect the planar arrays forming the 3D framework. The oxidation of the
original Fe" ions to Fe"" accounts for the formation of this array, in which the topological analysis
reveals a very high connectivity based on a simple extension fashion of the structure. DFT calculations
have been also carried out to study the stabilisation of the Fe'"'-compound. This is the third example of
a 2D coordination compound based on TCPP in which the dimensionality refers just to coordination
bonds, and no other ligands are present in the structure.
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1. Introduction

Coordination polymers are also known as MOFs (metal organic frameworks), and the work devoted to
this field in the last decades is huge. In this context, metalloporphyrins are remarkable precursors in
supramolecular chemistry, giving rise to various architectures and properties [1-4]. To illustrate this
point, several examples can be cited as photodynamic therapy, information storage devices,
photoelectrical devices as photocells and light-emitting diodes (that transform energy in both
directions), and receptors (exploiting their ability to selectively form complexes which can sharply
change the spectral properties) [5-8].

Metalloporphyrins are one of the cornerstones on which the existence of life is based and major
biochemical, enzymatic, and photochemical functions depend on the special properties of a
tetrapyrrolic macrocycle. This is the reason why synthetic metalloporphyrin complexes are often used
as analogues of natural systems found in photosynthesis, oxygen carriers, and catalysts [5] [9-14]. For
instance, these systems are used to understand the mechanism of electron transfer through
intermolecular interactions, and some works show that efficient energy transfer may occur across the
intermolecular bonds [15-19].

From the point of view of coordination chemistry, the dimensionality of metalloporphyrin frameworks
is defined by the extension of a structural unit in one, two or the three dimensions of the space via
coordination bonds. Thus, axial coordination of metalloporphyrins represents a limiting factor for high
dimensionality as it gives only one or two binding sites with other structural units. Therefore,
additional binding centers are required for high dimensional frameworks, and one way to create them
consists of incorporating additional donors at the periphery of a porphyrinic cycle. An illustrative
example of the later is tetra-(4-carboxyphenyl)porphyrin (TCPP) (Scheme I) for which the presence of
carboxylic groups at the 4-positions of the phenyl ring increases the possibilities of obtaining a high
dimensional framework.

TCPP coordination polymers with different structures have been prepared. For example, 2D porphyrin
frameworks have been reported exhibiting square grid structure sustained by characteristic m-n
stacking interactions and multiple hydrogen bonds [20-23]. Similarly, a 2D complex with Mn" [24]
must be cited as the dimensionality is based on coordination bonds. Additionally, the combination of
TCPP with other components gives rise to a variety of 2D and 3D structures [25]. Some of these
combinations are specially remarkable as they include fullerene [26], silica [27] and 4,4"-bipyridine
[28-29].

During the last years, our research has been focused on the preparation of coordination polymers with
increasing dimensionality with a variety of metal-ligand combinations, and we have prepared several
high dimensional structures with 4,4 -bipyridine, including interpenetrated networks [30-35]. In this
sense, it is worth mentioning that, when combining an O-donor ligand like TCPP, with a N-donor one,
like 4,4"-bipyridine, the Pearson acidity is one of the leading forces to be considered in the extension
of the structure, as it is in relationship with the affinity of the metal centre, which is influenced by its
oxidation state. The most popular example of a natural system where the oxidation state of the metal is
crucial is the oxygen transport in haemoglobin.

Taking into account the above mentioned aspects, we intended to prepare Fe'-porphyrin frameworks
with TCPP and 4,4 -bipyridine. In particular, the goal of this work was to study the influence of the
synthesis conditions on the structural features of the framework. In this way, this work presents the



microwave-assisted hydrothermal synthesis of the new compound [FeTCPP], and its X-ray structural
characterisation. From the point of view of the coordination binding, the structure is 2D, and exhibits
robust hydrogen bonds that connect the planar moieties giving rise to the 3D framework. A topological
analysis and DFT calculations have been also carried out in order to analyze the self-assembly process.

2. Experimental
2.1. Materials and methods

The porphyrin compound TCPP (Sigma-Aldrich) and all the others solvents and reagents (Sigma-
Aldrich) were obtained commercially and used without further purification. [FeTCPP] compound was
synthesized by using microwave-assisted hydrothermal synthesis. Free ligand TCPP (4.7 mg, 0.006
mmol) was dissolved in a mixture of deionised water (10 mL) and acetone (15 mL), then under
continuous stirring NaOH (1M) was added until pH=14 (to cause the porphyrin deprotonation). FeCl,
(7.6 mg, 0.06 mmol) dissolved in deionised water (5 mL) was added to porphyrin solution and after 10
minutes of stirring, 4,4 -bipyridine (2.8 mg, 0.018 mmol) dissolved in deionised water (10 mL) was
added drop by drop. The solution was heated at 140 °C (800W) for 2h in a CEM MARSS5 microwave
and after that, at the same temperature in a PTFE-lined stainless steel pressure vessel for 5 days in a
conventional heater, yielding diffraction quality dark red crystals.

2.2. Infrared spectroscopy

The IR spectrum was collected on a JASCO FT/IR-6100 at room temperature at the range of 4000 to
400 cm™, in KBr pellets (1%).

2.3. Single-crystal X-ray diffraction

Rhombohedral single-crystals with dimensions given in Table 1 were selected under polarizing
microscope and mounted on MicroMounts. Single-crystal X-ray diffraction data were collected at
100K on a Bruker X8 Prospector equipped with a high brilliance Cu-IMS (microfocus source) and
APEX |1 detector. Details of crystal data and some features of the structure refinement are reported in
Table 1. Lattice constants were obtained by using a standard program belonging to the software of the
diffractometer, confirming at the same time the good quality of the single-crystal.

The Lorentz-polarization and absorption corrections were made with the diffractometer software,
taking into account the size and shape of the crystals [36]. The structure of [FeTCPP] was solved by
direct methods with the SHELXS-97 [37] program, in the monoclinic P 2; space group, which allowed
us to obtain the position of the Fe atom, as well as oxygen and nitrogen atoms and some of the carbon
atoms of the TCPP molecule. The refinement of the crystal structures was performed by full matrix
least-squares based on F?, using the SHELXL-97 program [37], obtaining the remaining carbon atoms.
Anisotropic thermal parameters were used for all non-hydrogen atoms. All the hydrogen atoms, both
the connected to de aromatic rings (C-H 0.95/§), such as the carboxylic groups (O-H 0.84/§) were
fixed geometrically after having detected their existence on the density map and were refined using a
riding model with common isotropic displacements. Final R-factors are given in Table 1 together with
other crystallographic data, the conditions employed at the measurement of diffracted intensities and
others characteristics of the refinement.



The diffraction data (intensity statistics and systematic absences), as well as the phase determination
and structure solution processes, were consistent only with the non-centrosymmetric space group P 2,
with two screw-related porphyrin molecules per unit-cell.

2.4. Computational details

Density functional calculations were carried out by using the GAUSSIANO3 package [38] and the
hybrid density functional B3LYP. The split-valence basis set 6-31G was used for all the calculations.

3. Results and Discussion

Microwave-assisted synthesis was employed for the preparation of a new coordination polymer. Its
chemical formula is [FeTCPP], where the oxidation state of iron is 3, and TCPP-3 is the trivalent anion
formed from deprotonation of meso-tetra-(4-carboxyphenyl)porphyrin (C4gH30N4Og). The fact that the
original Fe' has suffered oxidation to Fe'' will be discussed latter. The absence of the ligand 4,4 -
bipyridine in the structure will be also commented. Structural characterization of [FeTCPP] was
carried out by means of IR spectroscopy and X ray diffraction.

3.1. Structural characterization
3.1.1. IR spectroscopy

IR data show significant differences between the free ligand TCPP and the metallated [FeTCPP]
compound. The N-H bond stretching and bending frequencies of TCPP located at 3200 cm™ and 970
cm™ disappeared when iron ion was inserted into the porphyrin ring, and a characteristic Fe-N band
appears at 1000 cm™, which indicates the formation of an iron porphyrin compound [39]. The bands at
about 3415 cm™, 1740 cm™ and 1200 cm™ were assigned to the O-H, C=0 and C-O bonds of the
carboxylic groups, respectively. The band at 2940 cm™ was assigned to the C-H bond of the benzene
and pyrrole rings. The bands at 1690-1540 cm™ and 1380 cm™ were assigned to C=C stretching mode
and the C-N stretching vibration, respectively. A weak band corresponding to the Fe-O bond stretching
mode was observed at about 820 cm™. Finally, the band at 790 cm™ was assigned to the H out of plane
bending of the C-H bond.

3.1.2. Crystal structure of [FeTCPP]

The crystal structure of [FeTCPP] consists of tetrapyrrole units containing the Fe atoms as shown in
Figure 1. The metal atoms are octahedrally coordinated to four N atoms (N1, N2, N3 and N4) that are
coplanar. The axial positions are occupied by two O atoms (O1 and O6) that belong to the carboxylate
groups of adjacent porphyrin units. Table 2 summarizes the most significant bond parameters for
[FeETCPP]. As observed, the values lie among the typical ones for octahedral iron(l1). In fact, the only
remarkable feature is that Fe-O6 bond is slightly longer than the others.

Taking the structural fragment on Figure 1 as reference, the polymer extends through the formation of
four new bonds with adjacent porphyrin groups, involving O1 and O6 atoms. Thus, the reference
porphyrin uses its own O1 and O6 atoms to connect with another two porphyrin units. This is, each
unit is connected to four equivalent units, and the result is a 2D array (Figure 2). This planar array is



based on the fact that octahedral spheres are rotated forming planes that are perpendicular to the [10-1]
direction, the extension of the structure taking place through coordination bonds. It is worth pointing
out that this array is chiral. Additionally, there are several hydrogen bonds (Table 3) between atoms on
the same plane, (O5-H50::-03) and (O8-H80---O2), that reinforce the robustness of the 2D moiety.

As shown in Figure 3, packing on the planes along the [10-1] direction gives rise to the 3D framework.
These planes are chemically connected through strong hydrogen bonds between O2 and O4 atoms
where d(04-H40.-02)=2.614(4) A. As a consequence of this packing fashion, the 3D framework
keeps chirality. Undoubtedly, this is a remarkable fact for [FeTCPP], since this property is not usual
for structures based on porphyrin blocks exhibiting D4, molecular symmetry [5]. Obviously, the fact
that the structure extends through both axial sites and two of the equatorial ones is responsible for the
later.

3.2. Topological analysis

The topological analysis has been carried out by means of TOPOS software [40]. First of all, the
topology of the planes has been determined just considering the node connections taking place through
coordination bonds (Figure 4). The result is a uninodal 4-c net (sql/Shubnikov tetragonal plane net
{4*6%}). Several examples of compounds exhibiting the same topology can be found in literature [41-
46].

The fact that such a complicated structure extends in that simple fashion is remarkable, as well as the
fact that for [FeTCPP] the extension of the structure takes place through two of the four equatorial
positions and both axial ones.

If considering now the extension of the structure in the third dimension of the space, the topology
shown in Figure 5 includes connections between hydrogen bonds that take place for Fe atoms at a
distance of 14.132 A. The resulting uninodal net is 6-c type (mab {4*6'%8}). This net has been
reported for just one compound [47].

It is worth mentioning that there is a shorter interlayer distance between Fe atoms at 11.0921&, but
these atoms remain unconnected. Additionally, if considering the intralayer connections through
hydrogen bonds, the net connectivity increases since there are two more links for each iron node at
8.893A. The resulting uninodal net is 8-c (3%:41%:5'%:6), and no examples have been found in literature
illustrating this new topology.

3.3. Stability of the metallated TCPP

The stability of the metallated monomers cannot be separated from two facts: the oxidation of the iron
ions, and the pH variation along the synthesis.

The oxidation state of iron atoms in [FeTCPP] was corroborated by using the PLATON [48] software
(Brown method) [49,50]. A calculated value of 2.954 was obtained that is in accordance with the
presence of Fe'' ions. However, Fe" was used for the synthesis, indicating that the metal ions have
suffered oxidization.

Additionally, an asymmetric location of hydrogen atoms is observed for porphyrin in [FeTCPP]. This
is, both hydrogen atoms in pyrrole groups have been removed, as well as one of the four hydrogen
atoms on the carboxylates. This is a striking location that results in the TCPP™ anion. In order to
understand this process, the charges on the electronegative atoms in isolated porphyrin were calculated



by means of the Hiickel method. The results indicate that, as expected, the most acid hydrogen atoms
are those located on the carboxylate groups. In fact, values close to -0.70 and -0.15 have been
calculated for the O atoms on —CO and —OH groups, respectively. On the other hand, iminic N atoms
exhibit negative charges (-0.41 for N2 and -0.41 for N4), and pyrrolic ones positives values (+0.39 for
N1 and +0.38 for N3). Nevertheless, in [FeETCPP] the ligand keeps three of the four most acid
hydrogen atoms.

In order to understand these two facts, HF energies were calculated. The selected structural unit
consists of a [FeTCPP]" monomer, where n is the charge that depends on the oxidation state of the
metal ion and the charge of TCPP. Obviously, at high pH values, TCPP is completely deprotonated
(TCPP™®). The as-done DFT calculations (B3LYP / 6-31G) were carried out by using the GAUSSIAN
03 software [38]. The results (Table 4) suggest that the oxidation takes place at basic pH, when TCPP
is completely deprotonated. Then, as pH goes to neutral values, the porphyrin recovers three of the
acid protons that get located on the carboxylates. Additionally, the fact that [FeTCPP]™ (with Fe'") is
more stable than [FeTCPP] (with Fe'") also indicates that the Fe''-monomers should not exist at
neutral pH values. In other words, the [FeTCPP]" unit with Fe'"' becomes neutral at a higher pH value
than the unit with Fe", provoking the precipitation of the final product with Fe"'. The later is in
complete agreement with the Pearson theory. Therefore, if admitting that the presence of Fe'" accounts
for the polymerization of the monomers via carboxylate groups, it is easy to understand that 4,4"-
bipyridine is not a component of the final product.

Finally, it must be pointed out that this is the third example [24] [51] of a 2D coordination compound
based on TCPP in which the dimensionality refers just to coordination bonds, and no other ligands are
present in the structure.

4. Conclusions

A new Fe-TCPP coordination polymer has been prepared in which 2D arrays are formed via
coordination bonds. The stabilization of the metallated monomers at a basic pH value accounts for the
oxidation of Fe''to Fe"", and explains the polymerization of the monomers via carboxylate groups. As
a result, a rare framework has been obtained in which the 2D topology follows a very simple extension
fashion. The three-dimensionality is raised via hydrogen bonds that keep the chirality found for the 2D
coordination array. This is the third example of a 2D coordination compound based on TCPP in which
the dimensionality refers just to coordination bonds, and no other ligands are present in the structure.
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CCDC-825599 contains the supplementary crystallographic data for [FeTCPP]. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
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Appendix B. Schemes, figures and tables
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Scheme 1. Lewis structure of TCPP.
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Figure 1. ORTEP detail of the equatorial plane for the octahedral coordination sphere in

[FeTCPP] (Fe-purple, C-green, N-blue and O-red).
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Figure 2. View of a layer for [FeTCPP] (Fe-purple, C-green, N-blue, O-red, H-grey).
Intralayer hydrogen bonds are marked as black lines. 2-fold screw axes are located along
the b-axis.

Figure 3. [010] projection of the 3D covalent array for [FeTCPP] (Fe-purple, C-green, N-
blue, O-red, H-grey). Hydrogen bonds between the layers are marked as black lines.
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Figure 5. Topology of the 3D net. Four-, six-, and eight-member circuits are shown in red,

pink, and green, respectively.

Table 1. Crystal data and structure refinement for [FeTCPP].

[FeTCPP]
Formula CasHo7FeN4Og
FW/g mol™ 843.59
Crystal system Monoclinic
Space group P2
a/A 11.0195(2)
b/A 8.8470(2)
c/A 20.0191(4)
ple 102.902(2)
V/A® 1902.38(7)
Z, F(000), T/K 2, 866, 100(2)
w/mm™ 3.728

Pecalc-, pobs./ ar cm’®
Crystal size/ mm, colour
Radiation (A/A)

1.473, 1.478(4)
0.36 x 0.15 x 0.01, dark red
1.54178



No. of reflections, Independent reflections
Limiting indices h, k, |

Rint, RO'

R1, wR2(obs) (I > 205(D))

R1, wR2(all)

GOF S

No. of parameters/restraints

Largest diffraction peak and hole/e A

13

20868, 6320

-13<h<13

-9<k<10

-23<1<23

0.0480, 0.0489
R1=0.0378, wR2 = 0.0877
R1=0.0475, wR2 = 0.0921
1.026

554, 1

0.281, -0.235

Table 2. Most significant angles (°) and distances (A)

for [FeTCPP] (distances in bold).

Fe N1 N2 N3 N4 o1 06

O6 | 85.44(10) 89.98(10) 86.91(11) 84.09(10) 178.34(11) 2.220(3)

O1 | 95.62(11) 88.74(11) 92.03(11) 97.18(11)  1.988(2)

N4 | 90.15(11) 174.07(13) 89.35(11) 2.060(3)

N3 | 172.34(13) 90.17(11) 2.039(3)

N2 | 89.54(11) 2.067(3)

N1 2.030(3)

Table 3. Intra- and interlayer hydrogen bond parameters

O-H A(O) O-HA) H-AR) O0-AR) O-H-A(
O(4)-H(40) 0O(2) (2-x,-3/2+y,-2) 0.84 1.78 2.614(4) 171
O(5)-H(50) 0(3) (2-x,1/2+y,1-2) 0.84 2.00 2.718(4) 144
O(8)-H(80) 0O(2) (1-x,1/2+y,-2) 0.84 1.91 2.740(4) 169

Table 4. Energy values (Hartree) for the selected structural units.

Metal ion Ligand Monomer HF energy
Fe" TCPP? [FeTCPP]* | -3928.5387399
Fe' TCPP? [FeTCPP] | -3928.4125033
Fe" TCPP® [FeTCPP]* | -3926.7601369
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Fe' TCPP® [FeTCPP]® | -3926.8414566

All data have been obtained by considering high spin configuration, as concluded by preliminary

calculations.

Highlights

> We have synthesised a new chiral [Fe-TCPP] 2D coordination compound. > The oxidation of Fe' to
Fe''is in relationship with the polymerization of the monomers. > A rare framework has been obtained
in which the 2D topology follows a very simple extension fashion. > This is the third example of a 2D
coordination compound based on TCPP with no additional ligands.
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