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The one-dimensional chain compound {[Fe(1,3,5-triazine-2,4,6-tricarboxylate)(H,0),]}", was obtained from a
reaction of 1,3,5-triazine-2,4,6-tricarboxylate with Fe(r) in water at room temperature. The high-spin Fe(11) centers
adopt a pentagonal bipyramid geometry with unusual ligand binding modes. Magnetic measurements revealed weak
magnetic interactions between paramagnetic centers; these were modeled with both axial and rhombic distortions.

Introduction

The molecule-based approach to materials chemistry has been
very succesful in recent years, producing new compounds with
interesting optical,' electrical* and magnetic properties.® In the
latter vein, novel magnets have been developed by the strategy
of combining paramagnetic first row transition metals with
appropiate bridging ligands. The nature of the bridging ligand
is key to the properties of the material in the solid state since it
dictates the sign and magnitude of the magnetic exchange
between the paramagnetic metal centers. The size and topology
of the ligand along with the connectivity pattern it adopts are
all important parameters that need to be investigated vis-a-vis
their effect on magnetic properties.

Small anions such as cyanide,* dicyanamide,’ and oxalate are
the successful bridging ligands for engendering strong magnetic
coupling between transition metals in extended metal arrays.*’
Molecules such as TCNE® and TCNQ are also known to pro-
duce metal compounds with strong magnetic coupling because
they form radicals that interact with the unpaired spins local-
ized on the metal centers.” Large, diamagnetic n-ligands have
not been particularly useful for preparing compounds with
cooperative magnetic properties, but they have led to the dis-
covery of new discrete and extended architectures of relevance
to supramolecular chemistry. For example, ligands based on
nitrogen heterocycles have been used to prepare molecular
squares,'® pentagons," chains,'? layers'* and 3-D structures.'

One of our activities in the field of molecular magnetism is to
use bridging ligands for paramagnetic metals whose binding
topology is triangular. Metal compounds based on such ligands
are interesting from the structural point of view, but, more
importantly for the present discussion, they can lead to geo-
metric spin-frustration.'s Recent work in our laboratories,'® and
others,"” involving the reactivity of hexaazatriphenylene (HAT)
revealed that this ligand is capable of binding to three metal
centers in a triangular fashion, but that the magnetic coupling
between first row paramagnetic metal centers promoted by the
HAT bridge is very weak. It occurred to us that triazine and its
derivatives would also be interesting prospects for preparing
triangular motifs, and that, perhaps due to the reduced distance
between spin carriers, magnetic coupling would be stronger
than with the HAT ligand. A perusal of the literature revealed
that the only well-characterized triazine compounds are with
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Ag(1)'® and Cu(1).” The limited scope of triazine chemistry is
most likely due to the fact that the molecule is not particularly
stable in solution with metal ions. In contrast, metal complexes
of triazine derivatives are rather common;? these have been the
subject of extensive studies with respect to photochemistry,!
analytical chemistry? and biochemistry.* In recent years,
supramolecular applications of various 2.,4,6-tris(pyridyl)-
1,3,5-triazine ligands has been a very active area as well ***

In spite of the considerable activity in the metal coordination
chemistry of triazine derivatives, no reports of the use of this
ligand with paramagnetic metal ions have been reported to our
knowledge, although triazine itself has been investigated in the
context of organic ferromagnets.” It occurred to us that the
triazine  derivative, 1,3,5-triazine-2,4,6-tricarboxylic acid
(Scheme 1), offers interesting possibilities for metal-based

Scheme 1

molecular magnets due the presence of both nitrogen donors
and three carboxylate groups that remain deprotonated even at
very low pH values.

Herein we report the first compound of the 1,3,5-triazine-
2.4,6-tricarboxylic acid ligand with a first row transition metal,
namely a one-dimensional chain compound of Fe(i) which was
fully characterized by crystallographic techniques and magnetic
properties.

Results and discussion

Synthesis and solid-state structure

The reaction of Fe(NH,),(SO,),*6H,0 with the potassium salt
of 1,3,5-triazine-2,4,6-tricarboxylate in water at room temper-
ature yields K{Fe(1,3,5-triazine-2,4,6-tricarboxylate)(H,0),}*
2H,0 (1). The product of the bulk reaction is insoluble in water
and all other common solvents. A slow diffusion reaction led
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Fig. 1 ORTEP?* diagram (50% probability) showing the 1-D chain
[Fe(1,3,5-triazine-2,4,6-tricarboxylate)(H,0),],” for 1.

to the formation of single crystals of 1 which were analyzed
by X-ray diffraction. The structure of 1 consists of one-
dimensional chains (Fig. 1), composed of Fe(i1) ions and the
triazine ligand in a 1 : 1 ratio. The heptacoordinate Fe centers
exhibit a pentagonal bipyramidal geometry. The five-coordinate
positions in the equatorial plane are occupied by two chelating
triazine ligands, one of which is bound through one nitrogen
atom and two oxygen atoms from adjacent carboxylates, and
the other of which is coordinated through a chelating carboxyl-
ate group. The axial positions of the pentagonal bipyramid are
occupied by water molecules. Although examples of hepta-
coordination for Fe(m) centers are rather rare, in this case it is
not unexpected, since it had been observed for a complex with
the analogous ligand dipicolinate.*” The chains run along the
b axis, with Fe, K, N1, C2 and C4 lying on the crystallographic
two-fold axis.

The shortest bonding distances in the chain are 2.120(3) A
(Fe-N1) and 2.117(2) A (Fe-04) to the axial water. The longest
bond distance is 2.305(2) A (Fe-O1) presumably due to the
rigidity of the ligand. Indeed, the ligands are quite distorted as
evidenced by the differences in the N1-O1 distance of 2.591(8)
A for the chelating carboxylate versus O2-N2 of 2.784(8) A for
the monodentate carboxylate sites. Both binding modes result
in very small bite angles; the three-atom chelation site exhibits
an angle of N1-Fe-O1 = 71.55(4)° which leaves ~217° in the
equatorial plane for the other ligands. The carboxylate of the
adjacent triazine ligand exhibits an even smaller bite angle of
03-Fe-03 = 59.35(8)°. These are extremely small values for an
octahedral coordination environment, a situation that results in
the adoption of a seven coordinate geometry. In spite of the
distortions related to the angles between donor atoms, it is
worth mentioning that the ligands maintain perfect planarity in
this structure.

The 1-D chains adopt a pseudo-tetragonal packing along the
b axis with K* cations and water molecules filling the interstices
between the chains. The individual chains are connected to each
other along the @ and ¢ axis by hydrogen bonding interactions
(Fig. 2). The hydrogen atoms from the axial water molecule (O4)
show very short contacts to an adjacent carboxylate group [H2—
01 =2.05(3) A] and to the interstitial water molecule [H1-O5 =
1.83(4) A]. The uncoordinated water molecule is involved in an
extended hydrogen bonded network to two adjacent chains
[H3-N2 =2.31(5) and H4-02 = 1.87(4) A}, leading to an overall
3-D solid state structure.

Magnetic properties

The binding modes adopted by the ligands in this structure
afford a rather long distance between paramagnetic metal
centers (8.8 A), which, we reasoned, would result in fairly
weak magnetic interactions. In order to test this hypothesis, the
temperature dependence of the magnetic susceptibility was
measured for 1 from 2-300 K. The data show the characteristic
features of a paramagnetic compound as indicated by the y,,
and y,, T product vs. T plots depicted in Fig. 3. The yT product
of 3.49 emu K mol™! at room temperature is close to the
expected value for magnetically dilute, high-spin Fe(i1) ions
(spin-only value is 3 emu K mol™'). As the temperature is
cooled, the y, T product decreases linearly and at 100 K the
xmT product begins to decrease sharply and approaches zero at
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Fig. 2 Top: Packing diagram for 1, showing the arrangement of the
chains in the structure. (H atoms were omitted for clarity). Bottom:
Representation of the hydrogen bonding connections between chains.

very low temperatures. The large distances between the para-
magnetic centers in the chain preclude an assignment of this
behavior to strong antiferromagnetic coupling between spin
carriers; a more likely origin is single-ion anisotropy associated
with the Fe(mr) ions. Thus, the magnetic data were analyzed for
Fe(m) (S = 2) with the following spin Hamiltonian that includes
axial and rhombic single-ion zero-field splitting (ZFS) and a
Zeeman interaction,
H=DS?+ ES> — %) + gpHS (1)

Calculations were performed with the magnetism package
MAGPACK . The best fit from a least-squares analysis of the
Yy product isD=8.12cm™!, E/D =0.089, g =2.05 and TIP =
1.1 10 emu K'mol™' (R =Z[((zm T exp = (T Veate) en T Vexp =
1.3 x 107%). These values are in good agreement with typical
values obtained for other high-spin Fe(i1) compounds with axial
and rhombic distortion, although in those cases the Fe centers
are six-coordinate.”

Concluding remarks

A one-dimensional chain with heptacoordinate Fe(ir) centers
was prepared by reacting 1,3,5-triazine-2,4,6-tricarboxylate
with ferric ions in water. The triazine ligands in this unusual
polymer adopt a combination of chelating and monodentate
binding modes in the five-coordinate equatorial plane of a dis-
torted pentagonal bipyramid. The axial positions are occupied
by water molecules. The Fe(i1) ions are high-spin S = 2 with
negligible magnetic interactions occurring through the ligand.
Analogous reactions with Co(1r), Ni(11), and Mn(1) have also
been performed, but single crystals were not obtained. Pre-
liminary analyses by X-ray powder methods, however, indicate
that these metal products are not isostructural to the title
compound. This hints at a versatility for the chemistry of
1,3,5-triazine-2,4,6-tricarboxylate that may be useful for the
construction of a variety of solid state architectures.
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Fig. 3 Magnetic behavior for 1 (H = 1000 G) as a function of
temperature. The line represents the theoretical model use to fit the
experimental data (g = 2.05; D = 8.12 cm™'; E/D = 0.089; TIP =
1.1 x 107 emu K mol ™).

Experimental
Materials

The potassium salt of 1,3,5-triazine-2,4,6-tricarboxylate was
prepared by treating a suspension of the corresponding
trisacetyl-ester *® with a 2 M KOH water solution at 0 °C. After
the starting material had dissolved, precipitation of the product
was induced by the addition of ethanol. All other reagents were
obtained from commercial sources and used without further
purification.

K{Fe(1,3,5-triazine-2,4,6-tricarboxylate)(H,0)}-2H,O (1)

A solution of Fe(NH,),(SO,),-6H,0 (0.12 g, 0.3 mmol) in water
(5 mL) was added drop-wise to a solution of K;(1,3,5-triazine-
2.4,6-tricarboxylate) (0.065 g, 0.2 mmol). An instantaneous
reaction ensued with the deposition of a blue precipitate of the
title compound, which was filtered, washed with water, acetone
and ether, and finally dried under a dynamic vacuum. Yield:
0.062 g, 82%. Calc. for CiHgFeKN,;0,, C, 19,11; N, 11.14;
H, 2.14. Found, C, 19.66; N, 11.60; H, 2.13%.

When the same reaction was carried out by slow diffusion,
the compound was obtained as single crystals after one month.
These crystals were used for both single crystal X-ray studies
and for the magnetic measurements. For the magnetic studies,
the crystals were crushed to a powder to avoid anisotropic
effects due to preferential orientation.

Structural determination

A blue prism crystal of 1 was mounted on a glass fiber and
cooled to 110 £2 K. The X-ray data were collected on a Bruker
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Table 1 Main crystallographic and refinement parameters for

{K[Fe(1,3,5-triazine-2,4,6-tricarboxylate)(H,0),]-2H,0} . (1)

Formula C¢HgFeKN;O,,
M, 377.10
T/IK 110+ 2
Space group P2/c

al 7.0800(14)
blA 8.828(2)
clA 10.299(2)
pr 106.24(3)
VIA3 618.0(2)
VA 2
#(Mo-Ka)/cm™ 16.17
Reflections/independent 4749/1475
I1>no(l) 2
Reflections/parameters 1191/115
Ry 0.0232
R1¢ 0.0380
wR2°® 0.0976

« Rl =3[(F, — F)VE(F,)." wR2 = {X[w(F.} — FEANEw(EH " w=1/
[*(F.2) + (0.0681P)? + (0.2635P)] where P = (F.2 + 2F.3)/3.

SMART 1K CCD platform diffractometer with graphite mono-
chromated Mo-Ka radiation (4, = 0.71073 A). The frames were
integrated in the Bruker SAINT software package,®! and the
data were corrected for absorption using the SADABS pro-
gram.’? The structure was solved using the SIR-97 program *
and refined by full matrix least-squares calculations on 2 using
the SHELXL-97 program.* All non-hydrogen atoms were
located and refined anisotropically. The good quality of the
data also allowed for the location of all the hydrogen atoms,
that were refined isotropically without any constraints. Crystal-
lographic data and refinement parameters are summarized in
Table 1.

CCDC reference number 173765.

See http://www.rsc.org/suppdata/dt/b1/b109585b/ for crystal-
lographic data in CIF or other electronic format.

Magnetic measurements

Magnetic susceptibility measurements were carried out on
single crystals of 1 that had been ground to a fine powder. The
data were collected at 0.1 Tesla in the temperature range of
2-300 K with the use of a Quantum Design MPMS-XL-5
magnetometer equipped with a SQUID sensor. Diamagnetic
contributions were calculated from Pascal’s constants.
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