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The novel two-dimensional iron(ir) compound of formula {[Fe>(bpym)(0x),]-5H,0},, (1) [bpym = 2,2'-
bipyrimidine and ox = oxalate dianion] is obtained by reaction of oxalic acid, iron(ir) chloride and 2,2’-
bipyrimidine in aqueous solution. The structure of 1 is made up of oxalato-bridged iron(ir) chains cross-linked
by bischelating bpym affording a honeycomb lattice. Variable-temperature magnetic susceptibility data of 1
show the occurrence of relatively large antiferromagnetic interactions between the high spin iron(ir) ions
separated by more than 5.5 A through bridging bpym [Jypym = —4.0(2) em~ '] and ox [Jox = ca. —7.8(2) cm™ ']
ligands. These values compare well with those obtained in the iron(ir) chain [Fe(dpa)(ox)], (2) [Jox = —8.0(2)
cm '] (dpa = 2,2'-dipyridylamine) and dinuclear {[Fe(H,0)4]»(bpym)}(SO4),-2H,0 (3) (Jopym = —3.4 cm ™)
compounds where bischelating ox (1 and 2) and bpym (1 and 3) groups and the bidentate dpa (2) ligand are

present.

Introduction

The first studies of complex formation between iron(ir) and
2,2-bipyrimidine (hereafter denoted bpym) revealed that more
than one complex was formed depending on the ratio of bpym
to iron(m).! A Job plot showed that the species of maximum
colour intensity in aqueous solution for this system contains
a 3:1 bpym to Fe(i1) molar ratio. The recent structural determi-
nation and magnetic study of the [Fe(bpym)s]** species as a
perchlorate salt® revealed that it is is a diamagnetic compound
in agreement with the strong field ligand character of this bis-
a-diimine type ligand. This tris-chelated cation was used as a
suitable counterion to isolate the dinuclear iron(iir) complexes
of formula [Fe'"(bpym)s][Fe(0x)s]-8H,O® (ox = oxalate
dianion) and [Fe”(bpym)3]2[Fe"‘2(N3)10]-2H204 which exhibit
significant antiferro- (through bridging oxalato) and ferromag-
netic (through double end-on azido bridges) interactions bet-
ween the iron(in) ions. The bis-chelating coordination ability
of bpym also makes possible the use of the [Fe(bpym)s]** unit
as a ligand attached to metal ions such as in the neutral trinuc-
lear [Fe"(bpym);Na(H,0),Fe"(0x);]-4H,0® complex where
one of the three bpym groups acts as a bridge between iron(ir)
and sodium(I).

From a magnetic point of view, a more interesting situation
arises when lowering the number of bpym ligands coordinated
to iron(1). So, this metal ion becomes high spin (S = 2) in the
dinuclear [Fey(bpym);X,] (X = NCS and CI)>® and chain
[Fe(bpym)(NCS),],” compounds. Variable-temperature mag-
netic suscepibility measurements show the occurrence of a rela-
tively large antiferromagnetic interaction between the high
spin iron(i) ions separated by more than 5.9 A through

DOI: 10.1039/b207241f

bridging bpym in the dimer (/ = —4.1 cm~' with X = NCS~,
the Hamiltonian being H = —JS ASB) and in the chain
(J=-35cm ™, H = fJZ,-S‘,--S‘,-H) complexes. This high spin
state for the iron(m) center is kept in the bpym-bridged dinuc-
lear iron(i) species [Fe,(bpym)(H,0)s]*" which is readily iso-
lated in the open air as a sulfate salt from aqueous solutions
containing iron(r) sulfate and bpym in a 2:1 molar ratio.® Four
terminally bound water molecules and two bpym-nitrogen
atoms build a distorted octahedral environment around the
iron atom. The easy replacement of these coordinated water
molecules by anionic bridging ligands makes this highly
positively charged species a suitable precursor of higher dimen-
sionality systems. In this respect, the reaction of [Fe,(bpym)-
(H,O)s]** with azide and dicyanamide (dca) afforded
two-dimensional compounds of formulae [Fex(bpym)(N3)4l,.,”
[Fex(bpym)(dea)a]-H,0" and [Fey(bpym)(dea)s(H20)2]."* The
azide-containing complex has a honeycomb layered structure
with alternating intralayer antiferro- (through bridging bpym)
and ferromagnetic (through the double end-on azide bridges)
magnetic interactions between the high spin iron(i) ions. In
the case of the dca derivatives, bis-bidentate bpym and dca
ligands adopting the end-to-end bridging mode lead to sheet-
like polymers whose magnetic behaviour is similar to that of
an isolated bpym-bridged pair of high spin iron(ir) ions.

In the present work, we present the preparation, crystal
structure and magnetic study of the two-dimensional com-
pound {[Fe,(bpym)(0x),]-5H,0},, (1) where intralayer antiferro-
magnetic interactions between high spin iron(i) ions through
bridging bpym and oxalato groups occur. The magnetic
properties of the oxalato-bridged iron(ir) chain [Fe(dpa)(ox)],
(2) (dpa = 2,2'-dipyridylamine)!' and the bpym-bridged
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iron(11) dinuclear complex {[Fe(H>O)4]»(bpym)}(SO4),-2H,O
(3)® are also included for comparison. The structures of 2
and 3 and the magnetic properties of 3 were reported else-
where.>!!

Experimental

Materials

Iron(mr) chloride, oxalic acid dihydrate and bpym were pur-
chased from commercial sources and used as received. [Fe(d-
pa)(0x)], (2) and {[Fe(H>0)4lo(bpym)}(SO4)2-2H,O (3) were
prepared as previously described.®!! Elemental analyses (C,
H, N) were carried out by the Microanalytical Service of the
Universita degli Studi della Calabria.

Preparation of {[Fe,(bpym)(ox),]-5H,0}, (1). Oxalic acid (6
mmol) was added under continuous stirring to an aqueous
solution (50 cm®) containing a mixture of iron(ir) chloride (6
mmol) and bpym (3 mmol). The resulting brown solution
was allowed to evaporate at room temperature. Brown plates
of 1 suitable for X-ray diffraction were formed after several
days. They were collected by filtration and washed with etha-
nol and diethyl ether. Yield about 60%. Anal. calc. for
C,H6FesN4O13 (1): C, 26.89; H, 3.01; N, 10.45. Found: C,
26.70; H, 3.10; N, 10.33%. The infrared spectrum of 1 reveals
the presence of bis-chelating bpym [asymmetric doublet at
1580vs and 1550w cm™' (ring stretching vibrations of
bpym)]”®'? and oxalato [absorptions at 1670vs (v,(O—CO)),
1355 m and 1307s cm ™' (v(O-C-0))]'* as well as a strong
and broad absortion centered at ca. 3470 cm™' due to the
presence of hydrogen bonded water molecules.'*

Physical techniques

IR spectrum of 1 (4000400 cm™') was recorded on a Bruker
IF S55 spectrophotometer with a sample prepared as a KBr
pellet. Variable-temperature [5.0-290 (1) and 2.0-300 K (2)]
magnetic susceptibility measurements on polycrystalline sam-
ples of 1 and 2 were carried out with a Quantum Design
SQUID operating at 5000 Oe in the high temperature range
(25-290 K) and at 250 Oe at T < 25 K in order to avoid
saturation phenomena. Diamagnetic corrections for the molar
units were estimated from Pascal’s constants'® as —237 x 107°
(1) and —151 x 107® cm® mol ™! (2).

X-Ray data collection and structure refinement

A crystal of 1 of dimensions 0.22x0.18 x 0.06 mm was
mounted on a Bruker R3m/V automatic diffractometer and
used for data collection. Diffraction data were collected at
room temperature by using graphite-monochromated Mo-Ka
radiation (4 = 0.71073 A) with the »-260 scan method. The
unit cell parameters were determined from least-squares refine-
ment of the setting angles of 25 reflections in the 20 range
15-30. A summary of the crystallographic data and of the
structure refinement is given in Table 1. Examination of two
standard reflections, monitored after every 50 reflections,
showed no sign of crystal deterioration. Lorentz-polarization
and Y-scan absorption corrections'® were applied to the
intensity data. The maximum and minimum transmission
factors were 0.728 and 0.913.

The structure of 1 was solved by standard Patterson meth-
ods and subsequently completed by Fourier recycling. All
non-hydrogen atoms were refined anisotropically except for
the oxygen atom of the water molecules. The hydrogen atoms
of the water molecule were not located whereas those of the
bpym ligand were set in calculated positions and refined as rid-
ing atoms with a common fixed isotropic thermal parameter.
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Table 1 Crystallographic data for {[Fe,(bpym)(ox),]-SH,0}, (1)

Formula Ci2H 6FeaN4Oq3
FW 544.04
Temperature/K 293(2)
Wavelength/A 0.71073
Crystal system monoclinic
Space group C2/m
a/A 9.674(3)
b/A 16.940(4)
¢/A 6.1570(10)
B/° 101.60(2)
Volume/A? 988.4(4)
D./g em™ 1.827
V4 2
F(000) 544
w(Mo-Ko) /em ™! 15.43
0 range/deg 2.40-27.06
Index ranges —12<h<12
0<k<21
0<I<T
Reflections collected 1256

Independent reflections
Refinement method
Data/restraints/parameters
Goodness-of-fit*

R,/ WwR, ¢

Ry /wRy(all data)

Largest diff. peak/e A3
Largest diff. hole/e A~3

1123 [R(int) = 0.026]
Full-matrix least-squares on F*
1123/0/86

1.043

0.0482/0.1006

0.0680,/0.1092

0.437

-0.372

“ Goodness-of-fit = {Z[w(F,> — F.2)?/(No — N)I}'/2. b 1> 26(I).
¢ Ry = X(Fo| = |F)/ZIFsl.  wRy = {Z[w(Fy’ — F&))/SwFES) 2
and w = 1/[6%(Fs*) + (aP)* 4 bP] with P = [F,*>+2F.]/3, a = 0.0412
and b = 3.0615.

The final full-matrix least-squares refinement on F2, minimiz-
ing the function Tw(|F,|—|F.)>, reached convergence with
values of the discrepancy indices given in Table 1. Solutions
and refinements were performed with the SHELXTL NT sys-
tem.!” The final geometrical calculations were carried out with
the PARST program.'® The drawings were performed using
the XP utility of the SHELXTL NT system. Interatomic bond
distances and angles for 1 are listed in Table 2.

The space group of 1 cannot be uniquely determined from
the systematic absences, which only indicate the presence of
a C-centered cell: the choice is between the acentric C2 or
Cm groups and the centric C2/m one. The latter was favoured

Ta[ble 2 Interatomic bond lengths (A) and angles (°) for compound
16{.)

Fe(1)-O(1) 2.101(3)  Fe(1)-O(2) 2.126(3)
Fe(1)-N(1) 2.1913)  O(1)-C(Q2) 1.246(4)
0(2)-C(2b) 1.253(4)  N(1)-C(1) 1.333(4)
N(1)-C(3) 1.344(5)  C(1)-C(lc) 1.484(9)
C(2)-C(2b) 1.553(7)  C(3)-C(4) 1.376(5)
O(1)-Fe(1)-O(lc)  171.9(1) O(1)-Fe(1)-0(2c)  96.3(1)
O(lc)-Fe(1)-0(2c)  78.3(1) 0(Qc)-Fe(1)-0(2)  97.1(1)
O(1)-Fe(1)-N(1) 97.9(1) O(lc)-Fe(1)-N(1)  88.5(1)
0(2c)-Fe(1)-N(1)  163.0(1) 0(2)-Fe(1)-N(1) 95.0(1)
N(1)-Fe(1)-N(lc) 76.1(1) C(2)-O(1)-Fe(1)  114.9(2)
C(2b)-0(2)-Fe(l)  113.7(2) C(1)-N(1)-C(3) 116.73)
C(1)-N(1)-Fe(1) 114.9(2) CB)-N()-Fe(l)  128.4(2)
N(la)-C(1)-N(1) 125.8(4) N(1)-C(1)-C(lc)  117.1(2)
O(1)-C(2)-0(2b) 126.9(3) O(1)-C(2)-C(2b)  116.4(4)
0(2)-C(2)-C(2b) 116.7(4) N(1)-C(3)-C(4) 121.5(4)
C(3)-C(4)-C(3a) 117.7(5)

“ Estimated standard deviations in the last significant digits are given
in parentheses. © Symmetry transformations to generate equivalent
atoms: (a) = x, —y+1, z; (b) = —x+1/2, —y+3/2, —z; (¢c) —x+1,
Y, —Z.
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by the intensities statistics, and consequently, the structure
solution and refinement were carried out in the centrosym-
metric space group. The analysis of the residual electronic den-
sity in a final difference-Fourier map revealed three distinct
peaks [two, O(4) and O(5), in general positions and one,
0O(3), in a special position on a twofold axis], which could be
interpreted as crystallization water molecules. The elemental
analysis indicated a 5:2 water to iron molar ratio. Five oxygen
atoms of the water molecules may be obtained by applying the
twofold axis operation to the three peaks, while ten positions
are obtained when the mirror operation is also applied. Then,
we tried to refine the structure of 1 in C2 and Cm, but all our
attempts gave worse results with large correlations between
atomic positional parameters. Therefore, the refinement was
completed in C2/m by assuming a disordered position of the
water molecules in which ten half oxygen atoms are arranged
as two staggered five-membered rings.

CCDC reference number 189567 (1). See http://
www.rsc.org/suppdata/nj/b2/b207241f/ for crystallographic
data in CIF or other electronic format.

Results and discussion

Description of the structure of 1

The structure of 1 is made up of parallel neutral sheets each
one consisting of an infinite hexagonal array of iron(ir) ions
bridged by bisbidentate oxalate and bpym ligands (Fig. 1).
The iron atom exhibits a distorted six-coordinated FeN,Oy4
chromophore. The reduced values of the angles subtended at
the iron atom by the bischelating bpym [76.1(1)° for N(1)-
Fe(1)-N(1c)] and ox [78.3(1)° for O(1)-Fe(1)-O(2)] ligands
are the main factors accounting for this distortion.

Five uncoordinated water molecules are hosted in each hole
of the sheetlike polymer forming a planar five-membered ring
[the maximum deviation from the mean plane is 0.075(1) A at
O(5)] (Fig. 1 and 2). They are linked together by means of
hydrogen bonds within the ring [2.89(2), 2.95(3) and 2.62(3)
A for O(4)---0(3), O(5)---O(4) and O(5)- - -O(51), respectively;
i) =2-x, y, 1—z], between adjacent rings [2.69(2) for
04)---O4g); (g) = —x, y, —z+2] and between the ring and
the wall of the channel [2.913(6) A for O(3)---O(2r) and
O(3)---O(2¢c) and 2.86(2) A for O(5)---O(2t); (r) = x+1/2,
y+1/2,z—=1,(s) = =x+1/2, y+1/2, —z and (t) = x+ 1/2,
—y+3/2, z—1]. These hydrogen bonds contribute to the
stabilization of the two-dimensional structure.

Compound 1 is isostructural to the parent copper(i) com-
plex of formula {[Cu,(bpym)(0x),]-5H,0}, (4)'° and similar
to both the homometallic manganese(ll) compound
{[Mn,(bpym)(0x),]-6H,0},, (5)*° and the heterometallic
Cr(u)-Na(1) complex {[NaCr(bpym)(0ox),]-5H,0}, (6).2' The
values of the bond distances around the iron atom are some-
what longer than those observed in 4 but shorter than in 5
in agreement with the decrease of the ionic radius when going
from Mn(u) to Cu(u): the average values of the Fe-O(ox) and
Fe-N(bpym) equatorial bonds in 1 are 2.126(3) and 2.191(3) A
whereas the corresponding bonds in the parent Cu(u) and
Mn(n) derivatives are_2.086(3) and 2.1293) A (4) and
2.160(2) and 2.283(2) A (5). Analogously, the average Fe-
O(ox) axial distance [2.101(3) A] is comprised between those
of compounds 4 [2.076(3) A] and 5 [2.156(2) A]. As a conse-
quence of the geometrical variations around the metal atom,
larger hexameric rings occur in 1 with respect to 4 and smaller
with respect to 5. The bpym and ox ligands in 1 are planar and
they form a dihedral angle of 80.2(1)°. The values of the bond
lengths and angles within these ligands are in agreement with
those reported in the literature. The intra-ring carbon-carbon
bond distance in bpym [1.376(5) A] is significantly shorter than
the carbon—carbon bond length in the oxalate ligand [1.553(7)

o

A]. The iron atom is slightly shifted from the bpym and ox

View Online

Fig. 1 View of the structure of 1 (thermal ellipsoids are drawn at
the 30% probability level): (top) hexameric repeating unit with the
labelling scheme; (bottom) a sheet extending in the xy plane that
shows the chicken-wire arrangement adopted by the iron atoms
(hydrogen atoms and water molecules have been omitted for the sake
of clarity). Symmetry code: (a) x, —y+1, z; (b) —x+1/2,
—y+3/12, —z; (¢) —x+ Ly, —z; (d) x—1, p, z; () x+ 1, —y+ 1, z;
O x—1/2,y—-1/2, z.

planes [0.025(1) and 0.050(5) A, respectively]. As shown in
Fig. 1, the two-dimensional polymer grows in the xy plane
and it is formed by repeating almost circular hexanuclear rings.
The intra-ring iron—iron distances are 5.824(1) [Fe(1)---
Fe(la)], 5.513(1) [Fe(1)---Fe(lb)], 9.754(2) [Fe(1)---Fe(1f)],
9.674(3) [Fe(1)---Fe(1d)], 11.292(2) [Fe(l)---Fe(le)] and
11.116(2) A [Fe(1f)- - -Fe(1b)]. The plane of the five-membered
ring of the water molecules makes dihedral angles with the
planes of bpym and ox of 14.5(3) and 70.7(2)°, respectively.
Graphite-like interactions between the bpym ligands of adja-
cent layers of the polymer occur [the separation between bpym
planes of neighbouring layers is 3.549(3) A].

Finally, it deserves to be noted that the honeycomb layered
structure of 1, also observed in compounds 4-6, is dictated by
the occurrence of regularly alternating tris-chelated units of
opposite chirality in each layer. This feature was previously
observed by other authors when using the tris-chelated
[M"(0x);]*~ unit as a building block in designing honeycomb
layered stuctures of formula [M"M"(0x);],,”~ where M" =V,
Cr, Mn, Fe, Co, Ni, Cu and Zn and M™ =V, Cr and Fe.?
Both families have the same honeycomb layered arrangement
of metal ions, but the former one (compounds 1 and 4-6) deals
with neutral species and the latter requires specific cations of
the type XR4" (X = N, P; R = alkyl or aryl groups)**** or
ferrocenium.>
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Fig. 2 Side view of three adjacent layers showing the intercalation of
the five-membered rings of water molecules.

Magnetic properties of 1 and 2

The temperature dependence of yy 7 for 1 [y is the magnetic
susceptibility per one Fe(u) ion] is shown in Fig. 3. At room
temperature, yp T is 2.80 cm® mol ™! K, a value which is some-
what below that calculated for a magnetically non-interacting
spin quintet through the spin-only formula [ym7 = 3 cm’®
mol~' K with g = 2.0]. yu7 for 1 monotonically decreases
from room temperature to practically vanish at very low tem-
peratures and the susceptibility curve shows a maximum at
53 K (see inset of Fig. 3). These features indicate the occur-
rence of relatively strong intralayer antiferromagnetic interac-
tions between the high spin iron(i) ions. Given that both
bpym™>" 192627 and oxalate®® ligands are able to mediate large
antiferromagnetic interactions when acting as bridges between
paramagnetic centers, it is thus clear that the magnetic beha-
viour of compound 1 is that of an alternating magnetic plane
with antiferromagnetic interactions through bpym and ox
groups. Consequently, we have analysed the magnetic data
of 1 through the expression derived recently for a a two-
dimensional Heisenberg classical honeycomb lattice,”® the
involved quantum spins in the present case (Sg." = 2) being
assimilated to classical ones. Best-fit parameters are:
Jox = —7.8(2) em™", Jppym = —4.02) em™" and g = 2.20(2).
Although the computed curve does not match very well the
magnetic data in the vicinity of the maximum of susceptibility
(see inset of Fig. 3), the values of the magnetic interactions
obtained are correct in sign and its size is physically reasonable
(see below). The mismatch between the calculated curve and
the experimental data is due to the orbital contribution of
the octahedral high spin iron(i) ion [*T; ground state]. The
low symmetry of the tris-chelated iron(1) ion in 1 [C, symme-
try] is not enough to totally quench the orbital contribution of
the ground state.

In order to check the validity of the values of the magnetic
interactions found through bridging bpym and ox ligands
in 1, one needs to compare them with those found in lower
nuclearity compounds of high spin iron(ir) having these bridges
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Fig. 3 ymT vs. T plot for complexes 1 and 2: (A, O) experimental
data; (—) best-fit curves (see text). The inset shows the y\ vs. T plot
in the vicinity of the maximum.

and the same FeN,O4 chromophore.*® A suitable example for
the bpym case is provided by the dinuclear {[Fe(H,0)4]»(b-
pym)}(SO4)>-2H,0 (3)® compound where four coordinated
water molecules play the role of the four oxalate-oxygens in
1. It is very satyisfying to see that the value of the magnetic
coupling through bridging bpym in 3 (J = —3.4 cm™!) agrees
well with that found in 1, the iron-iron separation across brid-
ging bpym being practically identical [5.824(1) A in 1 versus
5.836(1) A in 3].

As far as the oxalato bridge is concerned, the values of the
magnetic coupling between high spin iron(i1) ions in the struc-
turally characterized chain [Fe(ox)(H0),],, (/ = —8.8 cm™1)'*
correspond to a FeOg chromophore. The recent structural
report on the oxalato-bridged iron(i) chain [Fe(dpa)(ox)],
(2)'! prompted us to investigate its magnetic properties in
order to use them as a suitable model for the oxalato frame-
work of compound 1. A bidentate dpa ligand and two oxalate
groups define a FeN,O,4 chromophore around each iron atom
in 2. The magnetic properties of 2 in the form of yy\ 7 versus T
plot are shown in Fig. 3. ym7 at room temperature is 3.04 cm®
mol~! K, a value which is in agreement with the occurrence of
a high spin iron(i) ion in 2. This value exhibits a continuous
decrease upon cooling to practically vanish at 2 K. The sus-
ceptibility curve exhibits a maximum at 34 K (see inset of
Fig. 3) revealing that a significant intrachain antiferromagnetic
interaction between high spin iron(n) ions occurs in 2. Our
attempts to reproduce theoretically the susceptibility data of
2 by using the classical spin Heisenberg chain model®! through
the Hamiltonian H = fZ,J-SA‘,--S‘,»H with S; = S, | = 2 repro-
duce the position of the maximum but not its height. The best-
fit parameters are: J = —8.0(2) cm™! and ¢ = 2.25(2). The
consideration of a parameter accounting for the inter-
chain interactions did not improve significantly the quality of
the fit. Most likely, the orbital contribution associated with
the six coordinated high spin iron(ir) in 2 is at the origin of this
mismatch between the computed and experimental data in the
vicinity of the susceptibility maximum. Anyway, the value of
the antiferromagnetic coupling in 2 is quite close to that found
for J,x in 1 (=7.8(2) cm™') and this is not surprising because
the iron atoms have the same chromophore in 1 and 2 and
their separation across the bridging oxalato group is nearly
identical [5.513(1) and 5.545(1) A in 1 and 2, respectively].
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Finally, we would like to finish the present contribution with
a brief comment of how the position of the maximum of the
magnetic susceptibility for the compounds 1-3 is governed
by the strength of the antiferromagnetic interaction across
the bpym (compound 3) and ox (compound 2) bridges and also
by a combination of both of them (compound 1). The shift of
the position of the susceptibility maximium towards higher
temperatures when going from 3 to 1 [T = 15.1 (3), 34 (2)
and 53 K (1)] reflects the greater efficiency of the oxalate in
mediating antiferromagnetic interactions when compared to
bpym and also the fact that both bridges are involved in com-
pound 1. In the near future, we will try to extend these studies
to other divalent first row transition metal ions.
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