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Abstract—The reactions of strontium and barium salicylates with iron nitrate gave heterometallic complexes
{[FeSr,(Sal),(SalH),(NO3)(DMA),1},, () and {[FeBay(Sal),(SalH);(DMA),(H,0)]},, (II). The solid com-
pounds are one-dimensional coordination polymers where bridging function is performed by salicylic acid res-
idues and the NO5 group (in I). The salicylic acid residues are coordinated in the chelating bridging mode, their
denticity ranging from 2 to 5. The IR spectra, magnetic properties, and thermal behavior of the complexes were

studied.
DOI: 10.1134/S1070328409040083

Transition metal clusters with carboxylic acids as
ligands are of both theoretical and practical interest [1].
Polynuclear carboxylates containing iron atoms as
cores are successfully used to model the active sites of
iron proteins such as hemerythrin [2], methane
monooxygenase [3, 4], ribonucleotide reductase [4],
and so on. Recently iron clusters have aroused much
interest as they can be used, along with manganese car-
boxylates, for the design of molecular magnets [5].

Currently iron clusters with mono- and dibasic car-
boxylic acid bridges have been studied rather compre-
hensively. However, only few publications are devoted
to the synthesis and investigation (especially by X-ray
diffraction) of heteronuclear coordination compounds
of iron with hydroxycarboxylic acids, in particular, sal-
icylic acid and its residues (C4H,(OH)COOH = SalH,,
C,H,(OH)COO™ = SalH-, C,H,(O)COO~ = Sal*).
Like other divalent metal ions, Fe?* ions form two
series of salts: Fe(SalH), and Fe(Sal), whereas trivalent
iron compounds include Fe(SalH);, Fe(SalH)(Sal),
Fe,(Sal)s, etc. If other ligands are present in the solution
(e.g. OH, H,0), mixed-ligand complexes can be
formed [6-9].

Note that coordination compounds of salicylic acid
with metals have found practical use as precursors in
the synthesis of new compounds, in the oxidative
destruction of flammable combustible polystyrenes [7],
for increasing corrosion protection of internal combus-
tion engines [10-12], and in the search for new active
biological agents [13].

This paper presents data on the synthesis and X-ray
diffraction study of two polynuclear heterometallic iron

complexes with barium and strontium:
{[FeSr,(SalH),(Sal),(NO;)(DMA),1}, @, and
{[FeBa,(Sal),(SalH);(DMA),(H,0)]},, (II), where DMA
is dimethylacetamide. Preliminary results of these stud-
ies were published previously [14-17].

EXPERIMENTAL

The starting compounds Sr(SalH), - 3H,O and
Ba(SalH), - H,O were prepared by the reaction of stron-
tium carbonate or barium hydroxide, respectively, with
salicylic acid. The other reagents (CH;OH, DMA, THF)
were commercial chemicals used as received.

Synthesis of I. Fe(NO;); - 9H,0 (1 g, 2.47 mmol)
was added  with  continuous  stirring  to
Sr(C¢H,4(OH)COO), - 3H,0 (3.76 g, 9.88 mmol) in
methanol (25 ml). After 30 min, the resulting solution
was filtered and evaporated to dryness on a water bath.
A solvent mixture (18 ml of THF and 7 ml of DMA)
was added to the dried residue. After stirring for 20 min
at room temperature, the resulting dark red solution was
filtered and left in air at room temperature. After 4
weeks, crystals of I precipitated as dark red rectangular
prisms. Yield 2.56 g (86% relative to the strontium salt).

FOr C44H54F€N501()Sr2
anal. caled, %: C,44.48;H, 4.58; N, 5.89; Fe, 4.70; Sr, 14.75.
Found, %: C, 43.88;H,4.55; N, 5.93; Fe, 4.88; Sr,14.73.

IR (v, cm™): 3070 m, 2990 s, 2880 sh, 1620 s, 1570 s,
1600 m, 1580 sh, 1518 m, 1470 m, 1452 s, 1423 m,
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Table 1. Crystal data for complexes I and II

Value
Parameter
I I

M 1188.01 1380.57
Space group P2,/c P2,/c
Unit cell parameters:
a, A 9.2180(2) 19.3711(2)
b, A 29.9710(12) 16.8593(2)
¢, A 18.0210(6) 18.5731(2)
B, deg 92.180(2) 109.7860(10)
v, A3 4975.1(3) 5707.56(11)
Z 4 4
p(calcd), g/cm3 1.586 1.607
Upgo, Mm™! 2.504 1.692
F(000) 2428 2772
Ranges of 6 angles, 2.21-25.00 1.65-27.00
deg
Index ranges -10<£h <10, -24<h<0,

28 < k<35, 21 <k<21,

21<Il<21 -22<[<23
The number of re- 12826 38275
flections
The number of inde- 8630 12446
pendent reflections, | (R;, =0.0644) (R = 0.0268)
1>20(])
The data collection 98.6 99.9
extent to 0., %
The number of re- 636 793
fined parameters
GOOF on F? 1.050 1.069
Final R-factors R, =0.0848, R, =0.0263,
1>20(]) wR, =0.1578 wR, = 0.0500
R-factors for all re- R, =0.1390, R, =0.0325,
flections WwR, =0.1785 wR, = 0.0600
AP ax and APins 0.730 and —-0.804 | 0.801 and -0.606
e A
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1375 s, 1320 m, 1305 m, 1290 m, 1180 sh, 1140 m,
1090 w, 1035 m, 1015 m.

Synthesis of II was carried out as described for I
using  Ba(C4H,(OH)COO), H,O instead of
Sr(C¢H4(OH)COO), - 3H,0.

The dark red single crystals as rectangular prisms
precipitated after 4 weeks. Yield 0.81 g (76% relative to
the barium salt).

For C51H61B32F6N4O22
C, 44.36;
C, 44.57;

H, 4.45;
H, 4.87;

N, 4.05.
N, 3.69.

anal. calcd, %:
Found, %:

IR (v, cmt): 3434 s, 3059 w, 2942 w, 2864 sh, 1622 s,
1600 sh, 1576 sh, 1485 s, 1456 s, 1512 w, 1391 s,
1360 s, 1322 sh, 1253 s, 1218 m, 1186 s, 1143 s,
1132 w, 1100 sh, 1042 w, 1021 w, 1016 sh.

Analysis for C, H, and N of I and IT was performed
by the elemental analysis group of the Institute of
Chemistry (Academy of Sciences of Moldova); the
metals were determined at the Center of Metrology and
Analytical Research Methods (Academy of Sciences of
Moldova) on an AAS-1N atomic absorption spectrom-
eter (Karl Zeiss).

X-Ray Diffraction. The experimental data for I and
IT were collected at 100 K on a Nonius Kappa CCD dif-
fractometer (MoK, radiation, A = 0.71073 A, graphite
monochromator, ®-26 scan mode). The unit cell param-
eters were refined for the whole array of experimental
data. The intensity integration and reduction to a com-
mon scale were performed by DENZO and
SKALEPACK software [18]. Absorption corrections
were applied using XEMP software [19].

The structures of I and II were solved by the direct
method and refined by the least-squares method in the
anisotropic full-matrix approximation for non-hydro-
gen atoms (SHELX-97 [20]). The hydrogen positions
in I were found objectively, those in II were calculated
geometrically and refined isotropically in the rigid
body model. The refinement revealed disorder of dime-
thylacetamide molecule and the hydoxyl oxygen in one
acid residue of II.

The key X-ray experiment details, structure solution
and refinement data for I and II are summarized in
Table 1, and selected interatomic distances and bond
angles are in Table 2. Atom coordinates and other struc-
tural parameters for I and II are deposited with the
Cambridge Crystallographic Data Centre (no. 688416
for I and no. 688415 for II).

IR spectra were recorded on a Specord M75 spec-
trometer in the 400-4000 cm™! range (mineral or fluor-
inated oil mulls).

Complex thermal analysis (CTA) was carried out on
a Paulik—Paulik—Erdey derivatograph in air with Al,O4
as the standard. Recording conditions: DTG, 1/5; DTA,
1/10; TG, 100/100; T« = 800°C; heating rate 5 K/min;
100 mg samples.
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The magnetic properties of complexes I and II were
studied by the Gouy method at room temperature
(293 K) at a setup of the Institute of Chemistry (Acad-
emy of Sciences of Moldova). As the reference for
magnetic susceptibility calibration, Hg[Co(NCS),] and
doubly distilled water were used. The diamagnetic cor-
rections were applied using the Pascal constants [21,
22]. The effective magnetic moments (Ll ) per complex
molecule were calculated using the formula U =

[8xmT, where y,, is the molar magnetic susceptibility
including Pascal diamagnetic corrections.

RESULTS AND DISCUSSION

The objective of this study was the reaction of Fe**
ions with 2s metal (Sr and Ba) salicylates in methanol-
dimethylacetamide—tetrahydrofuran system to obtain
heteronuclear salicylates. Compounds I and II in the
crystals exist as coordination polymers in which the
cations are connected into one-dimensional chains. In

compound I, salicylic acid residues and the NO;5 group
perform bridging functions.

The independent part of the unit cell of I (Fig. 1)
contains one trivalent iron atom and two divalent stron-
tium atoms. Two doubly deprotonated (Sal>") and two
singly deprotonated (SalH") salicylic acid residues and

the NO; anion serve as the counter-ions. Four DMA

molecules are involved in the coordination as neutral
ligands.

The iron(I1I) atom coordinates all independent sali-
cylic acid residues. The iron coordination octahedron
comprises two monodentate (with respect to iron)
SalH™ residues (Fe(1)-O(1), 2.015 A; Fe(l)—0(4)
2.049 A). Two Sal> residues are attached to Fe in the
bidentate chelating mode through the oxygen atoms of
the carboxyl and deprotonated hydroxyl groups (Fe-O,
1.952-1.979 A).

The Sr(1) and Sr(2) atoms are surrounded by eight
and seven oxygen atoms, respectively. The Sr(1) envi-
ronment comprises two neutral DMA ligands (A and B)

attached through the O(1A) and O(1B) atoms, the NO;

anion chelating the metal atom through O(13) and
O(14), three carboxyl oxygen atoms of three salicylic
acid residues (O(2)!, O(7)!, O(11)), and the phenol
group atom (O(12)!) (symmetry transformations are
indicated in Table 2). The Sr(1)-O distances are in the
range of 2.472-2.708 A.

The seven-vertex polyhedron arranged around Sr(2)
differs from that around Sr(1). The Sr(2) environment
comprises two neutral DMA molecules coordinated
through O(1C) and O(1D) atoms, the O(13) atom of the
NOj group, O(5)%, O(8), and O(10) atoms of the car-

boxyl groups of the acid residues, and the O(9)? atom of
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Table 2. Selected interatomic distances and bond angles in

I and IT*
I
Fe(III) polyhedron
Bond d A Bond d A
Fe(1)-O(1) 2.015(6) || Fe(1)-0O(9) 1.973(6)
Fe(1)-O(4) 2.056(6) || Fe(1)-O(10) 1.977(6)
Fe(1)-O(7) 1.975(6) || Fe(1)-0O(12) 1.953(6)
Angle o, deg Angle o, deg
O(12)Fe(1)0(9) 177.7(3) || O(7)Fe(1)O(1) 92.8(3)
O(12)Fe(1)O(7) 89.6(2) || O(10)Fe(1)O(1) 89.4(2)
O9)Fe(1)O(7) 91.1(2) || O(12)Fe(1)O(4) 89.6(2)
O(12)Fe(1)O(10) 90.9(2) || O(9)Fe(1)O(4) 88.3(3)
O(9)Fe(1)O(10) 88.2(2) || O(7)Fe(1)O(4) 86.5(2)
O(7)Fe(1)O(10) 177.7(3) || O(10)Fe(1)O(4) 91.3(2)
O(12)Fe(1)O(1) 91.92) || O(1)Fe(1)O(4) 178.4(3)
O9)Fe(1)O(1) 90.3(2)
Sr(1) and Sr(2) polyhedra
Bond d, A Bond d, A
Sr(1)-O(1A) 2.472(7) || Sr(2)-O(8) 2.472(6)
Sr(1)-O(1B) 2.504(7) || Sr(2-O(1D) 2.484(7)
Sr(1)-O(11) 2.548(6) || Sr(2)-O(1C) 2.517(6)
Sr(1)-0(7)! 2.560(6) || Sr(2)-0O(5)? 2.566(6)
Sr(1)-0(2)! 2.632(6) || Sr(2)-0(10)> 2.591(6)
Sr(1)-O(14) 2.636(6) || Sr(2)-0(13)? 2.631(6)
Sr(1)-O(13) 2.705(6) || Sr(2)-0(9) 2.664(6)
Sr(1)-0(12)! 2.708(5)
I
Fe(1) and Fe(2) polyhedra
Bond d, A Bond d, A
Fe(1)-O(1) 2.0699(17)|| Fe(2)-O(7) 2.0521(16)
Fe(1)-O(4) 1.9702(15)|| Fe(2)-0O(10) 1.9541(15)
Fe(1)-0O(6) 1.9437(15)|| Fe(2)-0O(12) 1.9569(15)
Angle o, deg Angle , deg
O(4)Fe(1)0O(6) 90.45(6)|| O(7)Fe(2)O(10) 91.34(7)
O(1)Fe(1)O(6) 90.04(7)|| O(7)Fe(2)O(12) 86.95(7)
O(1)Fe(1)O(4) 92.80(7)|| O(10)Fe(2)O(12)| 91.15(6)
Ba(1) and Ba(2) polyhedra
Bond d, A Bond d, A
Ba(1)-0(2) 2.7540(18) || Ba(2)-O(8) 2.8206(17)
Ba(1)-0O(4) 2.7548(16) || Ba(2)-0O(10) 2.7978(15)
Ba(1)-O(11) 2.6867(17) || Ba(2)-0(14) 2.7865(18)
Ba(1)-0O(16) 2.715(2) Ba(2)-0(5) 2.6933(18)
Ba(1)-O(17) 2.659(2) Ba(2)-0O(18) 2.695(2)
Ba(1)-0O(13) 2.7244(18) || Ba(2)-0(19) 2.7187(19)
Ba(1)-O(1w) 2.877(3) Ba(2)-0(12)3 2.9104(15)
Ba(2)-0(13) 2.9549(18)

* Symmetry transformatlons for equivalent atoms of I: Tx+1, Wz

2x—1,y I3
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C14) o C(13)

Fig. 1. Structure of the molecule of complex {[FeSr,(Sal),(SalH)3(DMA)4(H,0)1},, (D).

the hydroxyl group. The Sr(2)-O distances are 2.472—
2.667 A.

The NOj5 group in I is coordinated in the tridentate
chelating bridging mode.

The two monodeprotonated SalH™ residues are
bidentate and form syn-syn bridges between iron and
strontium atoms (Fe(1)-Sr(1), 3.602; Fe(1)-Sr(2),
3.636 A). Two doubly deprotonated Sal> residues are
pentadentate. Apart from the syn-syn bridging oxygens,
one oxygen of the Sal>~ carboxyl performs a L1,-O func-
tion between Fe and Sr atoms. The same function is
performed by the deprotonated hydroxyl group. The
diverse coordination modes of the carboxyl groups are
described systematically in the review by M. A. Porai-
Koshits [23]; the structural functions of the carboxyl
groups of salicylic acid found in I fit into his scheme.
The ability of the carboxyl group to form bridging sys-
tems makes it promising for the synthesis of clusters
and coordination polymers. In compound I, the poly-
mer axis is directed along the x axis of the crystal. The
coordinated hydroxyl groups of salicylic acid form a
system of hydrogen bonds (Table 3). In the crystal, the
polymeric chains are located at the van der Waals dis-
tances of the radii.

The structure of compound II (Fig. 2) is similar to I
with the difference that II contains a coordinated water

molecule and the role of the NO; group is played by an

additional singly charged salicylic acid residue SalH™.
In this case, the ratio Fe : Ba : acid residue =1:2:5

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 35

(unlike the ratio Fe : Sr : acid residue : NO; =1:2:
4:1in1).

However, the arrangement of the coordination poly-
mer II has some special features. First of all, Fe(1) and
Fe(2) atoms occupy two special positions at the inver-
sion centers. The slightly distorted octahedron of each
of Fe(1) and Fe(2) atoms is formed by four carboxylate
and two hydroxyl oxygen atoms of salicylic acid. One
acid residue is attached to iron in the bidentate chelat-
ing mode to give a six-membered metal ring (Fig. 2). In
the metal rings, the average Fe-O distances are 1.956 A
(equatorial) and 2.060 A (apical). The same tetragonal
distortion effects of the metal coordination polyhedron
were also found in L.

The Ba(l) coordination polyhedron is formed by
eight oxygen atoms. These include the oxygen atoms of
three DMA ligands disordered with equal probability
over two positions, four O atoms of the carboxylate and
hydroxyl groups of the SalH™ and Sal*~ residues, and the
O atom of the water molecule. The coordination num-
ber equal to 8 is also typical of Ba(2) atom with the dif-
ference that the O(H,O) position is occupied by oxygen
of the SalH, carboxyl group.

As noted above, the crystal of II contains five sali-
cylic acid residues: two doubly deprotonated (Sal*") and
three deprotonated at the carboxyl group (SalH"). In the
latter ligands containing C(11)-C(16), C(31)-C(36),
and C(51)-C(56) atoms of the benzene rings, two
deprotonated carboxyl groups at the C(1) and C(3)
atoms function as a bidentate syn-syn bridge by linking

No. 4 2009
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Table 3. Characteristics of hydrogen bonds in structures I and II

Distance, A
D-H--A DHA angle, deg Tr?grsf&)r;?;tlilon
D-H H---A DA
{[FeSry(Sal),(SalH),(NO;)(DMA)41},, (D)
O(3)-H--0(2) 0.93 1.76 2.614(9) 152
O(6)-H---O(5) 0.91 1.85 2.57(1) 135
{[FeBa,(Sal)y(SalH);(DMA),(H,0)1},, (ID)
O(1w)---H 0.92 1.88 2.749(4) 158
O(1lw)---H 0.91 1.92 2.789(5) 159 I—x,-y,—z
009)---H 0.89 1.86 2.553(3) 133
O(15)--H 0.94 1.72 2.556(3) 146
0@3)--H 0.87 1.72 2.497(4) 147

the barium and iron atoms. The tridentate chelating
bridging carboxylate group at C(5) connects two Ba
atoms.

Two doubly deprotonated Sal*>ligands are pentaden-
tate and are the key structuring unit of the coordination
polymer in the crystal. The polymeric chains along the
x axis of the crystal are combined by hydrogen bonds
(Table 3).

Compounds I and II have intricate IR spectra with
numerous absorption bands (see Experimental). The IR
absorption regions above 2500 cm™! are different for
complexes I and IT (3300-3550 cm™) with a peak at
3434 cm™, which can be attributed to v(OH) stretching
modes of coordinated water molecules involved in
intra- and intermolecular hydrogen bonds.

The DMA methyl groups are responsible for asym-
metric and symmetric V(CH) stretching vibrations
(2990, 2940, 2880, and 2864 cm™), asymmetric and
symmetric ~&(CH) bending vibrations (1380—
1200 cm™), and p(CH) rocking vibrations (1200-
800 cm™). The presence of salicylic acid anions in I
and II is manifested as bands at 3070, 3040, 1600,
1580, and 1518 cm™ assigned to the v(CH) (aromatic
ring) and v(CC) + &(CCH) vibrations. The carboxyl

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 35

groups of salicylic acid anions coordinated in different
fashions account for asymmetric and symmetric
V(COO) stretching bands at 1620, 1600, 1470, 1472,
and 1423 cm™. The corresponding absorption bands
(V(C-0), 8(OH), 8(COO0), and so on) in the low-fre-
quency spectral region also attest to several modes of
coordination of SalH™ and Sal’>~residues to metal atoms.

According to X-ray diffraction data for I and II, the
DMA molecules are coordinated to metal atoms
through carbonyl oxygen atoms. As a result of coordi-
nation, the v(C=0) stretching band of free DMA
(1570 cm™) shifts to lower frequencies in I and II by
AvV(C=0) of ~50 cm™', which is consistent with
reported data [24, 25]. In the IR spectra of outer-sphere
DMA molecules forming C=0O---H hydrogen bonds,
the v(C=0) mode is shifted to lower energy by only 10—
15 cm™ [24, 25].

The presence of the nitrate group and its coordina-
tion to the metal atom in I is manifested in the IR spec-
trum by bands at 1423 v, (NO,), 1305 v{(NO,), and 1015
(V(NO) cm™ [26]. The IR spectra of T and II contain
absorption bands at 623-440 cm™!, which can be
assigned to v(FeO), v(SrO), and v(BaO) stretching
vibrations [26].

No. 4 2009
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Fig. 2. Structure of the molecule of complex {[FeBa,(Sal),(SalH);(DMA)4(H,0)]},, (II).

CTA data (Table 4) show that decomposition of
strontium complex I is stepwise. The first two effects
are endotherms related to successive removal of DMA
molecule and two singly charged SalH™ anions.

The next four processes (260—460°C) are exother-
mic and end in the formation of strontium carbonate
and iron(III) oxide. The range of 580—-850°C shows two
endotherms apparently related to decomposition of
strontium carbonate. The final decomposition product
is mixed oxide, 0.5 Fe,O; - 2SrO, corresponding to 24%
of the weight of initial complex I, which is consistent
with the calculated value (24.2%).

Thermal decomposition of complex II is also step-
wise. The first effect (50-120°C) is accompanied by
weight loss of ~7%, which corresponds to removal of
one water molecule and one DMA molecule (the calcu-
lated value is 7.6%). Note that decomposition of bar-
ium complex II starts at 50°C, which is 40°C lower than
that for strontium compound I. At temperatures above
120°C, the DTG curve clearly shows two regions, 124—
265°C and 265-400°C, each comprising two overlap-
ping processes with peaks at ~190 and ~220°C, ~310
and ~390°C. The thermal decomposition phase (124—

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 35

265°C) is accompanied by a total weight loss of 36%
and is apparently related to the removal of all monoden-
tate molecules (four DMA and H,0) and partial decom-
position of the salicylate ligands. Above 420°C, the
DTG and DTA curves of II do not record any processes,
although the TG curve shows monotonic decrease in
the weight by 3—4% in the range of 420-800°C. The
mixed oxide 2BaO - 1/2Fe,0; (29-26%, theoretically
28%) is formed from II as the final thermal decompo-
sition product.

The effective magnetic moment per iron atom in I at
room temperature (5.88 Lg) corresponds to high-spin
(S = 5/2) Fe(Ill) ions, which is consistent with pub-
lished data [21, 22] for FeOy local environment of Fe*
ion forming a weak ligand field.

The structural investigation of heterometallic coor-
dination polymers reveals self-organization of compo-
nents of the reaction medium needed for meeting the
conditions for linking of metal atoms in the structure by
bridges. It was shown that the structural functions of
salicylic acid residues are different, their denticity rang-
ing from 1 to 5. Their bridging functions are also
diverse, which shows itself in the IR spectra. The Fe**
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Table 4. Thermogravimetric data for complex I'*

T,°C Weight loss. %,
Effect
onset end found
endo 90 190 20.0
endo 190 260 15.0
exo 260 340 14.5
exo 340 370 5.0
exo 370 420 10.0
exo 420 460 4.5
endo 580 650 35
endo 740 850 3.5

* The weight of the final product was 24% of the initial weight.

coordination unit FeQOg characterizes a weak ligand
field.
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