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Group 2 metal complexes [Ca(SA)2(phen)]n (1), [Sr2(SA)4(phen)4] (2), and [Ba(SA)2(phen)2]n (3) (SA ) salicylate)
have been obtained by the addition of 1,10-phenanthroline (phen) to the corresponding metal salicylates, while the
bipyridine derivatives {[Ca3(SA)6(H2O)4](4bpy)2}n (4), {[Sr(SA)2(H2O)3](4bpy)1.5(H2O)}n (5), and {[Ba(SA)2(H2O)3]-
(4bpy)1.5(H2O)}n (6) have been synthesized starting from the respective metal carbonates, salicylic acid (SA−H),
and 4,4′-bipyridine (4bpy). The new compounds have been characterized by elemental analysis, pH measurements,
thermal analysis, and spectroscopic measurements (IR, NMR, ultraviolet, and fluorescence). Molecular structure
determination by single-crystal X-ray diffraction has been carried out for all the compounds. The thermal analysis
studies indicate the loss of coordinated and/or lattice water molecules below 200 °C in 4−6 and the absence of
any coordinated or uncoordinated water molecules in compounds 1−3. Compounds 1 and 3−6 exist as one-
dimensional polymers while compound 2 crystallizes as a discrete dimer. Considerable variations have been observed
in the molecular structures of 1−6 in terms of the geometry around the metal, the binding mode of salicylate, and
the coordination behavior of the pyridine ligand. Calcium ion is hexacoordinated in 1, while in 4 both hexa- and
heptacoordinated calcium ions are simultaneously present. Strontium exhibits coordination numbers of nine and
eight in 2 and 5, respectively. The barium ions in 3 and 6 assume coordination numbers of eight and seven,
respectively. While the OH group of the salicylate ligand does not directly bind the metal in 1−3, it coordinates to
the metal ions in complexes in 4−6 in the un-ionized form. The 4bpy molecules show no direct ligation to the metal
in 4−6; the phen ligands in 1−3, however, occupy one side of the coordination sphere around the metal. The
presence of additional O−H‚‚‚O, C−H‚‚‚O, and N−H‚‚‚O hydrogen bonding and π−π stacking in these compounds
results in the formation of polymeric structures. The results obtained for the calcium complexes in this study have
been compared with the available data in structural calcium chemistry with the aid of a detailed analysis of the
Cambridge Structural Database.

Introduction

The design and synthesis of new alkaline-earth metal
complexes is an emerging area of interest owing to the
potential applications of these complexes in various fields
such as catalysis, material science, and biochemistry.1-5 The
fact that the group 2 chemistry, which is determined by the

size and charge density of the metal ion,6 varies considerably
on moving down the group is another reason which has made
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the studies of these metal complexes a rapidly developing
area. For example, calcium is observed to exhibit coordina-
tion numbers ranging from three to nine, although the most
commonly observed are six, seven and eight.7-23 Strontium
and barium prefer coordination numbers of 6 to 12.9b,15-19,24-27

The coordination behavior of alkaline-earth metal cations,

especially that of calcium, is a topic of current interest owing
to the vital roles these metal ions play in biological systems.28

The importance of calcium in biological and structural
inorganic chemistry has resulted in detailed structural analysis
through the information available in the Cambridge Structural
Database (CSD) and Protein Data Bank (PDB) crystal
structure databases.29,30

Among the alkaline-earth metal complexes, the complexes
formed by aromatic carboxylic acids have been widely
investigated.14,17-20,31Recently, Fox et al.32 have studied the
reactivity of biologically relevantR-amino carboxylic acids
toward calcium and shown that glycine and alanine bind to
the metal using both oxygen and nitrogen donor centers. The
stereochemistry of the interaction between carboxylates and
calcium has also been widely studied due to its importance
in protein function-structure analysis.30,31

The introduction of other functionalities on the aromatic
ring, in addition to carboxylic groups, has produced a variety
of supramolecular structures. We have recently reported on
the coordination behavior of 2-aminobenzoic and related
acids toward alkaline-earth metal ions.16,20a,bSchmidbaur,34

Drake,35 and others18,20h,36 have studied the coordination
behavior of salicylic acid (SA-H) toward the group 2 metal
cations. Our investigations on group 2 metal complexes of
thiosalicylic acid have shown that while the coordination is
exclusively through the carboxylate groups in the case of
calcium and strontium, the disulfide linkage of the oxidized
ligand also participates in the metal binding in the case of
the softer barium ion.19

It is well-known that the chelating ligands such as 1,10-
phenanthroline (phen) and 2,2′-bipyridine may inhibit the
expansion of the polymeric framework to give coordination
polymers of low-dimensionality or zero-dimensional mol-
ecules. A number of transition-metal complexes of substituted
and unsubstituted salicylic acids (SA-H) in the absence or
presence of coordinating amines have been reported in the
literature.37,38 On the other hand, 4,4′-bipyridine (4bpy) is
known to be an ideal connector between the metal atoms
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for the propagation of coordination networks, resulting in
the formation of a variety of networks.39-42 However, very
little is known on the use of phen and 4bpy in group 2 metal
coordination chemistry.14e,43,44Keeping this observation in
mind, in this contribution, we report the synthesis and
spectral and structural characterization of the first examples

of calcium, strontium, and barium carboxylate complexes
which incorporate additional chelating phen ligands; the
reluctance of group 2 metal ions to bind to potentially
bridging ligands such as 4bpy is also demonstrated.

Results and Discussion

Synthesis.The salicylate complexes of calcium, strontium,
and barium,1-3, have been prepared from the corresponding
metal salicylate precursors by treatment with phen in
methanol-water at ambient temperature (Scheme 1). The
precursor metal salicylate complexes have been prepared by
following the literature methods, by using metal chlorides
and SA-H in the presence of aqueous ammonia.18 The new
compounds1-3 were found to be highly soluble in solvents
such as MeOH, EtOH, and dimethylsulfoxide (DMSO).

The synthesis of 4bpy-containing compounds4-6 were
achieved by the treatment of the respective metal carbonates
with SA-H and 4bpy in a 1:2:1 ratio in methanol (Scheme
1). All the new compounds were obtained as well-formed
single crystals directly from the reaction mixture within a
few days.

Analytical Data and Spectral Characterization. Com-
plexes1-6 have been obtained in a moderate to good yield
(32-64%) in an analytically pure form.45 Compounds1-5
do not melt or decompose below 200°C, while compound
6 melts around 185-190 °C. In all cases, the empirical
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formula and composition of the products could easily be
established from the analytical data. The infrared spectra of
all the compounds recorded as KBr diluted discs showed
absorption corresponding to phenolic O-H and CdO
stretching vibrations. The IR spectra of phen derivatives1-3
show a relatively weaker O-H stretching absorption, indi-
cating the absence of any additional water molecules, while
the relatively stronger and broader peaks around 3400-
3500 cm-1 in the spectra of 4bpy derivatives4-6 confirm
the presence of water in the structure.

The 1H NMR spectra for1-3 in DMSO-d6 give four
signals for the phen and four more signals for the salicylate
protons. The phen protons resonate at downfield compared
with the salicylate protons. The resonance for the OH proton
is downfield shifted in all the cases and is observed as a
singlet at around 15.5 ppm. The aromatic protons appear as
multiplets due to the three and four bond couplings with
neighboring protons. The position and splitting pattern of
salicylate ligand protons in the 4bpy complexes4-6 are
almost similar to those in phen complexes1-3. However,
the aromatic protons from 4bpy complexes give rise to only
two resonances, owing to the similarity in magnetic environ-
ments. The1H NMR spectrum of the representative example
2 is shown in Figure 1. The13C NMR spectrum of1 shows
11 resonances while that of corresponding 4bpy complex4
shows 10 resonances, as expected. The chemical shift values
of salicylate carbons do not show much difference between
phen and 4bpy complexes. In both cases, the carboxylic
carbon is the most deshielded and appears at around
174 ppm.

The UV-vis spectra of compounds1-3 are similar and
show two major absorptions around 229 and 264 nm and a
shoulder around 208 nm. The absorption maxima of free
phen and SA-H appear in the ultraviolet region at 229 and
263 nm and 208, 236, and 301 nm, respectively, which are
assigned to theπ-π* transitions of the aromatic ring,
belonging to the K band.46 Thus, it is evident from the spectra

that the UV absorption of the complexes is dominated by
the absorption of phen, for the fact that the absorptions due
to SA-H appears as a shoulder at 208 nm, while phen still
shows its characteristic absorption peak at 264 nm. This
indicates that the fluorescence properties of the complex are
mainly determined by the energy transfer from phen to the
M2+ (M ) Ca, Sr, Ba) ion.47

The fluorescence studies of alkaline-earth metals are of
considerable importance, since they are the most abundant
divalent cations in living cells and play vital roles in many
cellular processes. A great deal of effort has been devoted
to the design and synthesis of sensitive and selective
fluorescent sensors, especially for Mg2+ and Ca2+.48-50 The
fluorescence spectra of the compounds1-3 recorded in
methanol solution show a similar spectral pattern. Two
emission maxima are observed at around 366 and 383 nm.
Similarly, the excitation spectra also contain two maxima
around 270 and 293 nm. Interestingly, the emission signals
of free salicylic acid appear around 402 nm, while the free
phenanthroline does not show any appreciable fluorescence
activity. The emission and excitation intensities of Sr and
Ba complexes2 and 3 are clearly enhanced as a result of
metal coordination, while those of Ca complex1 appear
reduced compared with those of free salicylic acid. This is
particularly surprising in the light of recent reports on the
fluorescenceenhancementsofcalciumcarboxylatecomplexes.16b

The time-resolved fluorescence lifetime measurements for
compounds1-3 yield similar values, falling in the range of
5.41-5.54 ns. The fluorescence spectra of the compounds
1-3, SA-H, and phen are shown in Figure 2.

The absorption spectra of4-6 are also similar to each
other. Two major absorptions were observed around 207 and
236 nm, and a small shoulder was observed at around 305
nm. For free 4bpy, the absorption maxima appear in the
ultraviolet region at 204 and 239 nm while those of free
SA-H appear at 208, 236, and 301 nm. It appears that in
4bpy derivatives, the absorption is almost equally contributed
by the salicylate and bipyridine ligands. Compounds4-6
emit at around 400 nm (Figure 3), which matches well with
the emission wavelength of free salicylic acid. However, the
metal coordination causes significant alteration in intensity
of fluorescence: While that of calcium compound4 de-
creases as in the cases of phen complexes, the fluorescence

(45) During the synthesis of4, the formation a second product [Ca(SA)2-
(4bpy)2(H2O)2]n was observed in 10% yield. When the reaction was
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(46) Hong, S. H. The Application of Spectral Analysis in Organic
Chemistry; Science Publishing House: Beijing, 1981.

(47) Xu, C.-J.; Xie, F.; Guo, X.-Z.; Yang, H.Spectrochim. Acta, Part A
2005, 61, 2005.
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Figure 1. 1H NMR spectrum of2 in DMSO-d6.
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intensity is enhanced for strontium (5) and barium (6)
derivatives. The time-resolved fluorescence lifetime mea-
surements for compounds4-6 are comparable to those of
1-3 (5.61 ns for4, 5.54 ns for5, and 5.51 ns for6) (inset
of Figure 3).

Molecular Structure of Compounds 1-6. In order to
have a clear understanding of the structures of these
compounds, detailed single-crystal X-ray structural investiga-
tions have been carried out. This is especially important in
the case of group 2 metal ion complexes since in most cases
the solution structure is very different from the one obtained
in the solid state.1H NMR correlation spectroscopy (COSY)
alongwith solid-state UV-vis and fluorescence spectroscopy
of the products clearly show that the solution structure is
different from the solid-state structures in complexes1-6
(see the Supporting Information).

Single-crystal X-ray diffraction studies reveal that all the
compounds exhibit interesting structural variations in terms
of coordination number and geometry around the metal ion

as well as in the binding mode of the ligand. It is interesting
to observe that, by the influence of added pyridinic co-ligand,
the resulting compounds exhibit wide diversity in their
structures, which also differ considerably from the complexes
formed in the absence of co-ligands. The M-O10-20,30-32 and
M-N27,51-56 bond lengths observed in all the compounds
(1-6) are in good agreement with the literature values. The
detailed crystal structure description for each compound is
given below.

[Ca(SA)2(phen)]n (1). Compound1 crystallizes in the
centrosymmetric orthorhombic space groupPnab. The
calcium ion is hexacoordinated, being bonded to the nitrogen
atoms of a phenanthroline ligand and to one carboxylate
oxygen from each of the four different salicylate (2-hba)
ligands around the metal ion. Each carboxylate group
coordinates to a pair of neighboring calcium atoms in an
asymmetric syn-anti bridging mode (Figure 4). The coor-
dination geometry around Ca is that of distorted octahedral.
Salicylate ligand coordinates to the metal center in a bridging
mode to form a one-dimensional zigzag chain. The com-
pound [Mn(SA)2(2bpy)]‚H2O, in which Mn atoms were
bridged by salicylate ligands, also forms a zigzag chain.37f

Two out of the four bridging salicylic oxygen atoms O(2)
and O(2′) are in the same plane with the phenanthroline
ligand while the other two oxygen atoms coordinate from a

(51) Drozdov, A.; Troyanov, S.Polyhedron1993, 12, 2973.
(52) Datta, A.; Golzar Hossain, G. M.; Karan, N. K.; Malik, K. M. A.;

Mitra, S. Inorg. Chem. Commun. 2003, 6, 658.
(53) Marchetti, F.; Pettinari, C.; Pettinari, R.; Cingolani, A.; Drozdov, A.;

Troyanov, S.J. Chem. Soc., Dalton Trans.2002, 2616.
(54) Shen, Y.; Pan, Y.; Dong, G.; Sun, X.; Huang, X.Polyhedron1998, 7

(1), 69.
(55) Yan, Z.; Day, C. S.; Lachgar, A.Inorg. Chem. 2005, 44, 4499.
(56) Pettinari, C.; Marchetti, F.; Cingolani, A.; Leonesi, D.; Troyanov, S.;

Drozdov, A.J. Chem. Soc., Dalton Trans.1999, 1555.

Figure 2. Excitation (left) and emission (right (λex ) 264 nm)) spectra of
compounds1-3, SA-H, and phen in a 10-6 M MeOH solution. Inset:
fluorescence decay profile of1 (λex ) 295 nm).

Figure 3. Excitation (left) and emission (right (λex ) 236 nm)) spectra of
compounds4-6, SA-H, and 4bpy in a 10-6 M MeOH solution. Inset:
fluorescence decay profile of4 (λex ) 295 nm).

Figure 4. Molecular structure of1. Selected bond distances (Å) and angles
(deg): Ca(1)-O(2) 2.243(3), Ca(1)-O(2)#1 2.243(3), Ca(1)-O(1) 2.362-
(3), Ca(1)-O(1)#1 2.362(3), Ca(1)-N(1) 2.504(4), Ca(1)-N(1)#1 2.504-
(4); O(2)-Ca(1)-O(2)#1 112.3(2), O(2)-Ca(1)-O(1)#1 90.0(1), O(2)-
Ca(1)-O(1) 98.2(1), O(2)#1-Ca(1)-O(1)#1 98.2(1), O(2)#1-Ca(1)-O(1)
90.0(1), O(1)#1-Ca(1)-O(1) 165.5(2), O(2)-Ca(1)-N(1)#1 91.0(1), O(2)-
#1-Ca(1)-N(1)#1 156.8(1), O(1)#1-Ca(1)-N(1)#1 79.0(1), O(1)-Ca-
(1)-N(1)#1 88.8(1), O(2)-Ca(1)-N(1) 156.8(1), O(2)#1-Ca(1)-N(1)
91.0(1), O(1)#1-Ca(1)-N(1) 88.8(1), O(1)-Ca(1)-N(1) 79.0(1), N(1)-
#1-Ca(1)-N(1) 66.0(2). Symmetry transformations used to generate
equivalent atoms: #1,-x + 1/2, y, -z + 1; #2, -x, -y + 1, -z + 1.
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plane perpendicular to this, thus forming a distorted octa-
hedron around calcium. The phenanthroline ligand makes
an N(2)-Ca(1)-N(3) angle of 66.142(2)°. The Ca-O
distances range from 2.2455(1) to 2.3639(2) Å. The longer
distances are those due to axial O atoms, while the shorter
distances are due to equatorial carboxylate oxygen atoms
trans to the nitrogen atoms. The presence of phenolic and
carboxylate functionalities results in the formation of large
number of intramolecular O-H‚‚‚O and intermolecular
C-H‚‚‚O hydrogen bonds in the structure (Table 1). The
C-H‚‚‚O hydrogen bonds link the different layers of the
one-dimensional coordination polymers into a three-dimen-
sional network, which results in a supramolecular architec-
ture. The packing diagram of1 along thea and b axes is
shown in Figure 5.

[Sr2(SA)4(phen)4] (2). The molecular structure of2, which
crystallizes in triclinic space groupP1h consists of centrosym-
metric dimeric molecules of [Sr2(SA)4(phen)4]. The coordi-
nation environment of the strontium ion is filled by four
nitrogen atoms from two phenanthroline ligands and five

oxygen atoms (two from a chelating carboxylate and three
from two tridentate carboxylates). The nine-coordinated
strontium ions exhibit a distorted monocapped square anti-
prismatic geometry (Figure 6). Unlike in compound1, where
the carboxylate group binds to the metal using only one kind
of binding mode, in compound2 the salicylate ligands exhibit
two kinds of binding modes. Out of the two carboxylate
groups on each strontium ion, one acts purely as chelating,
while the other bridges the two strontium atoms in addition
to the chelation, thus acting as a tridentate ligand.

The five Sr-O and four Sr-N bond lengths are quite
different. The Sr-O bond lengths range from 2.609(2) to
2.680(2) Å, while Sr-N bond lengths range from 2.738(2)
to 2.824(2) Å. The molecular structure of2 showing the
intramolecular hydrogen bonding is shown in Figure 7. The
phenolic group of SA ligand does not take part in any kind
of interaction with the metal as in the case of1 but takes
part in intramolecular hydrogen bonding with carboxylate
oxygen atom O(1) (Table 1). The carboxylate oxygen atom
O(2) takes part in weaker C-H‚‚‚O hydrogen bonds with
hydrogen atoms from an adjacent phenanthroline group.

[Ba(SA)2(phen)2]n (3). The molecular structure of3 is
similar to the calcium compound1, except that the coordina-
tion sphere of compound3 consists of an additional phenan-
throline ligand (Figure 8). This may be attributed to the larger
size of the Ba ion compared with that of the Ca ion. The
coordination behavior of salicylate ligand is same as that in
1.

The coordination environment around the barium ion is
of distorted bicapped octahedral, which is less common for
barium (Figure 6). The carboxylate oxygen atoms O(2) from
two bridging ligands occupy the axial position of the
bicapped octahedra, while the other carboxylate oxygens
O(1) along with two nitrogen atoms N(1) and N(2) from
two different phenanthroline ligands form the equatorial

Table 1. Hydrogen Bond Lengths (Å) and Angles (deg) in1-3

D-H‚‚‚A D-H, Å H‚‚‚A, Å D‚‚‚A, Å ∠DHA, deg

1
O(3)-H(3)‚‚‚O(1) 0.85(5) 1.77(5) 2.53(1) 147(5)
C(13)-H(13)‚‚‚O(3)a 0.85(4) 2.57(4) 3.37(1) 155(4)
C(16)-H(16)‚‚‚O(3) 0.97(4) 2.86(4) 3.70(1) 148(3)
C(5)-H(5)‚‚‚O(3)b 0.96(7) 2.46(7) 3.40(1) 167(5)

2
O(3)-H(3A)‚‚‚O(1) 0.88(3) 1.72(3) 2.543(2) 155(3)
O(6)-H(6B)‚‚‚O(5) 0.91(3) 1.69(3) 2.542(2) 155(3)
C(15)-H(15)‚‚‚O(2)c 0.96(2) 2.51(3) 3.456(3) 169(2)

3
O(3)-H(3)‚‚‚O(2) 0.73(4) 1.88(4) 2.572(4) 159(5)
C(13)-H(13)‚‚‚O(3)d 0.90(5) 2.57(5) 3.463(5) 171(4)

a Equivalent positions:x + 1/2, -y, +z. b Equivalent positions:x - 1/2,
-y + 1/2, -z + 1/2. c Equivalent positions:-x + 1, -y + 2, -z + 1.
d Equivalent positions:-x + 1/2, +y - 1/2, -z - 1/2.

Figure 5. Hydrogen-bonding pattern of1 (left) viewed alonga axis and (right) viewed alongb axis.

Calcium, Strontium, and Barium Salicylates

Inorganic Chemistry, Vol. 46, No. 26, 2007 11053



positions. The remaining two nitrogen atoms form the two
caps of the bicapped octahedron. Two phenanthroline ligands
bind the metal from same side and are roughly parallel to
each other. The salicylate ligand bridges two metal centers
using its carboxylate oxygens O(1) and O(2), resulting in
the formation of the polymeric chain. In addition to the
intramolecular hydrogen bond formation with the carboxy-
late oxygen O(2), the phenolic group forms intermolecular
C-H‚‚‚O bonds with neighboring layers (Table 1 and Fig-
ure 9).

The bond angles around the barium vary from 55.26(7)°
to 171.88(10)°. Similarly, the Ba-O distances also vary from
2.668(2) to 2.995(3) Å. The longer distances are those due
to axial O atoms, while the shorter distances are due to
equatorial carboxylate oxygen atoms.

[Ca3(SA)6(4bpy)2(H2O)4]n (4). The compound4 crystal-
lizes in the triclinic space groupP1h. The compound forms a
one-dimensional coordination polymeric structure with re-
peating units of [Ca3(SA)6(H2O)4](4bpy)2], where the back-
bone of the chain is formed by repeating trimeric units
[Ca3(SA)6(H2O)4]; the 4bpy molecules are held in the lattice
voids by a combination of hydrogen bonding andπ-π
stacking interaction and are not involved in metal coor-
dination. For every Ca3 unit, two molecules of bipyridine
molecules are present. The molecular structure of4 showing

the immediate coordination environment around the metal
ion is shown in Figure 10. The coordination number and
geometry around the metal ion as well as the binding mode
of the salicylate ligand in4 differs from that in1. Two
different coordination numbers are observed for calcium in
4: heptacoordinated Ca(1) with a distorted pentagonal
bipyramidal geometry and hexacoordinated Ca(2) with a
distorted octahedral geometry. The salicylate ligand exhibits
three types of binding modes. The three calcium centers in
each trimeric unit are connected by two bidentate bridging
ligands using the carboxylate oxygen atoms O(4) and O(5).
The carboxylate oxygen atoms O(4) occupy the axial
positions of the octahedron. Furthermore, two tridentate
ligands, which bind to the Ca(1) atom in chelating mode
(using oxygens O(1) and O(2)), also bridge Ca(2) using O(2).
The third binding comes from another set of two tridentate
ligands, which bind Ca(1) and Ca(2) of the trimeric unit using
the bridging oxygen atoms O(7) and O(8) on one hand and
Ca(1) and Ca(1) of two adjacent trimeric units on the other,
using the phenolic oxygen atom O(9). The bridging via the
undissociated phenolic group helps in the propagation of the
polymeric network by connecting the trimeric units together.
One of the axial positions of the pentagonal bipyramid is

Figure 6. Coordination polyhedron of (a)2, (b) 3, (c) 4, (d) 5, and (e)6.

Figure 7. Molecular structure of2. Selected bond distances (Å) and angles
(deg): Sr(1)-O(5) 2.609(2), Sr(1)-O(2) 2.618(2), Sr(1)-O(4) 2.648(1),
Sr(1)-O(4)#1 2.680(2), Sr(1)-N(4) 2.738(2), Sr(1)-O(1) 2.753(2), Sr-
(1)-N(3) 2.761(2), Sr(1)-N(2) 2.814(2), Sr(1)-N(1) 2.824(2), O(4)-Sr-
(1)#1 2.680(2); O(5)-Sr(1)-O(2) 86.26(5), O(5)-Sr(1)-O(4) 49.90(4),
O(2)-Sr(1)-O(4) 97.47(5), O(5)-Sr(1)-O(4)#1 107.12(6), O(2)-Sr(1)-
O(4)#1 67.88(5), O(4)-Sr(1)-O(4)#1 67.04(6), O(5)-Sr(1)-N(4) 149.18-
(4), O(2)-Sr(1)-N(4) 85.82(5), O(4)-Sr(1)-N(4) 160.90(4), O(4)#1-
Sr(1)-N(4) 97.30(6), O(5)-Sr(1)-O(1) 70.20(5), O(2)-Sr(1)-O(1) 48.67(5),
O(4)-Sr(1)-O(1) 113.97(5), O(4)#1-Sr(1)-O(1) 116.49(4), N(4)-Sr(1)-
O(1) 82.31(5), O(5)-Sr(1)-N(3) 146.90(5), O(2)-Sr(1)-N(3) 119.31(6),
O(4)-Sr(1)-N(3) 102.67(5), O(4)#1-Sr(1)-N(3) 68.91(5), N(4)-Sr(1)-
N(3) 60.01(5), O(1)-Sr(1)-N(3) 142.15(5), O(5)-Sr(1)-N(2) 81.53(6),
O(2)-Sr(1)-N(2) 119.66(5), O(4)-Sr(1)-N(2) 116.85(5), O(4)#1-Sr(1)-
N(2) 169.44(4), N(4)-Sr(1)-N(2) 76.72(6), O(1)-Sr(1)-N(2) 71.75(5),
N(3)-Sr(1)-N(2) 100.53(6), O(5)-Sr(1)-N(1) 77.19(5), O(2)-Sr(1)-N(1)
163.45(4), O(4)-Sr(1)-N(1) 71.81(5), O(4)#1-Sr(1)-N(1) 116.78(5),
N(4)-Sr(1)-N(1) 108.50(5), O(1)-Sr(1)-N(1) 123.35(5), N(3)-Sr(1)-
N(1) 76.12(6), N(2)-Sr(1)-N(1) 58.39(5). Symmetry transformations used
to generate equivalent atoms: #1,-x + 1, -y + 2, -z + 1.
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occupied by a bridging carboxylate oxygen atom O(5) and
the other by the phenolic oxygen atom O(9). The five
equatorial positions are occupied by three carboxylate
oxygens and two water oxygens (Figure 6). The coordination
sphere of the heptacoordinated calcium ions (Ca(1)) consists
of two bidentate and one tridentate carboxylate ligands and
two water molecules each. The seventh coordination site is
occupied by the hydroxyl oxygen atom from the neighboring
unit. The coordination site of six-coordinated calcium does
not contain any water molecules.

The two water molecules on Ca(1) are involved in
extensive inter- and intramolecular hydrogen bonding with
phenolic as well as carboxylic oxygen atoms. The phenolic
oxygen atom also forms an intramolecular hydrogen bond
with carboxylate oxygen. The two bipyridine units occupy
the position near each Ca(1) center and are held using
O-H‚‚‚N hydrogen bonds (O(10)-H(10B)‚‚‚N(1) and O(11)-
H(11B)‚‚‚N(2), with coordinated water molecules (Table 2).
Thus, the presence of the coordinated water molecules along
with the undissociated phenolic group results in the formation
of a large number of intra- and intermolecular hydrogen
bonds, giving rise to a three-dimensional supramolecular
architecture (Figure 11).

{[Sr(SA)2(H2O)3](4bpy)1.5(H2O)}n (5). Compound5 forms
a one-dimensional coordination polymer consisting of
{[Sr2(SA)4(H2O)6](4bpy)3(H2O)2} repeating units (Figure 12).
As in 4, the 4bpy units are not coordinated to the metal and
are held in the lattice by a combination of hydrogen bonding
and π-π interactions. Out of the four water molecules in
the asymmetric part, only three are coordinated to the metal,
and the fourth one occupies the lattice voids. The strontium
ion is octacoordinated with a distorted monocapped pen-
tagonal bipyramidal geometry (Figure 6).

The Sr2 units are linked together by two tridentate bridging
salicylate ligands, which chelate to one of the strontium ions
through O(1) and O(2) and bridge the other using O(2). Each
Sr2 unit is connected to the neighboring units using the
phenolic oxygen O(3). Thus, the chelating oxygen atoms
O(1) and O(2), bridging oxygen atom O(2), bridging phenolic
oxygen O(3), and three water oxygens O(7)w, O(8)w, and
O(9)w fill seven of the eight coordination sites of each
strontium ion. The eighth coordination site on the metal is
occupied by a monodentate SA ligand, via the carboxylate
oxygen atom O(5). The bridging carboxylate oxygen atom

Figure 8. One-dimensional polymeric chain in3 (viewed alonga axis). Selected bond distances (Å) and angles (deg): Ba(1)-O(1)#1 2.668(2), Ba(1)-
O(1) 2.668(2), Ba(1)-O(2)#2 2.746(2), Ba(1)-O(2)#3 2.746(2), Ba(1)-N(1) 2.927(3), Ba(1)-N(1)#1 2.927(3), Ba(1)-N(2) 2.995(3), Ba(1)-N(2)#1 2.995-
(3); O(1)#1-Ba(1)-O(1) 92.15(1), O(1)#1-Ba(1)-O(2)#2 88.17(7), O(1)-Ba(1)-O(2)#2 86.20(7), O(1)#1-Ba(1)-O(2)#3 86.20(7), O(1)-Ba(1)-O(2)#3
88.17(7), O(2)#2-Ba(1)-O(2)#3 171.98(0), O(1)#1-Ba(1)-N(1) 161.55(8), O(1)-Ba(1)-N(1) 75.77(8), O(2)#2-Ba(1)-N(1) 104.49(7), O(2)#3-Ba-
(1)-N(1) 79.71(8), O(1)#1-Ba(1)-N(1)#1 75.77(8), O(1)-Ba(1)-N(1)#1 161.55(8), O(2)#2-Ba(1)-N(1)#1 79.71(8), O(2)#3-Ba(1)-N(1)#1 104.49(7),
N(1)-Ba(1)-N(1)#1 119.2(1), O(1)#1-Ba(1)-N(2) 143.19(7), O(1)-Ba(1)-N(2) 112.19(7), O(2)#2-Ba(1)-N(2) 67.30(7), O(2)#3-Ba(1)-N(2) 120.40-
(7), N(1)-Ba(1)-N(2) 55.26(7), N(1)#1-Ba(1)-N(2) 73.21(8), O(1)#1-Ba(1)-N(2)#1 112.19(7), O(1)-Ba(1)-N(2)#1 143.19(7), O(2)#2-Ba(1)-N(2)-
#1 120.40(7), O(2)#3-Ba(1)-N(2)#1 67.30(7), N(1)-Ba(1)-N(2)#1 73.21(8), N(1)#1-Ba(1)-N(2)#1 55.26(7), N(2)-Ba(1)-N(2)#1 63.9(1). Symmetry
transformations used to generate equivalent atoms: #1,-x + 1, y, -z + 1/2; #2, x, -y + 1, z + 1/2; #3, -x + 1, -y + 1, -z.

Figure 9. Hydrogen-bonding pattern in3 when viewed alongc axis.
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O(2) and the phenolic oxygen O(3) form the axis of the
pentagonal bipyramid with a O(2)-Sr-O(3) angle of
172.12°, while the chelating oxygen atom O(2), the water
oxygen atoms O(7), O(8), and O(9) and the terminal
carboxylate oxygen O(5) occupy the five equatorial positions.
The cap position is occupied by the carboxylate oxygen atom
O(1). The coordination through the bridging phenolic group
generates a 12-membered ring consisting of strontium,
carbon, and oxygen atoms. Apart from the metal coordina-
tion, the phenolic group is also involved in the formation of
inter- and intramolecular hydrogen bonds with the carboxy-
late oxygen atom O(1) and bipyridine groups.

There are three molecules of bipyridine corresponding to
each Sr2 unit. One molecule of bipyridine is held near each
strontium center through O-H‚‚‚N hydrogen bonds with
coordinated and uncoordinated water molecules (Table 2).
The other molecules are held in-between the layers of the
one-dimensional chain and are held by hydrogen bonds with
a coordinated water molecule (O(7)-H(7B)‚‚‚N(2)). Bipy-
ridine groups are arranged parallel to each other in the crystal
voids. The formation of hydrogen bonds in5 is shown in
Figure 13.

{[Ba(SA)2(H2O)3](4bpy)1.5(H2O)}n (6). Although the
molecular formula of compound6 is similar to that of5, the
molecular structure is considerably different in terms of
coordination number of the metal ion as well as binding

geometry of the ligand. The barium atoms are heptacoordi-
nated with distorted pentagonal bipyramidal geometry.
Similar to 4 and5, compound6 is also a one-dimensional
coordination polymer, consisting of repeating units of [Ba2-
(SA)4(H2O)6](4bpy)3(H2O)2 (Figure 14). The larger Ba ion
in 6 has a lower coordination number than Sr in5, and to
the best of our knowledge, such an observation is uncommon
for the complexes formed by these ions from the same set
of ligands.

In 5, the Sr2 units are linked by two tridentate bridging
salicylate ligands, while the Ba2 units in6 are linked by two
bidentate bridging ligands. These bidentate ligands coordinate
through the carboxylate oxygen atoms, forming an eight-
membered ring involving Ba, O, and C atoms. The axis of
the pentagonal bipyramid is formed by the bridging car-
boxylate oxygen atom O(5) and by bridging phenolic oxygen
atom O(6). The carboxylate oxygens O(4) and O(1) and the
three water oxygens O(7), O(8), and O(9) occupy the
equatorial positions (Figure 6). The coordination as well as
the hydrogen-bonding properties of the phenolic group is
similar to that in the case of5.

The uncoordinated water molecules are held in the lattice
by the formation of multiple hydrogen bonds with coordi-
nated water molecules and noncoordinated carboxylate
oxygen atom O(2). Two of the coordinated water molecules
on each barium ion form intramolecular hydrogen bonds with

Figure 10. Molecular structure of4. Selected bond distances (Å) and angles (deg): Ca(1)-O(5) 2.319(1), Ca(1)-O(11) 2.368(2), Ca(1)-O(10) 2.369(2),
Ca(1)-O(9) 2.436(1), Ca(1)-O(8) 2.485(1), Ca(1)-O(1) 2.495(1), Ca(1)-O(2) 2.539(1), Ca(2)-O(7) 2.280(1), Ca(2)-O(7)#1 2.280(1), Ca(2)-O(4)#1
2.309(1), Ca(2)-O(4) 2.309(1), Ca(2)-O(2)#1 2.349(1), Ca(2)-O(2) 2.349(1); O(5)-Ca(1)-O(11) 102.42(6), O(5)-Ca(1)-O(10) 79.19(5), O(11)-Ca-
(1)-O(10) 71.00(6), O(5)-Ca(1)-O(9) 169.30(5), O(11)-Ca(1)-O(9) 87.46(5), O(10)-Ca(1)-O(9) 100.54(5), O(5)-Ca(1)-O(8) 116.37(5), O(11)-Ca-
(1)-O(8) 74.97(5), O(10)-Ca(1)-O(8) 145.04(5), O(9)-Ca(1)-O(8) 69.86(5), O(5)-Ca(1)-O(1) 91.17(5), O(11)-Ca(1)-O(1) 137.25(5), O(10)-Ca(1)-
O(1) 72.16(5), O(9)-Ca(1)-O(1) 78.67(5), O(8)-Ca(1)-O(1) 133.88(4), O(5)-Ca(1)-O(2) 88.65(4), O(11)-Ca(1)-O(2) 164.50(5), O(10)-Ca(1)-O(2)
122.40(5), O(9)-Ca(1)-O(2) 82.47(4), O(8)-Ca(1)-O(2) 90.46(4), O(1)-Ca(1)-O(2) 51.84(4), O(10)-Ca(1)-O(7) 150.29(5), O(9)-Ca(1)-O(7) 108.37-
(4), O(8)-Ca(1)-O(7) 47.29(4), O(1)-Ca(1)-O(7) 119.69(4), O(2)-Ca(1)-O(7) 69.38(4), O(7)-Ca(2)-O(7)#1 180.00(6), O(7)-Ca(2)-O(4)#1 85.30-
(5), O(7)#1-Ca(2)-O(4)#1 94.70(5), O(7)-Ca(2)-O(4) 94.70(5), O(7)#1-Ca(2)-O(4) 85.30(5), O(4)#1-Ca(2)-O(4) 180.000(1), O(7)-Ca(2)-O(2)#1
95.43(5), O(7)#1-Ca(2)-O(2)#1 84.57(5), O(4)#1-Ca(2)-O(2)#1 86.14(5), O(4)-Ca(2)-O(2)#1 93.86(5), O(7)-Ca(2)-O(2) 84.57(5), O(7)#1-Ca(2)-
O(2) 95.43(5), O(4)#1-Ca(2)-O(2) 93.86(5), O(4)-Ca(2)-O(2) 86.14(5), O(2)#1-Ca(2)-O(2) 180.000(1), O(7)-Ca(2)-Ca(1)#1 130.49(4). Symmetry
transformations used to generate equivalent atoms: #1,-x + 2, -y, -z + 1.
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two water molecules from the neighboring barium ions in
the Ba2 unit. The third water molecule forms intramolecular
hydrogen bonds with the uncoordinated carboxylate oxygen
atom O(2). It also forms a hydrogen bond with uncoordinated
water oxygen O(10).

The 4bpy in6 is not coordinated to the metal, and the
chemical interactions involving this ligand are the same as
those in5. There are three molecules of bipyridine for each
Ba2 unit. Two molecules are held near each barium center,
using O-H‚‚‚N hydrogen bonds (O(9)-H(9A)‚‚‚N(1) and
O(10)-H(10B)‚‚‚N(2)) with coordinated water molecules
and noncoordinated water molecules. The third one is held
in-between the layers of one-dimensional chains and is also
held by a hydrogen bond, with a coordinated water molecule
(O(7)-H(7A)‚‚‚N(3)) (Table 2). The presence of a large
number of inter- and intramolecular hydrogen bonds in6

gives rise to a three-dimensional supramolecular architecture,
similar to that found in5 (see the Supporting Information).
All the Ba-O bond lengths around the metal center are
different and range from 2.687(2) to 2.830(3) Å. The longer
distances are those arising from coordinated water molecules,
and the shortest distance is due to the bridging carboxylate
oxygen atom.

Powder X-ray Diffraction (PXRD) Studies. The PXRD
of bulk samples of1-6 resulted in diffraction patterns that
are indicative of the highly crystalline nature of the samples.
Furthermore, it has been established that the PXRD pattern
simulated from the single-crystal diffraction data of all
samples match well with the experimentally measured PXRD
profiles for the bulk samples obtained directly from the
reaction mixture (see the Supporting Information). In the case
of 4, additional peaks were observed, probably due to
presence of a second product, [Ca(SA)2(4bpy)2(H2O)2]n, in
the bulk sample.45

Thermal Decomposition Studies.Thermal analyses of
complexes1-6 have been carried out to establish the
presence of water molecules and to derive the information
to study the bulk decomposition to produce inorganic oxide/
carbonate materials. The thermogravimetric analysis (TGA)
profiles of compounds1-3 do not show any weight loss up
to 200°C, indicating the absence of any coordinated or lattice
water molecules, while those of4-6 show a weight loss at
temperatures as low as 38-195 °C, thus confirming the
presence of coordinated/lattice water molecules. The TGA
profiles of compounds4-6 show a weight loss correspond-
ing to the loss of four water molecules each. For phen
complexes1-3, the major weight losses which occur around
200-300°C correspond to the loss of the organic moieties,
while for 4bpy derivatives4-6, the decomposition of
aromatic moieties takes place at a higher temperature (300-
580 °C). In all the cases, the final decomposition products
are either the respective metal oxides or carbonates. While
the decomposition for phenanthroline complexes is complete

Table 2. Hydrogen Bond Lengths (Å) and Angles (deg) in4-6

D-H‚‚‚A D-H, Å H‚‚‚A, Å D‚‚‚A, Å ∠DHA, deg

4
O(3)-H(3A)‚‚‚O(1) 0.93(3) 1.683(3) 2.543(2) 152(3)
O(10)-H(10B)‚‚‚N(1) 0.93(2) 1.848(2) 2.749(2) 164(2)
O(6)-H(6A)‚‚‚O(5)a 0.91(3) 1.644(3) 2.507(2) 157(3)
O(9)-H(9A)‚‚‚O(8)b 0.87(3) 1.723(3) 2.525(2) 152(3)
O(11)-H(11A)‚‚‚O(6)c 0.80(3) 2.168(2) 2.914(2) 156(3)
O(10)-H(10A)‚‚‚O(6)c 0.79(3) 2.075(3) 2.858(2) 173(3)
O(11)-H(11B)‚‚‚N(2)d 0.87(3) 1.88(3) 2.723(2) 162(3)

5
O(3)-H(3A)‚‚‚O(1) 0.76(3) 1.82(3) 2.549(2) 160(4)
O(6)-H(6A)‚‚‚O(5) 0.70(3) 1.89(3) 2.557(3) 157(3)
O(7)-H(7A)‚‚‚O(10) 0.92(5) 1.99(5) 2.909(3) 177(5)
O(7)-H(7B)‚‚‚N(2) 0.74(3) 2.03(3) 2.758(3) 167(4)
O(9)-H(9A)‚‚‚O(10) 0.89(4) 2.12(4) 2.876(3) 153(4)
C(7)-H(7)‚‚‚O(4) 0.89(3) 2.87(3) 3.570(3) 137 (3)
C(7)-H(7)‚‚‚O(5) 0.89(3) 2.66(3) 3.487(3) 155(3)
C(29)-H(29)‚‚‚O(9)e 0.82(4) 3.00(4) 3.737(4) 151(3)
C(29)-H(29)‚‚‚O(10)e 0.82(4) 2.80(4) 3.499(4) 144 (3)
O(8)-H(8B)‚‚‚O(7)f 0.75(4) 2.21(4) 2.956(4) 175(4)
C(26)-H(26)‚‚‚O(10)f 0.82(4) 2.91(4) 3.611(4) 145 (4)
O(9)-H(9B)‚‚‚O(4)f 0.87(4) 1.84(4) 2.698(3) 166(4)
C(24)-H(24)‚‚‚O(6)g 0.87(4) 2.76(4) 3.628(4) 176 (3)
C(4)-H(4)‚‚‚O(4)g 0.80(3) 2.69(3) 3.469(3) 164 (3)
C(4)-H(4)‚‚‚O(5)g 0.80(3) 2.80(3) 3.480(3) 145(3)
C(18)-H(18)‚‚‚O(6)g 0.85(3) 2.93(3) 3.681(4) 149 (3)
C(11)-H(11)‚‚‚O(6)h 0.91(3) 2.67(3) 3.489(4) 152(3)
C(25)-H(25)‚‚‚O(9)i 0.9 (5) 2.99(4) 3.850(4) 152(3)
O(10)-H(10B)‚‚‚O(4)j 0.78(4) 2.01(4) 2.774(3) 170 (4)
O(10)-H(10A)‚‚‚N(1)k 0.62(3) 2.23(3) 2.824(3) 164(4)

6
O(3)-H(3A)‚‚‚O(1) 0.79(5) 1.85(5) 2.565(3) 150 (5)
O(7) -H(7A)‚‚‚N(3) 0.81(5) 2.08(5) 2.869(4) 167(5)
O(8)-H(8A)‚‚‚O(2) 0.85(5) 1.97(5) 2.789(4) 162(5)
O(6)-H(6A)‚‚‚O(4)l 0.85(4) 1.72(4) 2.511(3) 153(5)
O(9)-H(9B)‚‚‚O(10)l 0.79(4) 2.09(4) 2.859(4) 166(4)
O(8)-H(8B)‚‚‚O(10)l 0.82(5) 2.26(5) 2.984(4) 149(5)
O(9)-H(9A)‚‚‚N(1)l 0.824(5) 1.93(5) 2.739(4) 168(5)
O(7)-H(7B)‚‚‚O(9)m 0.805(5) 2.14(5) 2.942(4) 174(4)
O(10)-H(10A)‚‚‚O(2)n 0.827(4) 1.96(4) 2.778(3) 173(5)
O(10)-H(10B)‚‚‚N(2)o 0.771(5) 2.13(5) 2.877(4) 163(5)

a Equivalent positions:-x + 2, -y, -z + 1. b Equivalent positions:
-x + 1, -y, -z + 1. c Equivalent positions:x - 1, +y + 1, +z.
d Equivalent positions:x, +y - 1,+z + 1. e Equivalent positions:-x +
1, -y + 1, -z+ 1. f Equivalent positions:-x, -y + 1, -z+ 1. g Equivalent
positions: x + 1, +y, +z. h Equivalent positions:-x, -y + 1, -z.
i Equivalent positions:x, +y - 1, +z. j Equivalent positions:x, +y + 1,
+z. k Equivalent positions:-x + 1, -y + 1, -z. l Equivalent positions:
-x + 1, -y + 1, -z + 1. m Equivalent positions:-x + 2, -y + 1, -z +
1. n Equivalent positions:x - 1, +y + 1, +z. o Equivalent positions:-x
+ 1, -y + 1, -z.

Figure 11. Hydrogen-bonding pattern in4.
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by around 500-600 °C, the bipyridine complexes form the
oxide materials only at around 700°C.

Structural Chemistry of Calcium. Since calcium plays
an important role in the structural biochemistry of almost
all living organisms, the nature as well as the consequence
of ligand binding of calcium needs special attention com-
pared with other group 2 ions. An analysis of the coordination
number and geometries of calcium in its complexes provides
information which is helpful in the derivation of the action
of biomolecules. The CSD and PDB databases have been
used before for the analysis of calcium-containing complexes
and biomolecules.29,30However, by taking into consideration
that several new compounds and new coordination environ-

ments have been realized in the last 5 years, we have
undertaken a detailed analysis of calcium-containing com-
plexes in the literature as available in the November 2006
version of the CSD.

A total of 987 crystal structures containing calcium have
been deposited in the CSD, of which 644 contain either O
or N as donor atoms. Since our interest is to investigate the
coordination environments of calcium in its carboxylate

Figure 12. Polymeric chain in5. (lattice 4bpy units and water are not shown). Selected bond distances (Å) and angles (deg): Sr(1)-O(2)#1 2.530(2),
Sr(1)-O(5)#1 2.550(2), Sr(1)-O(9) 2.551(2), Sr(1)-O(1) 2.580(2), Sr(1)-O(8) 2.607(2), Sr(1)-O(7) 2.626(2), Sr(1)-O(3)#2 2.688(2), Sr(1)-O(2) 2.823-
(2); O(2)#1-Sr(1)-O(5)#1 89.95(6), O(2)#1-Sr(1)-O(9) 91.76(6), O(5)#1-Sr(1)-O(9) 71.99(6), O(2)#1-Sr(1)-O(1) 122.76(5), O(5)#1-Sr(1)-O(1)
134.22(6), O(9)-Sr(1)-O(1) 130.24(6), O(2)#1-Sr(1)-O(8) 79.58(7), O(5)#1-Sr(1)-O(8) 75.96(6), O(9)-Sr(1)-O(8) 146.78(7), O(1)-Sr(1)-O(8) 79.54-
(6), O(2)#1-Sr(1)-O(7) 88.42(6), O(5)#1-Sr(1)-O(7) 139.76(6), O(9)-Sr(1)-O(7) 67.88(7), O(1)-Sr(1)-O(7) 77.67(6), O(8)-Sr(1)-O(7) 142.67(6),
O(2)#1-Sr(1)-O(3)#2 172.12(5), O(5)#1-Sr(1)-O(3)#2 82.18(6), O(9)-Sr(1)-O(3)#2 85.48(6), O(1)-Sr(1)-O(3)#2 64.05(6), O(8)-Sr(1)-O(3)#2 98.74-
(7), O(7)-Sr(1)-O(3)#2 97.35(6), O(2)#1-Sr(1)-O(2) 74.79(6), O(5)#1-Sr(1)-O(2) 146.94(5), O(9)-Sr(1)-O(2) 136.18(6), O(1)-Sr(1)-O(2) 48.15-
(5), O(8)-Sr(1)-O(2) 72.56(6), O(7)-Sr(1)-O(2) 70.19(6), O(3)#2-Sr(1)-O(2) 112.19(5). Symmetry transformations used to generate equivalent atoms:
#1, -x, -y + 1, -z + 1; #2, -x + 1, -y + 1, -z + 1.

Figure 13. Formation of hydrogen bonds in5.

Figure 14. Molecular structure of6 (the hydrogen atoms on the aromatic
ring, nonbonded′4bpy, and water molecules are omitted for clarity). Selected
bond distances (Å) and angles (deg): Ba(1)-O(5) 2.687(2), Ba(1)-O(1)
2.706(2), Ba(1)-O(4) 2.743(2), Ba(1)-O(8) 2.768(3), Ba(1)-O(7) 2.815-
(3), Ba(1)-O(6) 2.824(2), Ba(1)-O(9) 2.830(3); O(5)-Ba(1)-O(1) 90.44-
(6), O(5)-Ba(1)-O(4) 122.86(6), O(1)-Ba(1)-O(4) 130.86(7), O(5)-
Ba(1)-O(8) 92.96(7), O(1)-Ba(1)-O(8) 72.06(8), O(4)-Ba(1)-O(8)
132.09(8), O(5)-Ba(1)-O(7) 76.94(8), O(1)-Ba(1)-O(7) 77.42(7), O(4)-
Ba(1)-O(7) 76.82(7), O(8)-Ba(1)-O(7) 147.76(8), O(5)-Ba(1)-O(6)
170.95(7), O(1)-Ba(1)-O(6) 80.59(6), O(4)-Ba(1)-O(6) 63.63(6), O(8)-
Ba(1)-O(6) 85.48(7), O(7)-Ba(1)-O(6) 99.72(8), O(5)-Ba(1)-O(9)
90.57(7), O(1)-Ba(1)-O(9) 138.65(7), O(4)-Ba(1)-O(9) 81.08(7), O(8)-
Ba(1)-O(9) 66.61(8), O(7)-Ba(1)-O(9) 142.55(7), O(6)-Ba(1)-O(9)
96.96(7).
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complexes, our analysis is limited to only those in which
calcium is coordinated to a carboxylate group. There are 131
crystal structures in this category with 225 calcium binding
sites. It is observed that although calcium forms coordination
number as low as three, it prefers to have coordination
numbers of six, seven, and eight in most of its carboxylate
complexes, of which eight is the most preferred. Thus, out
of the 225 binding sites, a total of 34 sites (15%) are found
to have coordination numbers of six and 63 (28%) have a
coordination number of seven, while 117 binding sites (52%)
account for a coordination number of eight. Entries contain-
ing nine-coordinated calcium comprise of only 4% (nine
binding sites) of the total calcium carboxylates. Only one
crystal structure (HIFLIR) was found in which calcium has
10 and/or 11 coordination numbers.

Out of the total 131 crystal structures for calcium car-
boxylates, only 17 contain at least one nitrogen atom in the
coordination sphere. Interestingly, there are no reports of

calcium carboxylates in the CSD in which calcium is bonded
to phen or 2,2′-bipyridine. In the only example where the
calcium carboxylate complex contains 4bpy ligand (PAR-
HAS), the 4bpy ligand is not coordinated to the metal, as in
complexes4-6. A similar compound with 1,2-bis(4-pyridyl)-
ethane has also been found in the CSD (PARHEW). The
number and percentages of calcium binding sites (from the
CSD) exhibiting different coordination numbers in its car-
boxylate complexes and the corresponding refcodes are given
in the Supporting Information.

Conclusions

Our investigations on alkaline-earth metal salicylates, in
the presence of two kinds of pyridinic auxiliaries (phen and
4bpy), have given rise to a variety of structural variations.
The notable difference between phen complexes and 4bpy
complexes is that, in the former case, phen occupies the
coordination sphere of the metal in all three cases, while

Figure 15. Schematic representation of the salicylate precursor complexes and the compounds1-6 derived from them.
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4bpy is not coordinated to the metal in all the examples.
However, the structures of the resulting metal complexes
have shown considerable difference when compared with the
metal salicylate complex formed in the absence of ancillary
amines (Figure 15). For example, the presence of the
ancillary amine changes the denticity of the carboxylate
ligand, which in turn, alters the coordination environment
around the metal center. The phen ligand changes the
denticity of the ligand by chelation to the metal center, while
the 4bpy ligand changes it even without metal coordination.
In all the compounds, except1 and3, the salicylate ligands
exhibit more than one kind of binding mode. In1 and3, the
salicylate ligand is bridging bidentate, which is different than
that found in the corresponding precursor complex (bridging
tridentate). Thus, the phen ligand decreases the denticity of
the salicylate ligand in1 and3, while for Sr complex2, bi-
and tridentate ligands are observed. The presence of 4bpy
ligand, on the other hand, gives rise to more interesting
properties of the salicylate ligand. Although the Sr and Ba
derivatives (5 and6) contain a monodentate salicylate ligand
each, it is observed that in general the denticity properties
of carboxylate ligands increase. The calcium derivative4
has three types of carboxylate ligand, a bidentate bridging
ligand and two tridentate bridging ligands. Among the two
tridentate ligands, one uses carboxylate oxygens and other
one uses carboxylate and phenolic oxygen atoms for metal
binding. The most interesting behavior is exhibited by the
phenolic group: for phenanthroline complexes (1-3), the
phenolic group is involved only in the formation of hydrogen
bonding. On the other hand, for bipyridine complexes, the

phenolic group is involved in metal coordination as well as
hydrogen-bond formation and thus helps to extend the
polymeric framework.

The third property arising as a result of amine incorpora-
tion is that the molecular structures of phenanthroline
complexes1-3 do not have any coordinated water mol-
ecules, while those of bipyridine complexes crystallize with
coordinated/noncoordinated water molecules, which may
enter into various inter-/intramolecular hydrogen bonding
configurations. The O-H‚‚‚O hydrogen bonding between the
ligands and the water molecules is of particular note, as this
has marked influence on the solubility properties of the
complexes. While1-3 are only sparingly soluble in water,
complexes 4-6 are readily soluble in water at room
temperature (RT). A comparison of the structural features
in 1-6 with those of the parent metal salicylates is given in
Table 3.

Experimental Section

Instruments and Methods.The melting points were measured
in glass capillaries and are reported uncorrected. Elemental analyses
are performed on a Thermoquest Flash EA 1112 series CHNS
analyzer. Infrared spectra were recorded on a Perkin-Elmer
Spectrum One spectrometer as KBr diluted thin plates in the solid
state. The UV-vis absorption and fluorescence spectra of the
complexes were recorded at RT using a JASCO V-570 UV/vis/
NIR spectrophotometer and a Perkin-Elmer LS 55 Luminescence
spectrophotometer, respectively. For absorption and emission
measurements, spectrophotometric grade methanol was used as
solvent. The fluorescence lifetime measurements were carried out
at IIT Bombay, using TCSPC method on a HORIBA Jobin Yvon
IBH Fluorocube equipped with a nanoLED source. TGA and

Table 3. A Comparison of Structural Features in Compounds1-6 with Precursorsa

complex cryst syst
space
group nuclearity

metal ion
coordination

number
coordination geometry

around M ion
role of carboxylate

ion

[Ca(SA)2(OH2)2]n (A) monoclinic C2/c polymer eight square antiprism tridentate chelating
[Ca(SA)2(phen)]n (1) orthorhombic Pnab polymer six octahedral bidentate bridging
{Ca3(SA)6(H2O)4](4bpy)2}n (4) triclinic P1h polymer six and seven octahedral/pentagonal

bipyramidal
bidentate/tridentate

bridging via
carboxylate/phenolic

[Sr(SA)2(OH2)2]n monoclinic C2/c polymer eight square antiprism tridentate chelating
[Sr2(SA)4(phen)4] (2) triclinic P1h dimer nine monocapped

square antiprismatic
chelating bidentate as

well as tridentate
[Sr(SA)2(H2O)3]n(4bpy)1.5-

(H2O)n (5)
triclinic P1h polymer eight monocapped pentagonal

bipyramidal
mono-/tetradentate

via carboxylate
as well as phenolic

[Ba(SA)2(phen)2]n (3) monoclinic C2/c polymer eight bicapped octahedral bidentate chelating
[Ba(SA)2(4bpy)1.5(H2O)4]n (6) triclinic P1h polymer seven pentagonal bipyramidal

geometry
mono-/tridentate

via carboxylate
and phenolic Continued

complex
hydrogen bond

distinctive features
M-O bond
lengths (Å) M-N bond lengths (Å) ref

[Ca(SA)2(OH2)2]n O-H‚‚‚O 2.379 to 2.632 15
[Ca(SA)2(phen)]n (1) O-H‚‚‚O as well as C-H‚‚‚O 2.245 and 2.363 2.5052 this work
{Ca3(SA)6(H2O)4](4bpy)2}n (4) O-H‚‚‚O, C-H‚‚‚O, and O-H‚‚‚N 2.280(1) to 2.539(1) this work
[Sr(SA)2(OH2)2]n (B) O-H‚‚‚O 2.517 to 2.753 15
[Sr2(SA)4(phen)4] (2) O-H‚‚‚O and C-H‚‚‚O 2.609(2) to 2.680(2) 2.738(2) to 2.824(2) this work
[Sr(SA)2(H2O)3]n(4bpy)1.5-

(H2O)n (5)
O-H‚‚‚O, C-H‚‚‚O, and O-H‚‚‚N 2.530(2) to 2.823(2) this work

[Ba(SA)2(phen)2]n (3) O-H‚‚‚O and C-H‚‚‚O 2.668(2) to 2.995(3) 2.927(9) to 2.995(1) this work
[Ba(SA)2(4bpy)1.5(H2O)4]n (6) O-H‚‚‚O, C-H‚‚‚O, and O-H‚‚‚N 2.687(2) to 2.824(2) this work

a All the polyhedral arrangements around the metal are highly distorted from normal.
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differential thermal analysis were carried out on a Perkin-Elmer
Pyris/ Diamond thermal analysis system under a stream of nitrogen
gas. The1H and13C NMR spectra were recorded on a Varian 300
MHz instrument using Me4Si as a reference. X-ray powder
diffraction data were obtained with a Philips X’Pert PRO X-ray
Diffraction System using monochromated Cu KR1 radiation (λ
)1.5406 Å).

Single-Crystal X-ray Diffraction Studies. The intensity data
collection for compounds1 and3 has been carried out on a Nonius
MACH3 diffractometer, for2 on a Siemens STOE AED2 four-
circle diffractometer, and for4-6 on an Oxford Diffraction
XCalibur-S diffractometer, equipped with a CCD system. The unit
cell dimensions were determined using approximately 25 well-
centered and well-separated high angle reflections in each case.
Intensity data collection and cell determination protocols were
carried out using a graphite-monochromatized Mo KR radiation (λ
) 0.71073 Å) in all the three diffractometers. The resultant intensity
data have been corrected for Lorentz polarization and absorption
effects, wherever necessary. Structure solution for each of the
compounds was obtained using direct methods as implemented in
WinGX platform (SHELXS-97)57 and refined using full-matrix least-
square methods onF2 using SHELXL-97.57 The hydrogen atoms
were either located in the successive difference maps or were
geometrically fixed and refined using a riding model. All non-
hydrogen atoms were refined anisotropically. A summary of the
crystal data, structure solution and refinement are given in Table
4.

Database Analyses.The Cambridge Structural Database (CSD)
was searched using QUEST for all published crystal structures
containing divalent calcium ions in which calcium is bonded to
one or more carboxylate groups.58 We limited our search to those
for which crystallographicR factors is less than 0.10. This file
obtained from the CSD was then analyzed for different coordination

environments around calcium ion, and compared with the structures
reported in this article.

Synthesis. [Ca(SA)2(phen)]n (1). A solution of 1,10-phenan-
throline (phen) (0.2703 g, 1.5 mmol) in MeOH (20 mL) was added
slowly along the wall of the beaker to a solution of [Ca(SA)2(OH2)2]
(0.1772 g, 0.5 mmol) in MeOH/H2O mixture (20 mL, 1:1) without
causing any disturbance. The resultant solution was kept undisturbed
for recrystallization at RT. Colorless needle-shaped single crystals
were observed to form overnight. Mp:>200 °C. Yield: 0.160 g,
64% (based on [Ca(SA)2(OH2)2]). Anal. Calcd for CaC26H18O6N2:
C, 63.1; H, 3.7; N, 5.7. Found: C, 62.4; H, 3.4; N, 5.5. IR (KBr,
cm-1): 3444 (w), 3060 (w), 1654 (s), 1618 (s), 1596 (s), 1488 (s),
1467 (m), 1391 (s), 1358 (s), 1256 (m), 1207 (w), 1148 (m), 1030
(w), 864 (s), 846 (s), 760 (s).1H NMR (DMSO-d6, 400 MHz): δ
6.62-6.66 (m, 2H,Hg), (3JHH ) 7.32 Hz,4JHH) 1.22 Hz), 6.65-
6.67 (d, 2H,He), (3JHH ) 7.94 Hz), 7.18 (m, 2H,Hf), (3JHH ) 7.94
Hz, 4JHH ) 1.52 Hz), 7.72 (dd, 2H,Hh), (3JHH ) 7.94 Hz,4JHH

)1.83 Hz), 7.79 (dd, 2H,Hc), (3JHH )7.96 Hz,4JHH ) 4.27 Hz),
8.01 (s, 2H,Ha), 8.51(dd, 2H,Hb), (3JHH )7.96 Hz,4JHH ) 1.83
Hz), 9.12 (s, 2H,Hd), 15.52 (s, 2H, OH) ppm.13C NMR (DMSO-
d6, 400 MHz): δ 115.99 (Cj), 116.6 (Ch), 119.6 (Cl), 123.5 (Cd),
127.0 (Ca), 128.5 (Cb), 130.2 (Ck), 132.1(Cm), 136.6 (Cc), 145.3
(Cf), 150.2 (Ce),162.3 (Ci), 172.9 (Cg) ppm. UV-vis (CH3OH, nm,
ε, cm-1 M-1): 207 (6.7× 104), 229 (1.4× 105), 262 (1.2× 105).
Fluorescence (λex )262 nm, CH3OH): 366 and 383 nm (emission);
271 and 295 nm (excitation). Fluorescence lifetime (τ, ns): 5.41.

[Sr2(SA)4(phen)4] (2). To a solution of [Sr(SA)2(OH2)2]n (0.3978
g, 1 mmol) in MeOH (50 mL)/H2O (20 mL) phen (0.1352 g, 0.75
mmol) was added, and the resulting solution was stirred 30 min,
filtered, and the resulting solution was kept at RT for crystallization.
Colorless diamond-shaped crystals were formed in several days.
Mp: >200°C. Yield: 0.309 g, 43% (based on [Sr(SA)2(OH2)2]n).

(57) (a) Sheldrick, G. M.SHELXS-97. Program for Crystal Structure
Solution; University of Göttingen: Göttingen, Germany, 1997. (b)
Sheldrick, G. M.SHELXL-97. Program for Crystal Structure Refine-
ment; University of Göttingen: Göttingen, Germany, 1997.

(58) Allen, F. H.; Bellard, S.; Brice, M. D.; Cartwright, B. A.; Doubleday,
A.; Higgs, H.; Hummelink, T.; Hummelink-Peters, G. G.; Kennard,
O.; Motherwell, W. D. S.; Rodgers, J. R.; Watson, D. G. The
Cambridge Crystallographic Data Centre: computer-based search,
retrieval, analysis and display of information.Acta Crystallogr. 1979,
B35, 2331.

Table 4. Crystallographic Cell Parameters and Experimental Details of X-ray Intensity Data Collection for Metal Complexes

1 2 3 4 5 6

identification code rm152c mur106 rm186a newrm055 newrm072 newrm063
empirical formula C26H18CaN2O6 C38H26N4O6Sr C38H26BaN4O6 C62H54Ca3N4O22 C29H30N3O10Sr C29H30BaN3O10

fw 494.50 722.25 771.97 1327.33 668.18 717.90
T, K 293(2) 133(2) 293(2) 150(2) K 151(2) 150(2)
λ, Å 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system orthorhombic triclinic monoclinic triclinic triclinic triclinic
space group Pnab P1h C2/c P1h P1h P1h
a, Å 7.6730(11) 10.918(2) 14.399(1) 10.199(1) 9.226(1) 9.4822(4)
b, Å 12.5220(7) 12.548(3 22.178(2) 11.988(3) 11.893(2) 12.147(2)
c, Å 23.897(1) 13.458(3) 10.233(1) 14.257(3) 13.354(4) 13.216(2)
R, (deg) 90 107.35(3) 90 67.05(2) 87.998(17) 88.160
â, (deg) 90 113.53(3) 99.222(8 77.69(2) 82.001(16) 83.952(8)
γ, (deg) 90 97.20(3) 90 74.00(2) 82.509(11) 81.449(8)
V, Å3 2296.1(4) 1549.3(5) 3225.5(5) 1532.0(5) 1438.3(5) 1496.7(3)
Z 4 2 4 1 2 2
F (calcd), Mg/m3 1.431 1.548 1.590 1.439 1.543 1.593
abs coeff, mm-1 0.320 1.798 1.287 0.353 1.938 1.388
F(000) 1024 736 1544 690 686 722
crystal size, mm3 0.40× 0.15× 0.10 0.30× 0.30× 0.20 0.35× 0.30× 0.25 0.35× 0.30× 0.30 0.33× 0.28× 0.17 0.42× 0.36× 0.32
θ range 1.70 to 24.97 1.77 to 24.78 1.70 to 27.47 3.03 to 25.00 3.00 to 25.00 2.95 to 25.00
total reflns 1994 25 348 3907 16 845 14 661 13 808
unique reflns 1994 5283 3701 5375 5021 5263
goodness of fit onF2 0.982 1.050 1.057 1.129 1.050 1.099
R1 [I > 2σ(I)] 0.0517 0.0243 0.0335 0.0299 0.0301 0.0259
R2 [I > 2σ(I)] 0.0944 0.0599 0.0747 0.0742 0.0810 0.0632
largest peak, e Å3 0.238 0.742 0.750 0.243 0.759 0.792
largest hole, e Å3 -0.328 -0.275 -0.953 -0.228 -0.446 -1.306
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Anal. Calcd for Sr2C76H52O12N8: C, 63.2; H, 3.6; N, 7.8. Found:
C, 63.0; H, 3.7; N, 7.3. IR (KBr, cm-1); 3435 (w), 1625 (m), 1592
(m), 1561 (m) 1513 (s), 1489 (s), 1459 (s), 1423 (m), 1394 (s),
1355 (s), 1257 (m), 1139 (m), 861 (s), 845 (s), 763 (s).1H NMR
(DMSO, 400 MHz): δ 6.60-6.70 (m, 4H,He, Hg), (3JHH ) 7.70
Hz), 7.18 (m, 2H,Hf), (3JHH ) 7.67 Hz,4JHH ) 2.44 Hz), 7.70
(dd, 2H,Hh), (4JHH ) 1.83 Hz,3JHH ) 7.64 Hz), 7.8 (dd, 4H,Hc)
(3JHH ) 8.07 Hz,4JHH ) 4.40 Hz), 8.02 (s, 4H,Ha), 8.52 (dd, 4H,
Hb) (4JHH ) 1.46 Hz,3JHH ) 8.07 Hz), 9.12 (dd, 4H,Hd), (4JHH )
1.47 Hz,3JHH ) 4.03 Hz), 15.41 (s, 4H, OH) ppm. UV-vis (CH3-
OH, nm): 208 (1.3× 105), 229 (2.0× 105), 264 (1.2× 105).
Fluorescence (λex ) 263 nm, CH3OH): 366 and 383 nm (emission);
270 and 293 (excitation) nm. Fluorescence lifetime (τ, ns): 5.50.

[Ba(SA)2(phen)2]n (3). [Ba(SA)2(OH2)2]n (0.4476 g, 1 mmol)
was dissolved in H2O/MeOH mixture (10/ 20 mL) and to the above
solution phen (0.3604 g, 2 mmol) was added. The resulting solution
was heated for 10 min on a water bath, filtered, and kept at RT for
crystallization. Colorless diamond-shaped crystals were formed
within few hours. Mp:>235-240°C. Yield: 0.463 g (60% based
on [Ba(SA)2(OH2)2]n). Anal. Calcd for BaC38H26O6N4: C, 59.1;
H, 3.4; N, 7.3. Found: C, 58.8; H, 3.4; N, 6.4. IR (KBr, cm-1);
3445 (w), 3067 (w), 1637 (s), 1623 (s), 1557 (s), 1566 (s), 1479
(s), 1457 (s), 1420 (s), 1377 (s), 1335 (s), 1251 (m), 856 (s), 848
(s), 761 (s).1H NMR (DMSO-d6, 400 MHz): δ 6.60 (t, 2H,Hg)
(3JHH ) 7.33 Hz), 6.62 (d, 2H,He) (3JHH) 8.8 Hz), 7.14 (m, 2H,
Hf) (3JHH )7.52 Hz,4JHH ) 2.20 Hz), 7.66 (dd, 2H, Hh) (4JHH )
1.47 Hz,3JHH ) 7.33 Hz), 7.76 (dd, 2H,Hc), (3JHH ) 8.07 Hz,
4JHH ) 4.40 Hz), 8.0(s, 4H,Ha), 8.51 (dd, 4H,Hb), (3JHH ) 8.07
Hz, 4JHH ) 1.47 Hz), 9.11 (dd, 4H,Hd) (3JHH ) 4.40 Hz,4JHH )
1.47 Hz) ppm. UV-vis (CH3OH, nm,ε, cm-1 M-1): 212 (1.5×
105), 229 (2.03× 105), 264 (1.94× 105), Fluorescence (λex ) 262
nm, CH3OH): 366 and 383 nm (emission); 271 and 292 nm
(excitation). Fluorescence lifetime (τ, ns): 5.44.

Synthesis of Compounds 4-6. Compounds4-6 were prepared
using similar synthetic procedure starting from the corresponding
metal carbonates MCO3 (M ) Ca (4), Sr (5), and Ba (6)). In a
typical synthesis, the metal carbonates (2.5 mmol) were taken as a
suspension in H2O (40 mL) and SA-H (0.6906 g, 5 mmol) was
added to this. The mixture was heated till the solution becomes
clear and the effervescence stops completely. 4,4′-bipyridine (4bpy)
(0.39 g, 2.5 mmol) was dissolved in MeOH (10 mL), and the former
solution was filtered into this. The resulting solution was heated
for 10 min on a water bath, filtered, and kept at RT for
crystallization. X-ray quality crystals were obtained directly from
the solution.

{[Ca3(SA)6(H2O)4](4bpy)2}n (4). Mp: >260 °C. Yield: 0.354
g (32% based on CaCO3). Anal. Calcd for Ca3C66H54O22N4: C,
56.1; H, 4.1; N, 4.2. Found: C, 55.8; H, 4.0; N, 3.9. IR (KBr,
cm-1): 3532 (m), 1595 (s), 1489 (s), 1462 (s), 1396 (s), 1365 (m),
1341 (m), 1256 (m), 1143 (w), 762 (s).1H NMR (DMSO-d6, 400
MHz): δ 6.64 (t, 2H,He), (3JHH ) 7.33 Hz), 6.66 (d, 2H,Hc) (3JHH

) 9.5 Hz), 7.19 (m, 6H,Hd), (3JHH ) 7.33 Hz,4JHH ) 1.47 Hz),
7.72 (dd, 6H,Hf), (4JHH ) 1.83, 3JHH ) 7.69 Hz), 7.83 (dd, 8H,

Hb), (3JHH ) 1.83 Hz,4JHH ) 4.77 Hz), 8.73 (dd, 8H,Ha), (3JHH )
4.40 Hz, 4JHH ) 1.47 Hz), 15.48 (s, 2H, OH) ppm.13C NMR
(DMSO-d6, 300 MHz): δ 114.71 (Cg), 116.49 (Ce), 116.59 (Ci),
120.53 (Cb), 129.27 (Cj), 131.74 (Ch), 144.69 (Cc), 148.49 (Ca),
159.96 (Cf), 174.99 (Cd) ppm. UV-vis (CH3OH, nm,ε, cm-1, M-1):
206 (7.6× 104), 234 (6.3× 104), 302 (1.1× 104). Fluorescence

(λex ) 234 nm, CH3OH): 401 and 297 nm. Fluorescence lifetime
(τ, ns): 5.61.

{[Sr(SA)2(H2O)3](4bpy)1.5(H2O)}n (5). Mp: >250 °C. Yield:
0.779 g, 53% (based on SrCO3). Anal. Calcd for SrC29H30O10N3:
C, 52.1; H, 4.5; N, 6.3. Found: C, 52.6; H, 3.9; N, 7.6. IR (KBr,
cm-1): 3424 (s), 3100 (s), 1689 (w), 1619 (s), 1595 (s), 1567 (s),
1484 (s), 1455 (s), 1408 (s), 1384 (s), 1346 (s), 1251 (s), 1216
(w), 870 (m), 803 (m), 762 (s).1H NMR (DMSO-d6, 400 MHz):
δ 6.65 (t, 2H,He), (3JHH ) 7.70 Hz), 6.67 (d, 2H,Hc), (3JHH )
8.80 Hz), 7.18 (m, 2H,Hd), (3JHH ) 7.99 Hz,4JHH ) 1.83 Hz),
7.71 (dd, 2H,Hf), (4JHH ) 1.83 Hz,3JHH ) 7.70 Hz), 7.83 (dd, 6H,
Hb) (3JHH ) 4.40 Hz,4JHH ) 1.47 Hz), 8.72 (dd, 6H,Ha) (3JHH )
4.40 Hz,4JHH) 1.47 Hz), 15.35 (s, 2H, OH) ppm. UV-vis (CH3-
OH, nm, ε, cm-1, M-1): 207 (1.4× 105), 234 (8.0× 104), 300
(1.9 × 104). Fluorescence (λex ) 234 nm, CH3OH): 397 and 296
nm. Fluorescence lifetime (τ, ns): 5.54.

{[Ba(SA)2(H2O)3](4bpy)1.5(H2O)}n (6). Mp: 185-190 °C.
Yield: 0.942 g, 56% (based on BaCO3). Anal. Calcd for
BaC29H30O10N3: C, 48.5; H, 4.2; N, 5.9. Found: C, 46.1; H, 4.4;
N, 6.3. IR (KBr, cm-1): 3399 (m), 1686 (w), 1618 (s), 1595 (s),
1567 (s), 1484 (s), 1455 (s), 1407 (s), 1388 (s), 1343 (m), 1302
(m), 1253 (s), 1216 (w), 866 (m), 803 (m), 760 (s).1H NMR
(DMSO-d6, 400 MHz): δ 6.63 (m, 4H,Hc, He), (3JHH ) 8.07 Hz,
4JHH ) 1.47 Hz), 7.17 (m, 2H,Hd), (3JHH ) 7.14 Hz,4JHH ) 1.83
Hz), 7.69 (dd, 2H,Hf), (3JHH) 7.33 Hz,4JHH) 1.47 Hz), 7.83 (dd,
6H, Hb) (3JHH ) 2.20 Hz,4JHH ) 4.40 Hz), 8.72 (dd, 6H,Ha) (3JHH

) 4.40 Hz, 4JHH ) 2.20 Hz), 15.67 (s, 2H, OH) ppm. UV-vis
(CH3OH, nm, ε, cm-1 M-1): 207 (1.4× 105), 234 (7.5× 104),
300 (1.9× 104). Fluorescence (λex ) 234 nm, CH3OH): 399 and
296 nm. Fluorescence lifetime (τ, ns): 5.51.
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