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Group 2 metal complexes [Ca(SA)a(phen)], (1), [Sr2(SA)4(phen)s] (2), and [Ba(SA)z(phen),], (3) (SA = salicylate)
have been obtained by the addition of 1,10-phenanthroline (phen) to the corresponding metal salicylates, while the
bipyridine derivatives {[Cas(SA)s(H20)a](4bpy)2} n (4), {[ST(SA)2(Hz0)s](4bpy)15(H20)} 1 (), and {[Ba(SA)o(H.0)s]-
(4bpy)15(H20)} » (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---0O, C—H---0, and N—H---O hydrogen bonding and zz— 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.
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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
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and barium prefer coordination numbers of 6 t®®1%;1924-27
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especially that of calcium, is a topic of current interest owing
to the vital roles these metal ions play in biological systéms.
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 databasé%3°

Among the alkaline-earth metal complexes, the complexes
formed by aromatic carboxylic acids have been widely
investigated*1"2031Recently, Fox et al? have studied the
reactivity of biologically relevanti-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 analysi¥’3!

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 io¥€%°Schmidbau#??
Drake?® and other¥2"36 have studied the coordination
behavior of salicylic acid (SAH) 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 patrticipates in the metal binding in the case of
the softer barium io#?

It is well-known that the chelating ligands such as 1,10-
phenanthroline (phen) and 2J2ipyridine 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 (SAl) in the absence or
presence of coordinating amines have been reported in the
literature37:38 On the other hand, 4bipyridine (4bpy) is
known to be an ideal connector between the metal atoms
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Scheme 1. Synthesis of Complexek—6
[Ca(SA)z(phen)ln
1
‘phen
[Ca(SA)2(OHz)sln
TCaCIZ .2H20
OOH
H
SrClz 6H20 BaC|2 .2H20
[Sr(SA)2(OHz)2]n [Ba(SA)2(OHz)aln
Phif/ phen
[Sr2(SA)s(phen)y] [Ba(SA)z(phen)zn
2 3

{[Caz(SA)s(H20)4](4bpy)2}n

4

MeOH / H,O

MeOH V

{[Sr(SA)2(H20)3](4bpy)1.5(H20)}q
5

{[Ba(SA)2(H20)3(4bpy) 5(H20)}n
6

for the propagation of coordination networks, resulting in of calcium, strontium, and barium carboxylate complexes

the formation of a variety of network8-4> However, very

which incorporate additional chelating phen ligands; the

little is known on the use of phen and 4bpy in group 2 metal reluctance of group 2 metal ions to bind to potentially

coordination chemistrie4344Keeping this observation in

mind, in this contribution, we report the synthesis and

bridging ligands such as 4bpy is also demonstrated.

spectral and structural characterization of the first examples Results and Discussion
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Synthesis.The salicylate complexes of calcium, strontium,
and barium1—3, have been prepared from the corresponding
metal salicylate precursors by treatment with phen in
methanot-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 ammofii@he new
compoundd —3 were found to be highly soluble in solvents
such as MeOH, EtOH, and dimethylsulfoxide (DMSO).

The synthesis of 4bpy-containing compourist 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-
plexesl—6 have been obtained in a moderate to good yield
(32—64%) in an analytically pure forff. Compoundsl—5
do not melt or decompose below 200, while compound
6 melts around 185190 °C. In all cases, the empirical
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that the UV absorption of the complexes is dominated by

,\Q «Q’ {/y  a H,0 the absorption of phen, for the fact that the absorptions due

@ ‘/\'f’/o’/ f//@j g to SA—H appears as a shoulder at 208 nm, while phen still

L é'\}/\n’\\l shows its characteristic absorption peak at 264 nm. This
X 4

indicates that the fluorescence properties of the complex are
mainly determined by the energy transfer from phen to the
M2t (M = Ca, Sr, Ba) iort’

mf-;g;:
1=-
=3

"

b 77 72 66
The fluorescence studies of alkaline-earth metals are of
d considerable importance, since they are the most abundant
OH JL DMSO divalent cations in living cells and play vital roles in many
cellular processes. A great deal of effort has been devoted
} o1 85 | ‘ I J to the design and synthesis of sensitive and selective

fluorescent sensors, especially for Mgnd C&".46%0 The
16 14 12 10 8 6 4 2 fluorescence spectra of the compourids3 recorded in
m . —
. o methanol solution show a similar spectral pattern. Two
Figure 1. H NMR spectrum of2 in DMSO-ds. . .
emission maxima are observed at around 366 and 383 nm.

formula and composition of the products could easily be Similarly, the excitation spectra also contain two maxima

established from the analytical data. The infrared spectra Ofaround 27_0 a_nd 293 nm. Interestingly, the emisgion signals
all the compounds recorded as KBr diluted discs showed of free salicylic acid appear around 402 nm, while the free
absorption corresponding to phenolic—8 and G=0 phenanthroline does not show any appreciable fluorescence
stretching vibrations. The IR spectra of phen derivatives activity. The emission and excitation intensities of Sr and
show a relatively weaker ©H stretching absorption, indi- 5@ C?mple)é?Q and3 iﬁe clrs]early efnhanced als a result of
cating the absence of any additional water molecules, while Metal coordination, while those of Ca compléxappear
the relatively stronger and broader peaks around 3400 reduced compared with those of free salicylic acid. This is

3500 cn in the spectra of 4bpy derivativels-6 confirm particularly surprising in the light of recent reports on the
the presence of water in the structure. fluorescence enhancements of calcium carboxylate compiéxes.

The IH NMR spectra forl—3 in DMSO-ds give four The time-resolved fluorescence lifetime measurements for

signals for the phen and four more signals for the salicylate compoundsl—3 yield similar values, falling in the range of
protons. The phen protons resonate at downfield compared":"41_":"54 ns. The flugrescence spect_ra of the compounds
with the salicylate protons. The resonance for the OH proton 173, SAH, af‘d phen are shown in Flgurg 2

is downfield shifted in all the cases and is observed as a The absorption spectra @6 are also similar to each

singlet at around 15.5 ppm. The aromatic protons appear asother. Two major absorptions were observed around 207 and

multiplets due to the three and four bond couplings with 236 nm, and a small shoulder was observed at around 305

neighboring protons. The position and splitting pattern of nm. For free 4bpy, the absorption maxima appear in the

; . . ltraviolet region at 204 and 239 nm while those of free
salicylate ligand protons in the 4bpy complexks6 are u - .
almost similar to those in phen complexes3. However, SA—H appear at 208, 236, and 301 nm. It appears that in

the aromatic protons from 4bpy complexes give rise to only ﬁb% derlvlatl\llets, the dak:orp'g(_)n 'Sl.alm(éSt egually contributed
two resonances, owing to the similarity in magnetic environ- y he salicylate and bipyridin€ figands. £-ompou

ments. ThéH NMR spectrum of the representative example emit at around 400 nm (Figure 3), which matches well with
2is shown in Figure 1. Th&C NMR spectrum ofl shows the emission wavelength of free salicylic acid. However, the

11 resonances while that of corresponding 4bpy comglex metal coordination causes significant alteration in intensity
shows 10 resonances, as expected. The chemical shift valuegf quoresce_nce: While that of calcium compourdde-
of salicylate carbons do not show much difference between creases as in the cases of phen complexes, the fluorescence

phen an_d 4bpy complexe;. In both cases, the carboXylic 46) Hong, S. H.The Application of Spectral Analysis in Organic
carbon is the most deshielded and appears at around _ Chemistry Science Publishing House: Beijing, 1981.

(47) Xu, C.-J.; Xie, F.; Guo, X.-Z.; Yang, Hspectrochim. Acta, Part A
174 ppm. o 2005 61, 2005.
The UV—vis spectra of compoundks-3 are similar and (48) (a) Binlmann, P.; Pretsch, E.; Bakker, Ehem. Re. 1998 98, 1593.

i i (b) Prodi, L.; Bolletta, F.; Montalti, M.; Zaccheroni, Netrahedron
show two major absorptions around 229 and 264 nm and a Lett. 1098 39, 5451, () Samant, R. A ljeri, V. S.- Srivastava, A. K.

shoulder around 208 nm. The absorption maxima of free J. Chem. Eng. Dat2003 48, 203. (d) Gromov, S. P.; Ushakov, E.

phen and SA-H appear in the ultraviolet region at 229 and m Xﬁdorovi\;l ?/- AJ-;r?aslkinb l-é-(;jlBugvghéA-vtl/h;_tAndﬁlelk}fyn% E.
. . . Imov, M. V.; Jonhnels, D.; und, U. G.; Itesell, J. K.; FOX,
263 nm and 208, 236, and 301 nm, respectively, which are " A" 5 org. Chem2003 68, 6115.

assigned to ther—s* transitions of the aromatic ring, (49) (a) Arunkumar, E.; Chithra, P.; Ajayaghosh, A.Am. Chem. Soc.

; it ; 2004 126, 6590. (b) Liu, Y.; Duan, Z.-Y.; Zhang, H.-Y.; Jiang, X.-
belonging to the K bantf. Thus, it is evident from the spectra L- Han. J-R.J. Org. Chem2005 70, 1450.

(50) (a) Player, T. N.; Shinodam, S.; Tsukube(tg. Biomol. Chem2005

(45) During the synthesis @, the formation a second product [Ca(SA) 3,1615. (b) Vicente, M.; Bastida, R.; Lodeiro, C.; Masj A.; Parola,
(4bpy)(H20)2]n was observed in 10% yield. When the reaction was A. J.; Valencia, L.; Spey, S. Hnorg. Chem.2003 42, 6768. (c)
repeated in a 1:1.5 ratio of CaG@nd 4bpy, the yield of this increased Kawakami, J.; Fukushi, A.; Ito, SChem. Lett1999 955 (d) Prodi,
to 23%. However, due to the poor quality of the crystals obtained, L.; Bolletta, F.; Zaccheroni, N.; Watt, C. I. F.; Mooney, NChem—
X-ray diffraction data of this compound could not be obtained. Eur. J.1998 4 (6), 1090.
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Figure 2. Excitation (left) and emission (righf{x = 264 nm)) spectra of
compoundsl—3, SA—H, and phen in a I M MeOH solution. Inset:
fluorescence decay profile df (1ex = 295 nm).
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Figure 3. Excitation (left) and emission (righféx = 236 nm)) spectra of
compounds4—6, SA—H, and 4bpy in a 10° M MeOH solution. Inset:
fluorescence decay profile df (lex = 295 nm).

intensity is enhanced for strontiund)(and barium 6)
derivatives. The time-resolved fluorescence lifetime mea-
surements for compounds-6 are comparable to those of
1-3 (5.61 ns for4, 5.54 ns for5, and 5.51 ns fo6) (inset
of Figure 3).

Molecular Structure of Compounds 1-6. In order to

Murugavel and Korah

Figure 4. Molecular structure of. Selected bond distances (A) and angles
(deg): Ca(1}0(2) 2.243(3), Ca(yO(2)#1 2.243(3), Ca(B)O(1) 2.362-
(3), Ca(1)-O(1)#1 2.362(3), Ca(H)N(1) 2.504(4), Ca(EyN(1)#1 2.504-
(4); O(2-Ca(1)y-0O(2)#1 112.3(2), O(2yCa(1)-O(1)#1 90.0(1), O(2y
Ca(1)-0(1) 98.2(1), O(2)#4Ca(1)-O(1)#1 98.2(1), O(2)#Ca(1)-O(1)
90.0(1), O(1)#+Ca(1y-0(1) 165.5(2), O(2y Ca(1)-N(1)#1 91.0(1), O(2)-
#1—Ca(1)-N(1)#1 156.8(1), O(1)#*Ca(1)-N(1)}#1 79.0(1), O(1)yCa-
(1)—-N(1)#1 88.8(1), O(2yCa(1ly-N(1) 156.8(1), O(2)#+Ca(l)y-N(1)
91.0(1), O(L)#+Ca(1)-N(1) 88.8(1), O(1)}Ca(l)-N(1) 79.0(1), N(1)-
#1—Ca(1)-N(1) 66.0(2). Symmetry transformations used to generate
equivalent atoms: #1;Xx + Yoy, —z+ 1; #2,—x, -y + 1, =z + 1.

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-&020:30-32 gnd
M—N?275%56 hond 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)(phen)], (1). Compoundl crystallizes in the
centrosymmetric orthorhombic space groBmah 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 syranti 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-

have a clear understanding of the structures of thesepound [Mn(SA}(2bpy)lH-0O, in which Mn atoms were
compounds, detailed single-crystal X-ray structural investiga- bridged by salicylate ligands, also forms a zigzag cRéin.

tions have been carried out. This is especially important in

Two out of the four bridging salicylic oxygen atoms O(2)

the case of group 2 metal ion complexes since in most casesaind O(2) are in the same plane with the phenanthroline

the solution structure is very different from the one obtained
in the solid state'H 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 completes
(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
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ligand while the other two oxygen atoms coordinate from a

(51) Drozdov, A.; Troyanov, SPolyhedron1993 12, 2973.

(52) Datta, A.; Golzar Hossain, G. M.; Karan, N. K.; Malik, K. M. A;;
Mitra, S.Inorg. Chem. Commur2003 6, 658.

(53) Marchetti, F.; Pettinari, C.; Pettinari, R.; Cingolani, A.; Drozdov, A.;
Troyanov, SJ. Chem. Soc., Dalton Tran2002 2616.

(54) Shen, Y.; Pan, Y.; Dong, G.; Sun, X.; Huang,Palyhedron1998 7
(1), 69.
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(56) Pettinari, C.; Marchetti, F.; Cingolani, A.; Leonesi, D.; Troyanov, S.;
Drozdov, A.J. Chem. Soc., Dalton Tran$999 1555.



Calcium, Strontium, and Barium Salicylates

Table 1. Hydrogen Bond Lengths (A) and Angles (deg)lin3 oxygen atoms (two from a chelating carboxylate and three
D—H-A D-H,A H-AA D--AA [ODHA deg from two tridentate carboxylates). The nine-coordinated
1 strontium ions exhibit a distorted monocapped square anti-
O(3)-H(3)--0(1) 0.85(55) 1.77(5) 2.53(1) 147(5) prismatic geometry (Figure 6). Unlike in compouhdvhere
C(13)-H(13y--O(3F  0.85(4)  2.57(4)  3.37(1) 155(4) the carboxylate group binds to the metal using only one kind
C(16)-H(16)--0(3)  0.97(4) 2.86(4) 3.70(1) 148(3) - ' . ) D
C(5)-H(5)--O(3P 0.96(7) 2.46(7)  3.40(1) 167(5) of binding mode, in compour@the salicylate ligands exhibit
2 two kinds of binding modes. Out of the two carboxylate
O(3)-H(3A)--O(1)  0.88(3) 1.72(3) 2.543(2) 155(3) groups on each strontium ion, one acts purely as chelating,
8((?5;—H|—(|E(;Es);-po(?2))c 8-3;((23)) ;563((;)) 55545((3%)) 11295((23)) while the other bridges the two strontium atoms in addition
' 5 ' ' to the chelation, thus acting as a tridentate ligand.
O@3)-H(3)-0(2) 0.73(4)  1.88(4) 2.572(4) 159(5) The five SO and four S+N bond lengths are quite
C(13)-H(13)--O(3F 0.90(5)  2.57(5)  3.463(5) 171(4) different. The S+O bond lengths range from 2.609(2) to
aEquivalent positionsx + Y, —y, +z. ® Equivalent positionsx — 15, 2.680(2) A, while S+-N bond lengths range from 2.738(2)
—y + 2, —z + Y. °Equivalent positions:—=x + 1, =y + 2, —z + 1. to 2.824(2) A. The molecular structure @fshowing the
¢ Equivalent positionsi=x + 1/, +y — U, =z = 2. intramolecular hydrogen bonding is shown in Figure 7. The

plane perpendicular to this, thus forming a distorted octa- phgnohc group Pf SA ligand doe_s not take part in any kind
: o of interaction with the metal as in the caselobut takes
hedron around calcium. The phenanthroline ligand makes L . .
part in intramolecular hydrogen bonding with carboxylate

an N(2)-Ca(1>-N(3) angle of 66.142(2) The CaO
. oxygen atom O(1) (Table 1). The carboxylate oxygen atom
distances range from 2.2455(1) to 2.3639(2) A. The longer 0(2) takes part in weaker-€H--+O hydrogen bonds with

distances are those due to axial O atoms, while the shorter . :

. : hydrogen atoms from an adjacent phenanthroline group.
distances are due to equatorial carboxylate oxygen atoms )
trans to the nitrogen atoms. The presence of phenolic and [Ba(SA)(phen)k], (3). The molecular structure & is

carboxylate functionalities results in the formation of large Similar to the calcium compount except that the coordina-
number of intramolecular ©H++-O and intermolecular ~ tion sphere of compoun@consists of an additional phenan-
C—H-+-O hydrogen bonds in the structure (Table 1). The throline ligand (Figure 8). This may be attributed to the larger
C—H-+-O hydrogen bonds link the different layers of the size of the Ba ion compared with that of the Ca ion. The
one-dimensional coordination polymers into a three-dimen- coordination behavior of salicylate ligand is same as that in
sional network, which results in a supramolecular architec- 1
ture. The packing diagram df along thea andb axes is The coordination environment around the barium ion is
shown in Figure 5. of distorted bicapped octahedral, which is less common for
[Sra(SA)4(phen)] (2). The molecular structure & which barium (Figure 6). The carboxylate oxygen atoms O(2) from
crystallizes in triclinic space groupl consists of centrosym-  two bridging ligands occupy the axial position of the
metric dimeric molecules of [2(SA)s(phen)]. The coordi- bicapped octahedra, while the other carboxylate oxygens
nation environment of the strontium ion is filled by four O(1) along with two nitrogen atoms N(1) and N(2) from
nitrogen atoms from two phenanthroline ligands and five two different phenanthroline ligands form the equatorial

Figure 5. Hydrogen-bonding pattern df (left) viewed alonga axis and (right) viewed along axis.
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Figure 7. Molecular structure o?. Selected bond distances (A) and angles
(deg): Sr(1)-0(5) 2.609(2), Sr(B0(2) 2.618(2), Sr(1yO(4) 2.648(1),
Sr(1)-O(4)#1 2.680(2), SH(HN(4) 2.738(2), Sr(1yO(1) 2.753(2), Sr-
(1)—N(3) 2.761(2), Sr(1yN(2) 2.814(2), Sr(1}N(1) 2.824(2), O(4) Sr-
(1)#1 2.680(2); O(5)Sr(1y-0(2) 86.26(5), O(5ySr(1)-0(4) 49.90(4),
O(2)—Sr(1)-0(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)#t
Sr(1)-N(4) 97.30(6), O(5)-Sr(1)-0O(1) 70.20(5), O(2)-Sr(1)-0O(1) 48.67(5),
O(4)-Sr(1)-0(1) 113.97(5), O(4)#tSr(1)-0O(1) 116.49(4), N(4) Sr(1)—
0O(1) 82.31(5), O(5)Sr(1)-N(3) 146.90(5), O(2)y Sr(1)-N(3) 119.31(6),
O(4)-Sr(1)-N(3) 102.67(5), O(4)#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),
0(2)-Sr(1)-N(2) 119.66(5), O(4)Sr(1)-N(2) 116.85(5), O(4)#ESr(1)~
N(2) 169.44(4), N(4)-Sr(1)-N(2) 76.72(6), O(1)}Sr(1)-N(2) 71.75(5),
Figure 6. Coordination polyhedron of (&), (b) 3, (c) 4, (d) 5, and (e)6. 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)#+Sr(1)-N(1) 116.78(5),
N(4)—Sr(1)-N(1) 108.50(5), O(L)}Sr(1)-N(1) 123.35(5), N(3)}Sr(1)—-
. L. . N(1) 76.12(6), N(2)-Sr(1)-N(1) 58.39(5). Symmetry transformations used
positions. The remaining two nitrogen atoms form the two g generate equivalent atoms: #ix + 1, -y + 2, —z + 1.

caps of the bicapped octahedron. Two phenanthroline ligands
bind the metal from same side and are roughly parallel to the immediate coordination environment around the metal
each other. The salicylate ligand bridges two metal centersion is shown in Figure 10. The coordination number and
using its carboxylate oxygens O(1) and O(2), resulting in geometry around the metal ion as well as the binding mode
the formation of the polymeric chain. In addition to the of the salicylate ligand i differs from that in1. Two
intramolecular hydrogen bond formation with the carboxy- different coordination numbers are observed for calcium in
late oxygen O(2), the phenolic group forms intermolecular 4: heptacoordinated Ca(l) with a distorted pentagonal
C—H---O bonds with neighboring layers (Table 1 and Fig- bipyramidal geometry and hexacoordinated Ca(2) with a
ure 9). distorted octahedral geometry. The salicylate ligand exhibits
The bond angles around the barium vary from 55.26(7) three types of binding modes. The three calcium centers in
to 171.88(10). Similarly, the Ba-O distances also vary from  each trimeric unit are connected by two bidentate bridging
2.668(2) to 2.995(3) A. The longer distances are those dueligands using the carboxylate oxygen atoms O(4) and O(5).
to axial O atoms, while the shorter distances are due to The carboxylate oxygen atoms O(4) occupy the axial
equatorial carboxylate oxygen atoms. positions of the octahedron. Furthermore, two tridentate
[Cas(SA)s(4bpy)2(H20)4]n (4). The compoundt crystal- ligands, which bind to the Ca(1) atom in chelating mode
lizes in the triclinic space groupl. The compound forms a  (using oxygens O(1) and O(2)), also bridge Ca(2) using O(2).
one-dimensional coordination polymeric structure with re- The third binding comes from another set of two tridentate
peating units of [CASA)s(H20)4(4bpy)], where the back-  ligands, which bind Ca(1) and Ca(2) of the trimeric unit using
bone of the chain is formed by repeating trimeric units the bridging oxygen atoms O(7) and O(8) on one hand and
[Cas(SA)s(H-0)4]; the 4bpy molecules are held in the lattice Ca(1) and Ca(1) of two adjacent trimeric units on the other,
voids by a combination of hydrogen bonding and-x using the phenolic oxygen atom O(9). The bridging via the
stacking interaction and are not involved in metal coor- undissociated phenolic group helps in the propagation of the
dination. For every Gaunit, two molecules of bipyridine  polymeric network by connecting the trimeric units together.
molecules are present. The molecular structurgsifowing One of the axial positions of the pentagonal bipyramid is
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Calcium, Strontium, and Barium Salicylates

Figure 8. One-dimensional polymeric chain B(viewed alonga axis). Selected bond distances (A) and angles (deg): B&i())#1 2.668(2), Ba(t)
0(1) 2.668(2), Ba(1yO(2)#2 2.746(2), Ba(HO(2)#3 2.746(2), Ba(HN(1) 2.927(3), Ba(1yN(1)#1 2.927(3), Ba(1yN(2) 2.995(3), Ba(1}N(2)#1 2.995-
(3); O(1)#1-Ba(1)-0(1) 92.15(1), O(1)#+Ba(1)-O(2)#2 88.17(7), O(1yBa(1)-O(2)#2 86.20(7), O(1)#1Ba(1)-O(2)#3 86.20(7), O(1yBa(1)-O(2)#3
88.17(7), O(2)#2Ba(1)-0(2)#3 171.98(0), O(1)#1Ba(1)-N(1) 161.55(8), O(1yBa(1)-N(1) 75.77(8), O(2)#2Ba(1)}-N(1) 104.49(7), O(2)#3Ba-
(1)—N(1) 79.71(8), O(1)#+Ba(1)-N(1)#1 75.77(8), O(HyBa(1)-N(1)#1 161.55(8), O(2)#2Ba(1)-N(1)#1 79.71(8), O(2)#3Ba(1)-N(1)#1 104.49(7),
N(1)—Ba(1)-N(1)#1 119.2(1), O(1)#1Ba(1)-N(2) 143.19(7), O(1)yBa(1)-N(2) 112.19(7), O(2)#2Ba(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)#+Ba(1)-N(2) 73.21(8), O(1)#+Ba(1)-N(2)#1 112.19(7), O(HBa(1)-N(2)#1 143.19(7), O(2)#2Ba(1)-N(2)-
#1 120.40(7), O(2)#3Ba(1)-N(2)#1 67.30(7), N(1)}Ba(1)-N(2)#1 73.21(8), N(L)#tBa(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,y, —z + Yo #2,x, =y + 1,2+ Yy #3,—x+ 1, -y + 1, -z

The two water molecules on Ca(l) 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(l) center and are held using
O—H?---N hydrogen bonds (O(16H(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(H20)3](4bpy)15(H20)} n (5). Compounds forms
a one-dimensional coordination polymer consisting of
{[Sr2(SA)4(H20)6](4bpy)(H20),} 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 z—u 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 Sg units are linked together by two tridentate bridging
occupied by a bridging carboxylate oxygen atom O(5) and salicylate ligands, which chelate to one of the strontium ions
the other by the phenolic oxygen atom O(9). The five through O(1) and O(2) and bridge the other using O(2). Each
equatorial positions are occupied by three carboxylate Sk unit is connected to the neighboring units using the
oxygens and two water oxygens (Figure 6). The coordination phenolic oxygen O(3). Thus, the chelating oxygen atoms
sphere of the heptacoordinated calcium ions (Ca(1)) consistsO(1) and O(2), bridging oxygen atom O(2), bridging phenolic
of two bidentate and one tridentate carboxylate ligands andoxygen O(3), and three water oxygens O(7)w, O(8)w, and
two water molecules each. The seventh coordination site isO(9)w fill seven of the eight coordination sites of each
occupied by the hydroxyl oxygen atom from the neighboring strontium ion. The eighth coordination site on the metal is
unit. The coordination site of six-coordinated calcium does occupied by a monodentate SA ligand, via the carboxylate
not contain any water molecules. oxygen atom O(5). The bridging carboxylate oxygen atom

Figure 9. Hydrogen-bonding pattern i@ when viewed along axis.
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Figure 10. Molecular structure ofl. Selected bond distances (A) and angles (deg): €ap{}) 2.319(1), Ca(HO(11) 2.368(2), Ca(BHO(10) 2.369(2),
Ca(1)}-0(9) 2.436(1), Ca(yO(8) 2.485(1), Ca(HO(1) 2.495(1), Ca(HyO(2) 2.539(1), Ca(2YO(7) 2.280(1), Ca(2YO(7)#1 2.280(1), Ca()O(4)#1
2.309(1), Ca(2)0(4) 2.309(1), Ca(2)yO(2)#1 2.349(1), Ca(2)0(2) 2.349(1); O(5)yCa(1)-0O(11) 102.42(6), O(5)yCa(1)-0O(10) 79.19(5), O(11)Ca-
(1)—0(10) 71.00(6), O(5)Ca(1)-0(9) 169.30(5), O(1HCa(1)-0(9) 87.46(5), O(10y Ca(1)-0(9) 100.54(5), O(5yCa(1)-0(8) 116.37(5), O(1H) Ca-
(1)—0(8) 74.97(5), O(10yCa(1)y-0O(8) 145.04(5), O(9)Ca(1)-0(8) 69.86(5), O(5rCa(1}-0O(1) 91.17(5), O(11yCa(1)}-0O(1) 137.25(5), O(16)Ca(l)-
O(1) 72.16(5), O(9)yCa(1)y-0O(1) 78.67(5), O(8yCa(1)-0O(1) 133.88(4), O(5)yCa(1)-0(2) 88.65(4), O(11)Ca(1)-0O(2) 164.50(5), O(10)Ca(1)y-0(2)
122.40(5), O(9yCa(1)-0(2) 82.47(4), O(8) Ca(1)-0O(2) 90.46(4), O(1)Ca(1)-0(2) 51.84(4), O(10) Ca(1)-O(7) 150.29(5), O(9)Ca(1)-O(7) 108.37-
(4), O(8y-Ca(1)y-0O(7) 47.29(4), O(LyCa(1)y-0O(7) 119.69(4), O(2)Ca(1)}-0O(7) 69.38(4), O(A-Ca(2)-O(7)#1 180.00(6), O(AHCa(2)-O(4)#1 85.30-
(5), O(7)#ECa(2-0(4)#1 94.70(5), O(ACa(2)-0(4) 94.70(5), O(7)#+Ca(2)-0(4) 85.30(5), O(4)#+Ca(2)-0(4) 180.000(1), O(ACa(2)-O(2)#1
95.43(5), O(7)#tCa(2)-0(2)#1 84.57(5), O(4)#1Ca(2)-O(2)#1 86.14(5), O(4)yCa(2)-O(2)#1 93.86(5), O(FCa(2)-0(2) 84.57(5), O(7)#tCa(2)-
0O(2) 95.43(5), O(4)#xCa(2)-0(2) 93.86(5), O(4)yCa(2)-0(2) 86.14(5), O(2)#tCa(2)-0O(2) 180.000(1), O(AHCa(2)-Ca(1)#1 130.49(4). Symmetry
transformations used to generate equivalent atoms:—#4 2, -y, —z+ 1.

0O(2) and the phenolic oxygen O(3) form the axis of the geometry of the ligand. The barium atoms are heptacoordi-
pentagonal bipyramid with a O(2Br—0O(3) angle of nated with distorted pentagonal bipyramidal geometry.
172.12, while the chelating oxygen atom O(2), the water Similar to 4 and5, compound6 is also a one-dimensional
oxygen atoms O(7), O(8), and O(9) and the terminal coordination polymer, consisting of repeating units of fBa
carboxylate oxygen O(5) occupy the five equatorial positions. (SA)4(H.0)s](4bpy)s(H20), (Figure 14). The larger Ba ion
The cap position is occupied by the carboxylate oxygen atomin 6 has a lower coordination number than Srsinand to
O(1). The coordination through the bridging phenolic group the best of our knowledge, such an observation is uncommon
generates a 12-membered ring consisting of strontium, for the complexes formed by these ions from the same set
carbon, and oxygen atoms. Apart from the metal coordina- of ligands.
tion, the phenolic group is also involved in the formation of  In 5, the Sg units are linked by two tridentate bridging
inter- and intramolecular hydrogen bonds with the carboxy- salicylate ligands, while the Baunits in6 are linked by two
late oxygen atom O(1) and bipyridine groups. bidentate bridging ligands. These bidentate ligands coordinate
There are three molecules of bipyridine corresponding to through the carboxylate oxygen atoms, forming an eight-
each Sy unit. One molecule of bipyridine is held near each membered ring involving Ba, O, and C atoms. The axis of
strontium center through ©H---N hydrogen bonds with  the pentagonal bipyramid is formed by the bridging car-
coordinated and uncoordinated water molecules (Table 2).boxylate oxygen atom O(5) and by bridging phenolic oxygen
The other molecules are held in-between the layers of theatom O(6). The carboxylate oxygens O(4) and O(1) and the
one-dimensional chain and are held by hydrogen bonds withthree water oxygens O(7), O(8), and O(9) occupy the
a coordinated water molecule (O (7B)---N(2)). Bipy- equatorial positions (Figure 6). The coordination as well as
ridine groups are arranged parallel to each other in the crystalthe hydrogen-bonding properties of the phenolic group is
voids. The formation of hydrogen bonds %nis shown in similar to that in the case @.

Figure 13. The uncoordinated water molecules are held in the lattice
{[Ba(SA)2(H20)s](4bpy)15(H.0)}n (6). Although the by the formation of multiple hydrogen bonds with coordi-
molecular formula of compoung@is similar to that o, the nated water molecules and noncoordinated carboxylate
molecular structure is considerably different in terms of oxygen atom O(2). Two of the coordinated water molecules
coordination number of the metal ion as well as binding on each barium ion form intramolecular hydrogen bonds with
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Table 2. Hydrogen Bond Lengths (A) and Angles (deg)4n6

D—H---A D-H,A H-A A D--A A [ODHA, 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%  0.91(3) 1.644(3) 2.507(2) 157(3)
O(9)-H(9A)---O(8P  0.87(3) 1.723(3) 2.525(2) 152(3)
O(11)-H(11A)--O(6F 0.80(3) 2.168(2) 2.914(2) 156(3)
O(10)-H(10A)---O(6F 0.79(3)  2.075(3) 2.858(2) 173(3)
O(11-H(11B)y--N(2)¥ 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)---0O(4) 0.89(3) 2.87(3)  3.570(3) 137 (3)
C(7)—H(7)---0O(5) 0.89(3) 2.66(3)  3.487(3) 155(3)
C(29)-H(29)r--O(9F  0.82(4) 3.00(4) 3.737(4) 151(3)
C(29)-H(29)--O(10F 0.82(4) 2.80(4)  3.499(4) 144 (3)
O(8)—H(8B)-+-O(7) 0.75(4) 2.21(4)  2.956(4) 175(4)
C(26)-H(26)--O(10f  0.82(4) 2.91(4) 3.611(4) 145 (4)
O(9)—H(9B)-+-O(4Y 0.87(4) 1.84(4)  2.698(3) 166(4)
C(24-H(24)--O(6¢  0.87(4) 2.76(4)  3.628(4) 176 (3)
C(4)—H(4)---0(4p 0.80(3) 2.69(3)  3.469(3) 164 (3)
C(4)—H(4)-+-0(5p 0.80(3) 2.80(3)  3.480(3) 145(3)
C(18-H(18)--O(6F 0.85(3) 2.93(3) 3.681(4) 149 (3)
C(11-H(@1)--O(6)  0.91(3) 2.67(3)  3.489(4) 152(3)
C(25)-H(25)--0(9)  0.9(5) 2.99(4) 3.850(4) 152(3)
O(10-H(10B)--O(4) 0.78(4) 2.01(4) 2.774(3) 170 (4)
O(10)-H(10A)---N(1)x 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(BA)--O(4) 0.85(4) 1.72(4) 2.511(3) 153(5)
O(9)—H(9B)+-O(10)  0.79(4)  2.09(4)  2.859(4) 166(4)
O(8)—H(8B)+-O(10)  0.82(5) 2.26(5)  2.984(4) 149(5)
O(9)—H(9A)---N(1) 0.824(5) 1.93(5) 2.739(4) 168(5)
O(7)—H(7B)+-O(9)"  0.805(5) 2.14(5)  2.942(4) 174(4)
O(10)-H(10A)---O(2y 0.827(4) 1.96(4)  2.778(3) 173(5)
O(10)-H(10B)»--N(2)° 0.771(5) 2.13(5) 2.877(4) 163(5)

aEquivalent positions:—x + 2, —y, —z + 1. ° Equivalent positions:
—x + 1, -y, —z + 1.°¢Equivalent positions:x — 1, +y + 1, +z
d Equivalent positionsx, +y — 1,+z + 1. ¢ Equivalent positions:—x +
1,—y+1,—z+ 1. fEquivalent positions—x, —y + 1, z+ 1. 9 Equivalent
positions: x + 1, +y, +z "Equivalent positions:—x, -y + 1, —z
i Equivalent positionsx, +y — 1, +z 1 Equivalent positionsx, +y + 1,
+z XEquivalent positions:—x + 1, —y + 1, —z ! Equivalent positions:
—X+1,—-y+ 1,—z+ 1. "Equivalent positions—x + 2, -y + 1, —z+
1. "Equivalent positionsx — 1, +y + 1, +z ° Equivalent positions:—x
+1,-y+1, -z

Figure 11. Hydrogen-bonding pattern if.

gives rise to a three-dimensional supramolecular architecture,
similar to that found irb (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) A. 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 ofL—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(&Abpyk(H20),]n, in
the bulk samplé®

Thermal Decomposition Studies.Thermal analyses of
complexes1—6 have been carried out to establish the
presence of water molecules and to derive the information

two water molecules from the neighboring barium ions in to study the bulk decomposition to produce inorganic oxide/
the Ba unit. The third water molecule forms intramolecular carbonate materials. The thermogravimetric analysis (TGA)
hydrogen bonds with the uncoordinated carboxylate oxygen profiles of compound4—3 do not show any weight loss up
atom O(2). It also forms a hydrogen bond with uncoordinated to 200°C, indicating the absence of any coordinated or lattice
water oxygen O(10). water molecules, while those df-6 show a weight loss at
The 4bpy in6 is not coordinated to the metal, and the temperatures as low as 3895 °C, thus confirming the
chemical interactions involving this ligand are the same as presence of coordinated/lattice water molecules. The TGA
those in5. There are three molecules of bipyridine for each profiles of compoundd—6 show a weight loss correspond-
Ba unit. Two molecules are held near each barium center, ing to the loss of four water molecules each. For phen
using O-H---N hydrogen bonds (O(9)H(9A)---N(1) and complexed —3, the major weight losses which occur around
O(10)-H(10B)-+*N(2)) with coordinated water molecules 200—300°C correspond to the loss of the organic moieties,
and noncoordinated water molecules. The third one is heldwhile for 4bpy derivatives4—6, the decomposition of
in-between the layers of one-dimensional chains and is alsoaromatic moieties takes place at a higher temperature{300
held by a hydrogen bond, with a coordinated water molecule 580 °C). In all the cases, the final decomposition products
(O(7)—H(7A)---N(3)) (Table 2). The presence of a large are either the respective metal oxides or carbonates. While
number of inter- and intramolecular hydrogen bond€in  the decomposition for phenanthroline complexes is complete

Inorganic Chemistry, Vol. 46, No. 26, 2007 11057



Murugavel and Korah

05
03
02 Sr1
L &
- o1
o ’._ ”

Figure 12. Polymeric chain ir. (lattice 4bpy units and water are not shown). Selected bond distances (A) and angles (deg)O@)4) 2.530(2),
Sr(1)-0(5)#1 2.550(2), Sr(H)0(9) 2.551(2), Sr(1rO(1) 2.580(2), Sr(1y0O(8) 2.607(2), Sr(Ey0(7) 2.626(2), Sr(BrO(3)#2 2.688(2), SH(HO(2) 2.823-

(2); O(2)#1-Sr(1)-O(5)#1 89.95(6), O(2)#2Sr(1)-0(9) 91.76(6), O(5)#ESr(1)-0(9) 71.99(6), O(2)#ESr(1)-0(1) 122.76(5), O(5)#ESr(1)-0(1)
134.22(6), O(9)-Sr(1)-0(1) 130.24(6), O(2)#2Sr(1)-0(8) 79.58(7), O(5)#ESr(1)-0O(8) 75.96(6), O(9) Sr(1)-0O(8) 146.78(7), O(1)Sr(1)-0O(8) 79.54-

(6), O(2)#1-Sr(1)-0(7) 88.42(6), O(5)#1Sr(1)-0(7) 139.76(6), O(9)Sr(1)-0(7) 67.88(7), O(1)}Sr(1)-0O(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)#1Sr(1)-O(3)#2 82.18(6), O(9)Sr(1)-O(3)#2 85.48(6), O()ySr(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)#2Sr(1)-0(2) 74.79(6), O(5)#:Sr(1)-0(2) 146.94(5), O(9)Sr(1)-0(2) 136.18(6), O(L)Sr(1)-0(2) 48.15-

(5), O(8)-Sr(1-0(2) 72.56(6), O(7Sr(1-0(2) 70.19(6), O3)#2Sr(1-0(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 14. Molecular structure o6 (the hydrogen atoms on the aromatic
ring, nonbondebpy, and water molecules are omitted for clarity). Selected
bond distances (A) and angles (deg): Ba(®)5) 2.687(2), Ba(1yO(1)
2.706(2), Ba(1)0O(4) 2.743(2), Ba(tyO(8) 2.768(3), Ba(tyO(7) 2.815-
(3), Ba(1)-0(6) 2.824(2), Ba(tyO(9) 2.830(3); O(5)Ba(1)-0O(1) 90.44-
) ) (6), O(5)-Ba(1)-0(4) 122.86(6), O(tyBa(1)-0O(4) 130.86(7), O(5y
Figure 13. Formation of hydrogen bonds B Ba(1)-O(8) 92.96(7), O(1)yBa(1)-O(8) 72.06(8), O(4)yBa(l)-O(8)
132.09(8), O(5)-Ba(1)-0O(7) 76.94(8), O(kyBa(1)-O(7) 77.42(7), O(4)
o S urid Ba(1)y-0O(7) 76.82(7), O(8)yBa(1)-O(7) 147.76(8), O(5)yBa(1)-0O(6)
by around 506-600 °C, the bipyridine complexes form the 170.95(7), O(1y Ba(1)-O(6) 80.59(6), O(4) Ba(1y-O(6) 63.63(6), O(B)

oxide materials only at around 70C. Ba(1)-0(6) 85.48(7), O(7yBa(1)-0(6) 99.72(8), O(5yBa(1)-O(9)
Structural Chemistry of Calcium. Since calcium plays  90.57(7), O(1)Ba(1)-0(9) 138.65(7), O(4)Ba(1)-0O(9) 81.08(7), O(8)

an important role in the structural biochemistry of almost 52(91&7?,(9) 66.61(8), O(ryBa(1)-0(9) 142.55(7), O(6yBa(1)-0(9)

all living organisms, the nature as well as the consequence

of ligand binding of calcium needs special attention com- ments have been realized in the last 5 years, we have

pared with other group 2 ions. An analysis of the coordination undertaken a detailed analysis of calcium-containing com-

number and geometries of calcium in its complexes provides plexes in the literature as available in the November 2006

information which is helpful in the derivation of the action version of the CSD.

of biomolecules. The CSD and PDB databases have been A total of 987 crystal structures containing calcium have

used before for the analysis of calcium-containing complexes been deposited in the CSD, of which 644 contain either O

and biomolecule®*°However, by taking into consideration or N as donor atoms. Since our interest is to investigate the

that several new compounds and new coordination environ-coordination environments of calcium in its carboxylate
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Figure 15. Schematic representation of the salicylate precursor complexes and the compeindisrived from them.

complexes, our analysis is limited to only those in which calcium carboxylates in the CSD in which calcium is bonded
calcium is coordinated to a carboxylate group. There are 131to phen or 2,2bipyridine. In the only example where the
crystal structures in this category with 225 calcium binding calcium carboxylate complex contains 4bpy ligand (PAR-
sites. It is observed that although calcium forms coordination HAS), the 4bpy ligand is not coordinated to the metal, as in
number as low as three, it prefers to have coordination complexegt—6. A similar compound with 1,2-bis(4-pyridyl)-
numbers of six, seven, and eight in most of its carboxylate ethane has also been found in the CSD (PARHEW). The
complexes, of which eight is the most preferred. Thus, out number and percentages of calcium binding sites (from the
of the 225 binding sites, a total of 34 sites (15%) are found CSD) exhibiting different coordination numbers in its car-
to have coordination numbers of six and 63 (28%) have a boxylate complexes and the corresponding refcodes are given
coordination number of seven, while 117 binding sites (52%) in the Supporting Information.
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  Our investigations on alkaline-earth metal salicylates, in
crystal structure (HIFLIR) was found in which calcium has the presence of two kinds of pyridinic auxiliaries (phen and
10 and/or 11 coordination numbers. 4bpy), have given rise to a variety of structural variations.
Out of the total 131 crystal structures for calcium car- The notable difference between phen complexes and 4bpy
boxylates, only 17 contain at least one nitrogen atom in the complexes is that, in the former case, phen occupies the
coordination sphere. Interestingly, there are no reports of coordination sphere of the metal in all three cases, while

Conclusions
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Table 3. A Comparison of Structural Features in Compoutd$ with Precursors

metal ion
space coordination coordination geometry role of carboxylate
complex cryst syst group nuclearity number around M ion ion
[Ca(SAR(OH,)2]n (A) monoclinic C2lc polymer eight square antiprism tridentate chelating
[Ca(SAx(phen)} (1) orthorhombic ~ Pnab polymer six octahedral bidentate bridging
{Ca(SA)s(H20)4](4bpy)}n (4) triclinic P1 polymer six and seven octahedral/pentagonal bidentate/tridentate
bipyramidal bridging via
carboxylate/phenolic
[Sr(SA)(OHy)2]n monoclinic C2/c polymer eight square antiprism tridentate chelating
[Sra(SA)a(phen)] (2) triclinic P1 dimer nine monocapped chelating bidentate as
B square antiprismatic well as tridentate
[Sr(SA)(H20)3]n(4bpy) 5 triclinic P1 polymer eight monocapped pentagonal mono-/tetradentate
(H20)n (5) bipyramidal via carboxylate
as well as phenolic
[Ba(SA)(phen}]n (3) monoclinic C2/c polymer eight bicapped octahedral bidentate chelating
[Ba(SA)(4bpy) s(H20)4]n (6) triclinic P1 polymer seven pentagonal bipyramidal mono-/tridentate
geometry via carboxylate
and phenolic Continued
hydrogen bond M—0O bond
complex distinctive features lengths (A) M-N bond lengths (A) ref
[Ca(SAR(OH2)2]n O—H-+-0 2.379102.632 15
[Ca(SAx(phen)} (1) O—H---O as well as &H---O 2.245 and 2.363 2.5052 this work
{Cas(SA)s(H20)4l(4bpy)} n (4) O—H-+-O, C—H--0, and G-H--*N 2.280(1) to 2.539(1) this work
[Sr(SAX(OH.)2]n (B) O—H---0 2.517t02.753 15
[Sra(SA)a(phen)] (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)(H20)3]n(4bpy) 5 O—H---O, C—H---0, and O-H---N 2.530(2) to 2.823(2) this work
(H20)n (5)
[Ba(SAk(phen}]s (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)(4bpyh.s(H20)4]n (6) O—H---O, C—H---0, 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.

4bpy is not coordinated to the metal in all the examples. phenolic group is involved in metal coordination as well as
However, the structures of the resulting metal complexes hydrogen-bond formation and thus helps to extend the
have shown considerable difference when compared with thepolymeric framework.

metal salicylate complex formed in the absence of ancillary ~ The third property arising as a result of amine incorpora-
amines (Figure 15). For example, the presence of thetion is that the molecular structures of phenanthroline
ancillary amine changes the denticity of the carboxylate complexesl—3 do not have any coordinated water mol-
ligand, which in turn, alters the coordination environment €cules, while those of bipyridine complexes crystallize with
around the metal center. The phen ligand changes thecoordinated/noncoordinated water molecules, which may
denticity of the ligand by chelation to the metal center, while ente_r into. various inter-/intramolecular hydrogen bonding
the 4bpy ligand changes it even without metal coordination. configurations. The ©H:--O hydrogen bonding between the:
In all the compounds, excefitand3, the salicylate ligands ligands and the water molecules is of particular note, as this
exhibit more than one kind of binding mode. 1rand3, the has marked inﬂuence on the solqbility propert'ies of the
salicylate ligand is bridging bidentate, which is different than comp:e§e3.4\l_vgllelr—3rared(i)lnly sllaabr;ngliyr/] ss\/lu?ls Intvvraterrr,]
that found in the corresponding precursor complex (bridging compIexes are readiy soluble ater at oo

tridentate). Thus, the phen ligand decreases the denticity oftemperature (RT). A comparison of the structural features

the salicylate ligand il and3, while for Sr comples2, bi- in 1—6 with those of the parent metal salicylates is given in

Table 3.
and tridentate ligands are observed. The presence of 4bpy

ligand, on the other hand, gives rise to more interesting Experimental Section

proper'FieS of the salicylgte ligand. Although the Sr a,nd Ba Instruments and Methods. The melting points were measured
derivatives § and6) contain a monodentate salicylate ligand i, gjass capillaries and are reported uncorrected. Elemental analyses
each, it is observed that in general the denticity properties are performed on a Thermoquest Flash EA 1112 series CHNS
of carboxylate ligands increase. The calcium derivalive  analyzer. Infrared spectra were recorded on a Perkin-Elmer
has three types of carboxylate ligand, a bidentate bridging Spectrum One spectrometer as KBr diluted thin plates in the solid
ligand and two tridentate bridging ligands. Among the two State. The UW-vis absorption and f_Iuorescence spectra of the
tridentate ligands, one uses carboxylate oxygens and othefOMplexes were recorded at RT using a JASCO V-570 UV/vis/
one uses carboxylate and phenolic oxygen atoms for metalNIR spectrophotometer and a Perkin-Elmer LS 55 Luminescence

L . . L 0s - spectrophotometer, respectively. For absorption and emission
binding. The most interesting behavior is exhibited by the measurements, spectrophotometric grade methanol was used as

phenollic group: for phenanthr_oline Compl?de_B)v the solvent. The fluorescence lifetime measurements were carried out
phenolic group is involved only in the formation of hydrogen at IIT Bombay, using TCSPC method on a HORIBA Jobin Yvon
bonding. On the other hand, for bipyridine complexes, the IBH Fluorocube equipped with a nanoLED source. TGA and
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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 rml186a newrmO055 newrmQ72 newrm063
empirical formula GeH18CaNOg C3gH2eN4O6ST CGagHoeBaN4Og Cg2H54CaN4022 CooH3zoN3010Sr GooHzpoBaNzO19
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)

A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system orthorhombic triclinic monoclinic triclinic triclinic triclinic
space group Pnab =1 C2lc P1 P1 P1

a, 7.6730(11) 10.918(2) 14.399(1) 10.199(1) 9.226(1) 9.4822(4)
b, A 12.5220(7) 12.548(3 22.178(2) 11.988(3) 11.893(2) 12.147(2)
c, A 23.897(1) 13.458(3) 10.233(1) 14.257(3) 13.354(4) 13.216(2)
o, (deg) 90 107.35(3) 90 67.05(2) 87.998(17) 88.160

B, (deg) 90 113.53(3) 99.222(8 77.69(2) 82.001(16) 83.952(8)
¥y, (deg) 90 97.20(3) 90 74.00(2) 82.509(11) 81.449(8)
vV, A3 2296.1(4) 1549.3(5) 3225.5(5) 1532.0(5) 1438.3(5) 1496.7(3)
z 4 2 4 1

o (calcd), Mg/n? 1.431 1.548 1.590 1.439 1.543 1.593

abs coeff, mm? 0.320 1.798 1.287 0.353 1.938 1.388
F(000) 1024 736 1544 690 686 722

crystal size, mrh 0.40x 0.15x 0.10 0.30x 0.30x 0.20 0.35x 0.30x 0.25 0.35x 0.30x 0.30 0.33x 0.28x 0.17 0.42x 0.36x 0.32
0 range 1.70to 24.97 1.77t024.78 1.70to 27.47 3.03t0 25.00 3.00to 25.00 2.95t0 25.00
total reflns 1994 25348 3907 16 845 14 661 13808
unique reflns 1994 5283 3701 5375 5021 5263
goodness of fit ofF2  0.982 1.050 1.057 1.129 1.050 1.099

Ry [I > 20(1)] 0.0517 0.0243 0.0335 0.0299 0.0301 0.0259

Rx [I > 20(1)] 0.0944 0.0599 0.0747 0.0742 0.0810 0.0632
largest peak, e A 0.238 0.742 0.750 0.243 0.759 0.792
largest hole, e A —-0.328 —0.275 —0.953 —0.228 —0.446 —1.306

differential thermal analysis were carried out on a Perkin-Elmer
Pyris/ Diamond thermal analysis system under a stream of nitrogen
gas. The'H and*C NMR spectra were recorded on a Varian 300
MHz instrument using MgSi as a reference. X-ray powder
diffraction data were obtained with a Philips X'Pert PRO X-ray
Diffraction System using monochromated Cw.K radiation £
=1.5406 A).

Single-Crystal X-ray Diffraction Studies. The intensity data
collection for compound& and3 has been carried out on a Nonius
MACHS3 diffractometer, for2 on a Siemens STOE AED2 four-
circle diffractometer, and fod—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 Mor#&diation ¢
=0.71073 A) 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

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

Synthesis. [Ca(SA)(phen)], (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(§&H,).]
(0.1772 g, 0.5 mmol) in MeOH/KD 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. Mpz200°C. Yield: 0.160 g,
64% (based on [Ca(SAOH,),]). Anal. Calcd for CaGeH1806N:

C, 63.1; H, 3.7; N, 5.7. Found: C, 62.4; H, 3.4; N, 5.5. IR (KBr,
cm): 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}H NMR (DMSO-ds, 400 MHz): ¢
6.62-6.66 (M, 2H,Hy), CIun = 7.32 Hz,"Jyw= 1.22 Hz), 6.65
6.67 (d, 2HHe), Cdun = 7.94 Hz), 7.18 (m, 2HHy), CIyy = 7.94

Hz, 4~]HH = 1.52 HZ), 7.72 (dd, 2HHh), (BJHH = 7.94 HZ,4JHH
=1.83 Hz), 7.79 (dd, 2HH,), I =7.96 Hz,*J4y = 4.27 Hz),
8.01 (s, 2H,Hy), 8.51(dd, 2HHy), (CIuy =7.96 Hz,*Jyy = 1.83

compounds was obtained using direct methods as implemented inHz), 9.12 (s, 2HHg), 15.52 (s, 2H, OH) ppm'*C NMR (DMSO-

WinGX platform SHELXS-9)7 and refined using full-matrix least-
square methods oR? using SHELXL-97°7 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 AnalysesThe 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 groupfsWe limited our search to those
for which crystallographidr factors is less than 0.10. This file
obtained from the CSD was then analyzed for different coordination

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

ds, 400 MHz): 6 115.99 (), 116.6 Cy), 119.6 C), 123.5 Cy),
127.0 Cy), 128.5 Cp), 130.2 Cy), 132.1Cy), 136.6 Co), 145.3
(G, 150.2 (Q),162.3 (G), 172.9 Cg) ppm. UV—vis (CH;OH, nm,
e, cmtM™1): 207 (6.7x 10%), 229 (1.4x 10P), 262 (1.2x 10P).
Fluorescencelgx =262 nm, CHOH): 366 and 383 nm (emission);
271 and 295 nm (excitation). Fluorescence lifetimens): 5.41.
[Sra(SA)4(phen)] (2). To a solution of [Sr(SAYOH,).], (0.3978
g, 1 mmol) in MeOH (50 mL)/HO (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(S£PH,),]n).

(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 informatiokcta Crystallogr 1979
B35, 2331.
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Anal. Calcd for SyC;6Hs5,012Ng: C, 63.2; H, 3.6; N, 7.8. Found:
C, 63.0; H, 3.7; N, 7.3. IR (KBr, crmt); 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 Yd)NMR
(DMSO, 400 MHz): 6 6.60-6.70 (m, 4H,He, Hg), (Jun = 7.70
Hz), 7.18 (m, 2H,Hs), Cdun = 7.67 Hz,%Jpn = 2.44 Hz), 7.70
(dd, 2H,Hy), (*Jun = 1.83 Hz,3Jyn = 7.64 Hz), 7.8 (dd, 4HH,)
(8Jun = 8.07 Hz,“Jyy = 4.40 Hz), 8.02 (s, 4HH,), 8.52 (dd, 4H,
Hb) (4\]HH =1.46 HZ,S\]HH =8.07 HZ), 9.12 (dd, 4HHd), (4JHH =
1.47 Hz,33yy = 4.03 Hz), 15.41 (s, 4H, OH) ppm. UWis (CH;s-
OH, nm): 208 (1.3x 10P), 229 (2.0x 1), 264 (1.2x 10°).
Fluorescencel¢, = 263 nm, CHOH): 366 and 383 nm (emission);
270 and 293 (excitation) nm. Fluorescence lifetimens): 5.50.
[Ba(SA)(phen)], (3). [Ba(SAR(OH,),], (0.4476 g, 1 mmol)
was dissolved in HED/MeOH mixture (10/ 20 mL) and to the above

Murugavel and Korah

Hb), (BJHH =1.83 HZ,4JHH =477 HZ), 8.73 (dd, 8H,‘|a), (3~]HH =
4.40 Hz,*Jyy = 1.47 Hz), 15.48 (s, 2H, OH) ppm3C NMR
(DMSO-ds, 300 MHz): 6 114.71 Cg), 116.49 C¢), 116.59 Ci),
120.53 Cp), 129.27 ), 131.74 Cpn), 144.69 C.), 148.49 Cy),
159.96 (), 174.99 Cq) ppm. UV—vis (CH;OH, nm,e, cnmt, M—Y):

206 (7.6x 10%, 234 (6.3x 10%), 302 (1.1x 10%. Fluorescence
(Lex = 234 nm, CHOH): 401 and 297 nm. Fluorescence lifetime
(r, ns): 5.61.

{[Sr(SA)2(H20)3](4bpy)1.5H20)}n (5). Mp: >250°C. Yield:
0.779 g, 53% (based on SrgOAnal. Calcd for SrGgHz00;0N3:
C,52.1; H, 4.5; N, 6.3. Found: C, 52.6; H, 3.9; N, 7.6. IR (KBr,
cm): 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 (sfH NMR (DMSO-ds, 400 MHz):

0 6.65 (t, 2H,He), Cduw = 7.70 Hz), 6.67 (d, 2HH,), CIyn =

solution phen (0.3604 g, 2 mmol) was added. The resulting solution 8.80 Hz), 7.18 (m, 2HHg), Gy = 7.99 Hz, %)y = 1.83 Hz),
was heated for 10 min on a water bath, filtered, and kept at RT for 7.71 (dd, 2HH), (4Jun = 1.83 Hz,3J4y = 7.70 Hz), 7.83 (dd, 6H,
crystallization. Colorless diamond-shaped crystals were formed Hy) (3J,4 = 4.40 Hz,4Jyy = 1.47 Hz), 8.72 (dd, 6HH,) (Clyy =

within few hours. Mp: >235-240°C. Yield: 0.463 g (60% based
on [Ba(SAX(OH,).]n). Anal. Calcd for BaGgH2¢0sN4: C, 59.1;
H, 3.4; N, 7.3. Found: C, 58.8; H, 3.4; N, 6.4. IR (KBr, cHt

4.40 Hz, %= 1.47 Hz), 15.35 (s, 2H, OH) ppm. UWis (CHs-
OH, nm, e, cm !, M~1): 207 (1.4x 10F), 234 (8.0x 10%), 300
(1.9 x 10%. Fluorescencelg, = 234 nm, CHOH): 397 and 296

3445 (w), 3067 (w), 1637 (s), 1623 (s), 1557 (s), 1566 (s), 1479 nm. Fluorescence lifetimer(ns): 5.54.

(s), 1457 (s), 1420 (s), 1377 (s), 1335 (s), 1251 (m), 856 (s), 848

(s), 761 (s)*H NMR (DMSO-ds, 400 MHz): 8 6.60 (t, 2H,H,)
(3w = 7.33 Hz), 6.62 (d, 2HH,) ((Juy= 8.8 Hz), 7.14 (m, 2H,
Hr) (Cdun =7.52 Hz,%Jyy = 2.20 Hz), 7.66 (dd, 2H, K} (*Ipn =
1.47 Hz,3)yy = 7.33 Hz), 7.76 (dd, 2HH,), ((Jun = 8.07 Hz,
4Jun = 4.40 Hz), 8.0(s, 4HH,), 8.51 (dd, 4HHyp), (CJun = 8.07
Hz, 434y = 1.47 Hz), 9.11 (dd, 4HHg) ((Jun = 4.40 Hz,Jpyn =
1.47 Hz) ppm. UV+-vis (CH;OH, nm,e, cm M~1): 212 (1.5x
10P), 229 (2.03x 10P), 264 (1.94x 1(P), Fluorescencelfy = 262
nm, CHOH): 366 and 383 nm (emission); 271 and 292 nm
(excitation). Fluorescence lifetime,(ns): 5.44.

Synthesis of Compounds 4 6. Compoundgl—6 were prepared

{[Ba(SA)x(H20)3](4bpy)15(H-0)}n (6). Mp: 185-190 °C.
Yield: 0.942 g, 56% (based on BaG)O Anal. Calcd for
BaGgH30010Ns: C, 48.5; H, 4.2; N, 5.9. Found: C, 46.1; H, 4.4,
N, 6.3. IR (KBr, cn1): 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 (3 NMR
(DMSO-ds, 400 MHz): 6 6.63 (m, 4H,H, He), (3Jun = 8.07 Hz,
4y = 1.47 Hz), 7.17 (M, 2HH), Cdun = 7.14 Hz, 4y = 1.83
Hz), 7.69 (dd, 2HHy), CIun= 7.33 Hz,"Jyy= 1.47 Hz), 7.83 (dd,
6H, Hp) (3Jun = 2.20 Hz,"Jyy = 4.40 Hz), 8.72 (dd, 6H,) ((Ium
= 4.40 Hz,%Jyy = 2.20 Hz), 15.67 (s, 2H, OH) ppm. UWis
(CH3OH, nm,e, cmt M71): 207 (1.4x 10P), 234 (7.5x 10%),

using similar synthetic procedure starting from the corresponding 300 (1.9x 10%. Fluorescencelf, = 234 nm, CHOH): 399 and

metal carbonates MGQM = Ca @), Sr ), and Ba 6)). In a

296 nm. Fluorescence lifetime,(ns): 5.51.

typical synthesis, the metal carbonates (2.5 mmol) were taken as a

suspension in O (40 mL) and SA-H (0.6906 g, 5 mmol) was
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