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Four new zinc and cadmium bisphosphonates [{ Nazn(Cl,CP,0sH)(H20)s} 1, (1), [{ Cdz(Cl,CP204)(H20)4} *H20]5
(2), {Zn(Cl,CP,06Pr,)(H20)3} *H20], (3), and [{ Cdy(Cl,CP,0¢Pr,),(MeOH),(H,0),} *H,0], (4) have been prepared
and their crystal structures determined by single-crystal X-ray diffractometry. Two bisphosphonate ligands were
used: clodronate, (dichloromethylene)bis(phosphonate) and its symmetrical P,P'-diisopropyl ester derivative. The
structure of the Zn complex 1 is three-dimensional, consisting of one-dimensional Zn—clodronate chains connected
to the three-dimensional network by Na* ions. The structure of Cd complex 2 consists of double layers, and a
unique bond was found between the Cd?* cation and a Cl atom of clodronate. Zn complex 3 consists of one-
dimensional chains, but the binding of the bisphosphonate ligands is unique: in 3 the bisphosphonate ligand is
only hidentate. Compound 4 is a tetramer, and hydrogen bonds hold the tetramers together, forming a layered
structure.

Introduction the organic group connected to the phosphonate groups and
on the number of donor atoms and degree of protonation of
the phosphonate grodp? To affect these properties, organic
templates are also used in the preparation of complexes. In

Recent investigations of the chemistry of metal bis-
phosphonates have focused on the properties of solid ma
terials, due to their practical applications in ion exchange,
sorption, catalysis, efc* To study the solid materials, : _
several metal complexes of bisphosphonates, including zn ©) fofiaBsé Poojary, D. M.; Clearfield, Anorg. Chem.1998 37,
and Cd complexes, have been prepared and characterized.9) Serre, C.; Feey, G.J. Mater. Chem2002 12, 2367-2369.

Usually, the structures are polymeric consisting of chains, (10) fé”gﬁ;%%gm R.; Greedan, J. E.; Zubietandrg. Chem2001,
layers, pillared layers, or three-dimensional networks, but (11) |i‘Min Zheng; Hui-Hua Song; Chun-Ying Duan; Xin-Quan Xirorg.
monomeric structures have also been fobirfd.The struc- Chem.1999 38, 5061-5066. _

tural properties are dependent on the length and rigidity of % E'Tr?og.‘;Cmaeﬁz%%ggﬁw;géhe”g; Song Gao; Xin-Quan Xiar.
(13) Song, H.-H.; Yin, P.; Zheng, L.-M.; Korp, J. D.; Jacobson, A. J.; Gao,

* Author to whom correspondence should be addressed. E-mail: S.; Xin, X.-Q.J. Chem. Soc., Dalton Tran2002 2752-2759.
mervi.kontturi@joensuu.fi. Tel.+358-13-251 3377. Fax:#358-13-251 (14) Barthelet, K.; Jouve, C.; Riou, D.] fe, G.Solid State Sck00Q 2,
3390. 871-876.

T University of Joensuu. (15) Barthelet, K.; Merlier, C.; Serre, C.; Riou-Cavellec, M.; Riou, D.;

* University of Kuopio. Ferey, G.J. Mater. Chem2002 12, 1132-1137.
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1996 8, 291-303. 2000Q 45, 262-265.
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E. Chem. Mater1996 8, 1490-1499. Chem.2001, 40, 5024-5029.
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Chem.1996 35, 5254-5263. Neuman, A.; Gillier-Pandraud, H?hosphorus, Sulfur Silicoa00Q
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Zn and Cd Complexes of Clodronate and Its Esters

the case of methylenebis(phosphonate) MBRCIRGH)]?,
and its analogues etidronate, [(BHO)C(PQH),]>~, and
alendronate, [(NECH,CH,CH,)(HO)C(PQH),]?", some Zn
and Cd complexes have already been repoited.
Previously, we reported the structures of polymeric Ca
and Ba complexé3?® and a monomeric Sr compl&xof
clodronate, [GIC(PGsH),]?, as well as alkaline earth metal
complexes of P,P'-diethyl (dichloromethylene)bis(phos-
phonate), [GIC(PQEL),]>",?> and Mg and Ca complexes
of P,P'-diisopropyl (dichloromethylene)bis(phosphonate),
[CI,.C(PGsPY),]?.26 The results showed that clodronate and

were crystallized using gel method A or B. In method A,
bisphosphonate and metal salt are dissolved in water separately
and warmed to 40C in a water bath. Certain portions of the
solutions are then mixed together, and if necessary, the pH is
adjusted with 0.021.0 M NaOH. The tetramethoxysilane (TMOS,
10-20 vol %) is added, the two-phase system is shaken until
homogeneous, and the emulsion is left to form a gel. Then a
precipitant, acetone, is added above the gel. In method B, only the
bis(phosphonate) is placed into the gel, and the metal is offered as
a metal salt solution of known concentration by placing it above
the gel. If needed, a pure TMOS-gel layer (0.5 mL, 20% v/v) can
be added between the native gel and the precipitant (method A) or

its ester derivatives produce both molecular and polymeric metal salt solution (method B) to slow the crystallization.
structures with metals, and moreover, the structures of the CompoundL was prepared from NECCI(PO;H)]-4H0 (0.015

metal complexes indicate that the dimensionalities of the
structures decrease with increasing size of the alkyl
substituent?~2325-26 \WWe have also succeeded to prepare
Zn and Cd complexes of the diethyl ester derivative of

clodronate, and the structures proved to be one-dimensional

mmol/0.40 mL of HO, pH 4.3) and Zn(Ng),-6H,O (0.030

mmol/0.40 mL of HO, pH 4.5) using method AVfx(H-0) = 0.8

mL, pH 2.5;V(TMOS) = 0.2 mL]. A solution of acetone and water

(1:1, 1.0 mL) was used as the precipitant, and the colorless, slatelike
rystals were formed above the gel. Anal. Found (calcd) for
H1,ClbNaOyP,Zn, 1. C, 2.96 (2.86); H, 2.50 (2.64); Zn, 15.7

chains and isomorphous with the Mg complex of the same (15.6); Na 5.58 (5.47). IR (KBr pellet, cry, characteristic

ligand?” Here we report the structures of the Zn and Cd com-
plexes of clodronate{NazZzn(CLCP,OsH)(H20)s} ], (1) and

[{ Cdx(CI,CP;0g)(H20)4} *H20], (2) and the Zn and Cd
complexes of thd>,P'-diisopropyl (dichloromethylene)bis-
(phosphonate) {Zn(CLCP,OgPr,)(H-0)s} *H20], (3) and

[{ C(CI.CP,06Pr2)2(MeOH ) (H20)2} -H20]2 (4).

Experimental Section

Materials and Methods. Reagents used for the synthesis and
characterization of compounds-4 were analytical reagent grade.

region): 1146 s, 1085 m, 1001 s,930s b, 804 s, 760 s, 661 s, 631
s.31P-CP/MAS NMR: 6p 11.9 and 10.1 ppm. TGA: 36210°C,
21.0% (5HO, 21.4%); 216-670 °C, 20.3% (2Cl, C, H, 20.0%).
Compound 2 was prepared from NECCI(POsH),]-4H,0
(0.006 mmol/0.45 mL of KO, pH 4.5) and Cd(Ng),-4H,0 (0.011
mmol/0.45 mL of HO, pH 4.7) using method A with a pH
adjustment Vi(H,O) = 0.9 mL, pH adjusted from 3.0 to
3.9-4.2; V(TMOS) = 0.1 mL]. A pure TMOS-gel layer\{[(H,O)
= 0.45 mL, V(TMOS) = 0.05 mL] was used between the gel
and the precipitant aceton®¥ & 1.0 mL). The colorless, slate-
like crystals formed above the gel. Anal. Found (calcd) for

Infrared spectra were recorded on a Nicolet Magna-IR spectrometercH, Cd,Cl,O;,P,, 2: C, 2.11 (2.16); H, 1.81 (1.81); Cd, 40.2 (40.5).

750 with the KBr pellet techniqué!P- and'**Cd-CP/MAS NMR
experiments were performed at 161.98 MPA¥} and 88.74 MHz
(113Cd) on a Bruker AMX 400 spectrometer equipped with a double-
tuned Bruker MAS 400 SB-BL 7 probe. THE-MAS NMR
experiment fo2 was measured at 109.36 MHz on a Chemagnetics
CMX Infinity 270 spectrometer. The external standards were
hydroxyapatite, sturyldiphenylphosphine (fay, and Cd(NQ).:
4H,0 = —100.0 ppm. Thermal analyses were performed in a
nitrogen atmosphere at a temperature range ef72® °C with a
heating rate of 5C/min on a Mettler Toledo TGA/SDTA851
thermobalance.

Preparation of Compounds 1-4. Syntheses and characteriza-
tion of the disodium salts of clodronate N@Cl,(PO;H),]-4H,0O
and its diisopropy! ester derivative N&l,C(PQsPr),] have been
reported earlie?®3° The Zn and Cd complexes of these compounds

(22) Kontturi, M.; Pefaiemi, S.; Vepskiinen, J. J.; Ahlgre, M. Eur. J.
Inorg. Chem.2004 2627-2631.

(23) Kontturi, M.; Pefaiemi, S.; Vepskinen, J. J.; Ahlgre, M. Acta
Crystallogr. C2004 m592-m594.

(24) Kontturi, M.; Petfaiemi, S.; Vepskinen, J. J.; Ahlgre, M. Acta
Crystallogr. E2004 m1060-m1062.

(25) Kontturi, M.; Vuokila-Laine, E.; Péraemi, S.; Pakkanen, T. T;
Vepsdéinen, J. J.; Ahlgre, M. Dalton Trans.2002 8, 1969-1973.

(26) Kontturi, M.; Pefaiemi, S.; Vepskiinen, J. J.; Ahlgre, M. Polyhedron
2005 24, 305-309.

(27) (a) Kontturi, M.; Peiaiemi, S.; Vepskinen, J. J.; Ahlgre, M. Acta
Crystallogr. E2005 61, m635-m637. (b) Kontturi, M.; Penaiemi,
S.; Vepséiinen, J. J.; Ahlgre, M. Acta Crystallogr. E2005 61,
m638-m640.

(28) Nardelli, M.; Pelizzi, G.; Staibano, G.; Zucchi, Borg. Chim. Acta
1983 80, 259-271.

(29) Vepsé#iinen, J.; Nupponen, H.; Pohjala, Eetrahedron Lett1993
34, 4551-4554.

IR (KBr pellet, cnm?, characteristic region): 1120 vs b, 1089 vs,
1012 s, 978 s, 866 m, 750 iP-CP/MAS NMR: 6p 14.3 and
10.8 ppm.113Cd-CP/MAS NMR: d¢q 28.3 and 17.4 ppm. TGA:
30—-170°C, 16.5% (5HO, 16.2%); 176-590°C, 14.9% (2Cl, C,
14.9%).

Compound 3 was prepared with method B, placing the
Nag[CI,C(PO;Pr),] (0.15 mmol/0.90 mL of HO, pH 6.8) in the
gel M(TMOS) = 0.1 mL]. A pure TMOS-gel layer was added
above the original geM(H,0) = 0.45 mL,V(TMOS) = 0.05 mL].
After gel formation, Zn(N@),-6H,O was added above the gel layers
as a metal salt solution (6.2 mmol/1.0 mL of® pH 3.0). The
colorless, platelike crystals formed on the-gktuid border. Anal.
Found (calcd) for H,,Cl,010P2Zn, 5: C, 18.2 (18.1); H, 4.42
(4.77); Zn, 13.7 (14.1). IR (KBr pellet, cm, characteristic
region): 1248 s, 1203 vs, 1126 vs, 1081 s, 1011 s, 897 m, 868 m,
828 m, 770 w, 746 w3P-CP/MAS NMR: 0p 4.7 and 0.2 ppm.
TGA: 40-130°C, 15.5% (4HO, 15.5%); 136-600 °C, 36.2%
(2PH, 2ClI, C, 36.4%).

Compound4 was prepared from NECI,C(PO;Pr),] (0.16
mmol/0.40 mL of HO, pH 7.0) and Cd(Ng),4H,O (0.16
mmol/0.40 mL of HO, pH 5.5) with method A Vio(H20) =
0.8 mL; pH 5.0;V(TMOS) = 0.2 mL]. Acetone ¥ = 1.0 mL)
was used as the precipitant, and the colorless crystals formed
in the gel in the shape of diamonds. Anal. Found (calcd) for
C3HgsCiClgOs4Ps, 6: C, 19.2 (19.3); H, 4.36 (4.25); Cd, 22.8
(22.6). IR (KBr pellet, cm?, characteristic region): 1228 b vs, 1175
m, 1145 m, 1122 s, 1087 vs, 990 vs, 890 m, 855 m, 752 w, 738 w.

(30) Vepséiinen, J. J.; Kivikoski, J.; Ahlgne, M.; Nupponen, H. E.;
Pohjala, E. K.Tetrahedron1995 51, 6805-6818.
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Table 1. Crystallographic and Structure Refinement DataXe#

Kontturi et al.

1 2 3 4
formula CH1C|2NaO_|_1P22n CH]_oCd2C|20;|_1P2 C7H22C|2010P22n C32H84Cd4C|3034Pg
fw 420.30 555.73 464.46 1993.95
cryst system orthorhombic triclinic triclinic monoclinic
space group Pnma P1 P1 P2:/n
T, K 120(2) 120(2) 150(2) 150(2)

a A 7.8054(1) 5.6551(2) 7.0256(2) 13.9504(1)
b, A 14.1138(2) 9.5290(2) 9.5328(3) 12.3418(1)
c, A 11.2885(2) 12.3693(4) 14.3501(3) 21.0920(2)
o, deg 78.056(2) 75.735(1)

B, deg 90 82.530(2) 83.738(2) 94.1647(4)
y, deg 74.997(2) 71.109(2)

V, A3 1243.58(3) 627.83(3) 880.82(4) 3621.88(5)
z 4 2 2 2

Pobsa g CNT 32 2.20(5) 2.90(4) 1.72(2) 1.79(2)
Pcalea § CNT3 2.24 2.94 1.75 1.83

w(Mo Ka)), mm?t 2.743 4113 1.920 1.709
F(000) 840 528 476 1992

cryst size, mra 0.15x 0.15x 0.15 0.25x 0.25x 0.05 0.30x 0.20x 0.03 0.15x 0.15x 0.15
0 range, deg 2.8926.00 3.05-25.49 4.13-26.00 1.9%26.00
reflcns collcd 16 566 10 689 9149 54179
unique reflcns 1274 2335 3419 7102

Rint 0.0572 0.0796 0.0549 0.0370

RP 0.0435 0.0324 0.0357 0.0239
WR® 0.0951 0.0859 0.0892 0.0602
GOF onF? 1.194 1.077 1.047 1.072

aMeasured by flotation at room temperatut®; = [Z||Fo| — |Fc|[[/[ZIFol] [ = 20(1)]. CWRy = {[SW(Fs2 — FA)A/[ZW(F,2)4} Y2 (all data).

31p- CP/MAS NMR: 0p 9.0, 5.8 and 1.6 ppm‘*Cd-CP/MAS
NMR: Ocq 3.2, 0.9,—12.7 and—17.6 ppm. TGA: 46-95 °C,
12.1% (3HO, 2MeOH, 11.8%); 95590°C, 34.0% (2Fr 2Cl, C,

33.9%).

Single-Crystal X-ray Diffraction. Single crystals were used for
structural determinations on a Nonius Kappa CCD diffractometer
using Mo Kuo. radiation ¢ = 0.710 73 A). Denzo and Scalepack
programs were used for cell refinements and data redu&tidhe

31p CP/MAS NMR spectra can be explained on the basis
of the X-ray crystal structures of the compoundsLline P
atoms of the phosphonate groups are in different chemical

environments, due to the partly protonated O atoms and the

Na' ions occupying the every second crystallographic place,
affording two partly overlapping signals at 11.9 and 10.1
ppm. For2, two signals at 14.3 and 10.8 ppm were observed

structures were solved using direct methods with SHELXS 97, and due to the different environments of the P atoms: one

structural refinements were carried out with SHELXL %37.

phosphonate group is coordinated to threé'Guitions and

Crystallographic data are summarized in Table 1. The hydrogenthe other to four C# cation;. In Compound3 both
atoms of the isopropyl groups were placed at calculated positions, phosphonate groups are coordinated to on& Zation, but
and the hydrogen atoms of the water molecules and hydroxyl groupsthe environments are different due to a lattice water molecule,

were placed from the difference maps withy(H) = 1.5Ue(O).

which is closer to P1 (4.63 A) than to P2 (6.65 A) and causes

The aqua ligand O3 id is disordered (70/30), and no allowance distortion in the isopropyl group of P1; two signals at 4.7
was made for the H atoms of the O3

Results

IR and3'P and'**Cd CP/MAS NMR studies. The IR spectra

and 0.2 ppm were also observed.

Compound4 has a structure different from that of the
previous structured,—3, since it contains two independent

The compounds were characterized with single-crystal |igands, and three chemical shifts were found at 9.0, 5.8 and
X-ray analysis, and spectral properties were determined in1.6 ppm (intensities 2:1:1). According to the X-ray structure,

the phosphonate groups of ligand 1 are identical, being

of all compounds showed a series of strong bands in thecoordinated to Cd1 and Cd2. On the other hand, phosphorus

1300-900 cm! region, which were attributed to the
stretching vibrations of the phosphonatesR@ups; for the
metal complexes of clodronatk and 2, this region was

atoms of ligand 2 are in unequal environments since one
phosphonate group is coordinated to two different metal
cations, Cd1 and Cd2, while the other is only coordinated

narrower. In all spectra there were also two bands in the to Cd1. The structural results were also verified using

870-740 cm? region, which might be attributed to the
asymmetric and symmetrie(P—C—P) vibrations. Broad
bands around 3000 crh caused by the ©H stretching

13Cd-NMR spectroscopy. The observed results were ex-
pected: compound&and4 have two different C# cations.
Due to second-order effects and complex couplings to

vibrations indicated the presence of water molecules. More- neighboring atoms, the fine structures of f#&Cd NMR

over, protonated phosphonate oxygen atonsamd meth-
anol molecules i@ exhibited bands in the same area. In the

spectra were difficult to assign.
The thermal stability of compounds-4 was studied with

spectra of3 and4 there were bands caused by the isopropyl thermogravimetry. Analysis showed that in each case the

groups in the 14851442 and 13961362 cn1? regions.

(31) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307—326.
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Zn and Cd Complexes of Clodronate and Its Esters

Figure 1. (a) Structure ofl with thermal ellipsoids (50%) and numbering scheme and (b) a layerlike presentation (aldrggpihee) of the packing of

1 in the direction of thea-axis (light gray octahedron, Zn; medium gray tetrahedron, phosphonate; dark gray octahedron, Na). For clarity, hydrogen atoms
are omitted. Atoms labeled with the suffixes-£& are at the following respective symmetry positioms1.5— vy, z x + 0.5,y,0.5— z x+ 0.5, 1.5—y,
05-zx—-05,y,05-2z05-x%x,1—y,z+ 0.5.

Table 2. Selected Bond Distances (A) farand 22

compdl compd2
Zn1l-012A 2.041(3) Nat 03 2.272(7) Cd+ 011 2.273(3) Cd2CI2 2.940(1)
Zn1-011 2.062(3) Nat02 2.309(5) Cd+023A 2.285(3) Cd2013 2.235(3)
Zn1-01 2.218(4) NatO12A 2.360(4) Cdt01 2.293(3) Cd2021 2.367(3)
Nal-O13E 2.367(4) Cdx02 2.317(3) Cd2012B 2.194(3)
Nal-0O3B 2.542(7) Cdt03 2.249(3) Cd2022B 2.214(3)
Nal-011 2.713(5) Cd+04 2.283(3) Cd2021C 2.231(3)

a Symmetry transformations used to generate equivalent atonds fr x + 0.5,y,0.5—z B,x—0.5,y,05—-z C,x,1.5—vy,z D,x+ 0.5, 1.5—
y, 05—z E, 0.5— x, 1 —y, z+ 0.5. Symmetry transformations f& A, x,y—1,zB,x+1,y,zC,1—-x1—-y,1—-z

decomposition process took place in two steps. The first losscoordinated by three O atoms of three differestGELOsH3~
of weight occurred at about 3200 °C for 1 and2 and at ligands and three aqua ligands [N@ = 2.264(7)
about 406-120 °C for 3 and 4, due to the evaporation of  2.714(4) A], one of them, O3, being disordered (70/30). The
water molecules and in the casedélso to evaporation of  Cl,CP.OgH?" ligand is coordinated to metal cations, provid-
methanol molecules. The second observed loss of weighting four O atoms: it forms two six-membered chelate
contained several overlapping steps, beginning at around 20Qings with Zr?* cations and acts as mono- and triatomic
°C for 1 and2 and at around 120C for 3 and4. This was bridges between 2 and Na cations. The remaining two
related to the loss of Cl atoms thand2 and to loss of ClI O atoms are partly protonated: adjacentGE,OsH?" ligands
atoms and alkyl groups i3 and 4. The decomposition  share one hydrogen atom, positioned between two oxygen
process terminated at about 7D by the loss of the carbon  atoms with a very short @O distance, 2.459(6) A. There
atoms, and the results indicate that the final residues wereare also intramolecular hydrogen bonds in the structure,
metal polyphosphates M(R}. O---0O distances being 2.656(43.015(4) A and the angles
Description of Structure 1. The structure ofl, [{ NaZn- 143-163. The three-dimensional network carries channels
(CI.CP,0OsH)(H20)s} n, is best described as one-dimensional in the direction of thea-axis, as presented in the packing
chains of ZA@" cations and GCP,OgH®~ and aqua ligands, diagram, Figure 1b.
connected to a three-dimensional network by"Nations Description of Structure 2. Compound?2, [{Cdx(Cl.-
located between the chains. In the asymmetric unit (Figure CP,Og)(H,0)4} *H,0],, consists of C# cations, CIC(PG),*~
1a), there is one octahedral Zrcation located on a mirror  and aqua ligands connected to double layers parallel to the
plane, having ZrO distances of 2.042(3)2.246(4) A (001) plane. In the asymmetric unit there are two crystallo-
(Table 2). Two CICP,OgH?" ligands chelate to 2 in trans- graphically independent Cd cations (Figure 2a), both
positions, and the remaining two axial sites are occupied by having distorted octahedral geometry. The binding sites
u-aqua ligands; both @CP,OsH®~ and aqua ligands connect  around Cd1 are occupied by two phosphonate O atoms and
Zn?" to adjacent Zf" cations. The Naions, originating from four aqua ligands, the CeO bond lengths being 2.248(3)
the disodium clodronate, occupy every second crystal- 2.317(5) A (Table 2). The coordination sphere of Cd2
lographic site, leaving additional space within the structure. consists of three @GC(PQGy),* ligands: one is coordinated
The Na ions are in an octahedral environment, being monodentally, the other one is chelated forming a six-

Inorganic Chemistry, Vol. 44, No. 7, 2005 2403
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Figure 2. (a) Asymmetric unit oR with thermal ellipsoids (50%) and the numbering scheme and (b) packing of the lay&irs thie direction of the-axis
(light gray octahedron, Cd; medium gray tetrahedron, phosphonate). Atoms labeled with the suffigear@ at the following respective symmetry
positions: X,y — 1,z —x, 1 —y,1—27z1—x 1 -y, 1— z For clarity, hydrogen atoms are omitted.

Figure 3. (a) Part of the chain structure 8fwith thermal ellipsoids (50%) and numbering scheme and (b) packiBdlafht gray octahedron, Zn; medium
gray tetrahedron, phosphonate) in the direction ofeffais. For clarity, hydrogen atoms are omitted. Atoms labeled with the suffixes A and C are at the
symmetry positionx — 1,y, zandx + 1,y, z respectively.

Table 3. Selected Bond Distances (A) f@rand 42

membered chelate ring, and the third one is chelated by two
O atoms and one chlorine atom, forming five- and six- il OCf{npdi 664(2) Cdtoll 224?(;1)“?: 2012 2.2762)
. . . nl— . . .
membered chelate rings. The€6I(C) bond is unique and 7.1 o%1c 2004(2) Cdi021 2211(2) Cd2022 2.274(2)
has not been reported previously. The €Ed2bond distances  zn1-01 2.091(2) Cd+031  2.449(2) Cd2032 2.230(2)
are 2.194(3)2.367(3) A, and the Cd2CI2 bond distance ~ Zn1-02  2.031(2) Cd*Ol  2.284(2) Cd202 2.288(2)

: . Zn1-03  2.011(3) Cd+O31A 2.318(2) Cd203  2.290(2)
is 2.940(1) A. On the other hand, there is only one type of CA1-O41A 2.232(2) Cd204  2.285(2)

ClL,C(PG),* ligand in the structure 02, this ligand being _ _

coordinated to five Ci cations through six O atoms and (C)a iyﬂ"TeW,tra”Sformafons used to generate equivalent atoms3 for
. . L. . , Y,z ford (A), —x,1—-vy, —z

one Cl atom, acting as a chelating and bridging ligand. The

P—O(Cd) bond distances are normal at 1.514Bb30(3)  and three aqua ligands (Figure 3a). The-Zhbond lengths

A, and no noticeable change is observed in theQI2 are 1.965(2)2.092(2) A (Table 3), and the 2Zh cation

distance of the coordinated CI2 atom. The double layers of adopts a trigonal bipyramidal geometry. The@PQPr),2

2 are held together by hydrogen bonds, the-O distances  |igand is coordinated to two 2h cations, providing only

being 2.700(4)2.871(5) A (angles 144175’). There are  one O atom to each. The polymeric chainSafe connected

channels within the layers and a void between the layers, aspy hydrogen bonds [@-O 2.682(3)-2.920(3) A, 137#172]

presented in Figure 2b. to a layerlike construction along the (001) plane, isopropyl
Description of Structure 3. Compound3, [{ Zn(CLCPOe- groups pointing to the interlayer section (Figure 3b). The

Pr5)(H,0)s} *H20],, consists of Z# cations, CAIC(PGPr),2~ void between the layers is small, as the isopropyl groups

and aqua ligands, and lattice water molecules connected tdfill the space.

infinite polymeric chains along the [100] direction. The?Zn Description of Structure 4. Compound4, [{ Cdy(Cl-

cation is five-coordinated by two €I(PQsPr),2~ ligands CP,06Pr;)2(MeOH)(H20),} -H0],, consists of tetramers
2404 Inorganic Chemistry, Vol. 44, No. 7, 2005
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Figure 4. (a) Structure of the tetramer of compou#dvith thermal ellipsoids (50%) and numbering scheme and (b) packidgirothe direction of the
b-axis (light gray octahedron, Cd; medium gray tetrahedron, phosphonate). For clarity, hydrogen atoms are omitted. Atoms labeled with theesaiffix A ar
the symmetry position-x, 1 —y, —z

formed by Cd* cations and by GC(PQsPr),2~, methanol, compoundsl—4, and also the Zn and Cd complexes of the
and aqua ligands (Figure 4a). The structure is similar to the (dichloromethylene)bis(phosphonic ackjP'-diethyl estef’
previously published structure of the Ca complex of the same are different from the Zn and Cd complexes of MBP and its
ligand?® There are two crystallographically independent, derivatives etidronate and alendron#té! The structures
octahedral C# cations [Ca-O = 2.211(2)-2.449(2) A, of the Zn complexes of clodronate and its ester derivatives
Table 3] in the asymmetric unit, connected to each other by are all different, one-dimensional single-chains, and the
three triatomic bridges formed by £LI(PQsPr),*~ ligands. structure of the Cd complex of clodronate is two-dimensional
There are two chelating @&(PQsPr),?~ ligands around Cd1,  and double-layered, while the structures of the Cd complexes
forming six-membered chelate rings in cis-positions. The fifth of the ester derivatives are a one-dimensional chain and a
coordination site is occupied by @aphosphonate O atom  tetramer?’

connecting Cd1 to the adjacent Cd1 atom, and the sixth site e gifferent ligands and also the methods of preparation
is occupied by an aqua ligand. The Cd1 atoms form a squareppviously cause the structural differences between the
plane around a center of symmetry with two bridging previously described Zn and Cd compleXed and com-
phosphonate O atoms, and the Cd2 atoms are above anghounds1—4. The previous compounds were prepared by
below this plane. The coo_rdlnatlon sphere of Cd2 contains hydrothermal synthesfl92lor by evaporatiod’~1820-21 and

one chelating GL(PQPY),* ligand, forming a six- o optain the crystallizable product, in some cases pH
membered chelate ring, and one;@PQPr),*" ligand,  adjustment or templates were used in the preparatigh.

which provides only one O atom to Cd2. One aqua Iiggnd On the contrary, compounds-4 were produced using an
and two methanol molecules occupy the rest of the coordlna—easny controllable gel method. The advantages of this

tion sites. Hydrogen bonds t00 2.729(3)-3.071(3) A, ethod, in addition to the possibility to control the condi-
105-177] hold the tetramers together, forming a layered (ons are the small amounts of starting materials needed,
structure parallel to the (IL) plane. The isopropyl groups  he perfectly shaped crystals formed, and the purity of the
and chlorine atoms of the €3(PQ;Pr).*" ligands and CH compounds obtained. Most of the compounts3( 4) were
groups of the methanol ligands point to the interlayer section prepared without adjustment of pH: while in the cas@of
(Figure 4D). the pH had to be adjusted to 4 to obtain suitable crystals for
X-ray measurements.

The overall structures of the previously described Zn and

Previously, some Zn and Cd complexes of methylene- Cd complexes and the compountis4 are different, but
bis(phosphonate) MBP, B€(PQH),]?, and its analogues there are also similarities among the compounds. The chain
etidronate, [(CH)(HO)C(PQH),J?>~, and alendronate, construction found irl is also found in the layered, mixed
[(NH3CH,CH,CH,)(HO)C(PQH)2]?", have been reportééi?t Zn/V complex of MBP* and the double layers &consist
The structures of these metal complexes are either moleculaof double chains, which are also found in a Zn complex of
(monomers and dimer<)®2tor polymeric chains, layers, etidronate!® In addition, the binding mechanism of the
or three-dimensional networké:161%21 The new metal  ligands and coordination spheres of the metals are similar.

Discussion
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The bisphosphonate ligands have high affinity to form chelate 1, clodronate provides all six O atoms toZrand Na and
rings with metal cations; MBP, etidronate, and alendronate the structure is, indeed, three-dimensional2)rclodronate
as well as clodronate and its ester derivatives all form six- donates all six O atoms and a chlorine atom to metals,
membered chelate rings with Znand Cd* cationst*21.27 compound?2 being a two-dimensional double layer. In the
The only exception is compound, in which the bis- case of the ester derivatives of clodronate, the diethyl ester
phosphonate ligand is coordinated terminally to two different derivative donates thréeand the diisopropyl ester derivative
metal cations and is not chelated. Another interesting binding two (in 3) or four (in 4) unsubstituted O atoms to metals,
mechanism of clodronate was also found: clodronate coor-also producing polymeric structures. In addition, a two-
dinated to a metal cation through its chlorine atom, forming dimensional structure is achieved & and 4 through
a unique Ce-CI(C) bond in compound2. Only some hydrogen bonding: two-dimensional layers are formed from
M—CI(C) bonds, but not CdCI(C) bonds, have been the chains of3 and from the tetramers of. The organic
described previously. The distance of this bon@is 0.67 ester groups are pointing to the interlayer region, forcing
A longer than the average €® coordination bond, and in  the layers apart and increasing the interlayer distance.
other similar metal chromophores CoGl@nd NiCIG; the Altogether, the structures of the Zn and Cd complexes of
difference is 0.5% and 0.46 A, respectivefy. clodronate and its ester derivatives, together with the
It has been proposed that to produce three-dimensionalpreyiously published structures, indicate that the dimension-
structures all the phosphonate oxygen atoms of the bis-gjities of the structures decrease with increasing size of the

phosphonate ligand must be involved in metal coordina- 4jky| substituent.On the other hand, it can be assumed that
tion> Therefore, the alkyl substituents in the ester derivatives geterification of clodronate does not totally prevent the

of clodronate might reduce the dimensionality of the complex formation of the polymeric structures, but it could increase

structure. In the Zn complexes of MBP, all six phosphonate {he porosity of the structure by increasing the distance
O atoms are involved in coordination and three-dimensional between the structural unit&:23.25-27

structures are fountt:6In the case of Zn and Cd complexes
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