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TETRAAQUABIS(2,6-DIHYDROXY-
BENZOATO-0)(2,6-DIHYDROXY-
BENZOATO-0,0)TERBIUM(III) AND
HOLMIUM(III) DIHYDRATE
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The structures of isomorphic Tb(III) and Ho(III) complexes with 2,6-dihydroxybenzoic acid of
formula [Tb(C;H;04)3 - 4H,0]-2H,0 and [Ho(C7H;50,); - 4H,0] - 2H,0 has been determined
by X-ray diffraction and refined to a residual R = 0.030 for 5376 observed reflections and R=
0.0284 for 5660 observed reflections, for Tb(III) and Ho(III) complexes, respectively. Crystals
are triclinic, space group Pl with a=10.748(2), b=11.309(2), c=12.452(2) A, o =82.28(3),
B=73.05(5), ¥=68.27(3)° for TH(III) and a=10.731(2), b=11.269(2), c=12.436(Q A, a=
82.25(3), B="72.92(3), v = 68.46(3)° for Ho(III).

In the structure of these monomeric complexes the metal ions are coordinated by oxygen
atoms of one bidentate chelating and two monodentate carboxylate groups and four molecules
of water. Tb-O distances are in the range 2.323(3)-2.506(3) A and Ho-O 2.297(3)-2.486(3) A.
The crystal structure, consisting of discrete units of neutral complexes with two molecules of
water of crystallization is stabilized by intra- and intermolecular hydrogen bonds.

Keywords: Terbium(I1I); holmium(III); 2,6-dihydrobenzoate; crystal structure
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INTRODUCTION

Interaction of hydroxybenzoic acid with common metal ions is of particular
interest for a basic understanding of metal complexation in the environ-
ment. Soil organic matter consists of polymeric molecules, referred to as
humic and fulvic acids, whose cores contain aromatic nuclei bearing car-
boxylic and phenolic groups. Hydroxybenzoic acids are useful simple models
to investigate the ligand behaviour of the soil organic matter."* 2,6-Dihy-
droxybenzoic acid, with a great diversity of hydrogen bond formation,’
binds metal ions very efficiently. Complexes of Mn(1l), Fe(Ill), Co(1l),
Ni(I), Zn(I) and Cu(II) were obtained.>* Structure of 2,6-dihydroxy-
benzoates of Cu(Il), Zn(I1),2> Ag(D),>® Pb(II),” UO,(I1)® have been deter-
minated. The simultaneous presence three donors in the ligand which may
participate in metal ion binding leads to a great diversity of coordination
models and in most cases polynuclear species. In spite of the fact that lantha-
nides do not occur in natural biomolecules, many investigations in solution
as well as in the solid state on their interaction with organic acids and simple
peptides have been carried out. Lanthanide(IlI) ions possess unique .
properties which make them valuable for investigation of more complicated
biological systems, especially in the determination of the nature of calcium-
containing proteins. Complexes of La(IIl), Pr(III), Nd(II), Sm(III) and
Gd(II1) with 2,6-dihydroxybenzoic acid were prepared in the solid state as
Ln(C,H;0,); - nH,0 and their properties studied.’ Here we report the struc-
tures of the isomorphous Tb(IH) and Ho(II) complexes.

EXPERIMENTAL

Synthesis

The complexes of Tb(I111) and Ho(11l) were prepared by adding a solution
of ammonium 2,6-dihydroxybenzoate (pH 4.4—5.0) to hot solutions of sepa-
rate lanthanide chlorides and crystallization at room temperature by the
method described in a previous paper.'® The complexes gave satisfactory
analyses.

X-ray Structure Determination

Preliminary Weisenberg photographs gave the crystal system and approxi-
mate unit cell dimensions. Crystallographic data and refinement procedures
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are given in Table I. The data were corrected for Lorentz and polarization
effects. The structures were solved by the heavy atom method using
SHELXS-86'" and refined by full-matrix least-squares methods using
SHELXL-93.'? H-Atoms of water molecules were located from a difference
Fourier map. The other hydrogen atoms were placed in geometrically cal-
culated positions with isotropic temperature factors taken as being 1.2 U,,
of the neighbouring heavier atoms. Afterwards, positional parameters were
calculated in riding mode with U, fixed. Several cycles of refinement of
coordinates and anisotropic thermal parameters for non-hydrogen atoms
reduced the R value to 0.030 for the Tb(III) and 0.028 for the Ho(III)
complex. Scattering factors were those incorporated in SHELXL-93. Final

TABLE I Crystal data and summary of intensity data collection and structure refinement

Formula C21H27013Tb C21H270|8H0
M, 726.35 732.36
Crystal system triclinic triclinic
Space group Pl Pi
Temp. °C 23 22
Cell constants 50 reflections, 50 reflections,
. 15.7<6<22.0 150<6<22.0
a, A 10.748(2) 10.731(2)
b A 11.309(2) 11.269(2)
oA 12.452(2) 12.436(2)
a,’ 82.28(3) 82.25(3)
B,° 73.05(3) 72.92(3)
~,° . 68.27(3) 68.46(3)
Cell volume, A> 1344.3(4) 1336.5(4)
VA 2 2
F(000) . 724 728
Radiation, ) (A) Mo Ka, 0.71069 Mo Ka, 0.71069
Dc,g-cm’3 1.794 1.820
D,, (flotation CCly/C,H4Br;) gem ~ 3 1.80 1.82
Heale, €M ! 27.14 30.44
Crystal size, mm 0.12x0.15x0.15 0.15%x0.15x0.15
Scan width 1.2+0.35tané 1.2+0.35tané
No. of standard reflections 3 (100 ref.) 3 (100 ref.)
Decay of standards <3% <3%
Reflection measured 6198 6152
20 range, deg 4.2-55.2 4.2-55.2
Range of b, k, ! 0—13, ~13—14, 0-—13, —13—> 14,
—15—-16 —-15—16
Criterion for observed reflections I1>20(1) 1> 20(1)
No. of observed reflections 5376 5660

Weights* (a, b,f)
GOF

0.0456, 1.8904, 1/3

Ry =3(Fo| = [FDIZ(FD 0.0302 0.0284

WRy =[S w(F,|> — |F| )Y S w|F2 )2 0.0793 0.0805
Function minimized . STW(AF? SWAFY?
Largest diff. peak and hole (eA ™ 3) 1.351, —0.923 1.516, —1.570

*w = 1/[c%(F2) + (a- P)* + b- P] where P = [ f- Max. of (0 or F2) + (1 —f) - F2].



14: 38 23 January 2011

Downl oaded At:

480 T. GLOWIAK et al.

TABLE I Fractional atomic coordinates and equivalent isotropic displacement parameters
(A?) for the Tb complex

x/a y/b zfc Ue,
Tb 0.20161(1) 0.25099(1) 0.16629(1) 0.02623(6)
o1 0.2970(4) 0.1432(3) —0.0121(2) 0.0427(7)
0(12) 0.2172(3) 0.3506(3) —0.0273(2) 0.0429(7)
013) 0.4128(5) 0.0083(3) —0.1854(3) 0.0618(10)
0(14) 0.2636(4) 0.4616(3) —0.2200(3) 0.0663(11)
0o(21) 0.1031(3) 0.4684(2) 0.1963(2) 0.0382(6)
0(22) —0.0057(4) 0.4959(3) 0.3775(2) 0.0527(8)
0(23) 0.0981(4) 0.6605(3) 0.0630(2) 0.0459(7)
0(24) —0.1144(4) 0.7142(3) 0.4590(2) 0.0477(8)
0Q31) 0.2451(3) 0.0351(2) 0.2096(2) 0.0368(6)
0(32) 0.1504(4) 0.0129(3) 0.3926(2) 0.0515(8)
0(33) 0.3699(4) —-0.1603(3) 0.0871(3) 0.0517(8)
0(34) 0.1794(4) —0.2035(3) 0.4844(3) 0.0572(9)
o(1) 0.4274(3) 0.2650(3) 0.0999(2) 0.0454(7)
0(2) 0.2921(3) 0.2438(3) 0.3236(2) 0.0435(7)
0(3) 0.0249(3) 0.2606(3) 0.3332(2) 0.0383(6)
O4) —0.0029(3) 0.2588(3) 0.1239(2) 0.0438(7)
O(5) 0.4355(3) —0.2127(3) —0.2653(3) 0.0542(8)
O(6) 0.2541(4) 0.7020(3) —0.3067(3) 0.0535(8)
c(1n 0.3370(4) 0.2349(4) —0.1957(3) 0.0349(8)
C(12) 0.4038(5) 0.1175(4) -0.2472(4) 0.0433(9)
C(13) 0.4633(6) 0.1088(5) —-0.3619(4) 0.0547(12)
C(14) 0.4566(6) 0.2164(6) —0.4250(4) 0.0607(14)
C(15) 0.3908(6) 0.3360(6) —0.3791(4) 0.0586(13)
C(16) 0.3290(5) 0.3454(4) —0.2639(3) 0.0430(9)
c(17) 0.2796(4) 0.2448(4) -0.0734(3) 0.0339(8)
C(21) -0.0054(4) 0.6794(3) 0.2622(3) 0.0321(7)
C(22) 0.0265(4) 0.7352(4) 0.1564(3) 0.0327(8)
C(23) —0.0056(5) 0.8649(4) 0.1404(4) 0.0483(10)
C(24) —0.0747(6) 0.9418(4) 0.2312(5) 0.0537(12)
C(25) ~0.1128(5) 0.8920(4) 0.3372(9) 0.0490(11)
C(26) —0.07874) 0.7618(4) 0.3540(3) 0.0350(8)
C(227) 0.0317(4) 0.5395(4) 0.2818(3) 0.0354(8)
C@31) 0.2709(4) —0.1734(4) 0.2859(3) 0.0337(8)
C(32) 0.3407(4) —0.2308(4) 0.1823(4) 0.0377(8)
C(33) 0.3848(6) —0.3611(4) 0.1737(5) 0.0537(12)
C(34) 0.3570(6) —0.4357(4) 0.2680(5) 0.0602(14)
C@3%5) 0.2881(6) -0.3831(4) 0.3726(5) 0.0543(12)
C(36) 0.2457(5) —0.2523(4) 0.3813(4) 0.0415(9)
Cc@37) 0.2183(4) —0.0331(3) 0.2984(3) 0.0327(8)

positional parameters for the non-hydrogen atoms and estimated standard
deviations are listed in Tables II and III.

RESULTS AND DISCUSSION

The compounds represent the isomorphic group of lanthanide complexes
from Gd(IIT) to Lu(III).' The structure of the monomeric terbium(III)
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TABLE III Fractional atomic coordinates and equivalent isotropic displacement parameters

(A2 for the Ho complex

.

x/a yib zj/c U,
Ho 0.20019(1) 0.25106(1) 0.16707(1) 0.0263(6)
o(11) 0.2944(3) 0.1434(3) —0.0096(2) 0.0417(6)
o(12) 0.2152(3) 0.3515(3) —0.0248(2) 0.0433(6)
0(13) 0.4077(4) 0.0095(3) —0.1839(3) 0.0623(9)
0(14) 0.2621(4) 0.4634(3) —0.2183(3) 0.0677(10)
oQ1) 0.1028(3) 0.4670(2) 0.1968(2) 0.0374(6)
0(22) —0.0059(4) 0.4951(3) 0.3776(2) 0.0534(8)
0(23) 0.0989(3) 0.6580(3) 0.0616(2) 0.0463(7)
0(24) —0.1123(3) 0.7139(3) 0.4586(2) 0.0494(7)
o@31) 0.2448(3) 0.0372(2) 0.2100(2) 0.0373(6)
0(32) 0.1507(4) 0.0130(3) 0.3923(2) 0.0516(8)
0(33) 0.3713(4) ~0.1567(3) 0.0863(2) 0.0521(8)
0(34) 0.1818(4) —0.2055(3) 0.4835(3) 0.0590(9)
o(1) 0.4247(3) 0.2628(3) 0.1010(2) 0.0462(7)
0(Q2) 0.2902(3) 0.2446(3) 0.3222(2) 0.0443(7)
o@B) 0.0261(3) 0.2594(3) 0.3330(2) 0.0377(5)
) -0.0021(3) 0.2597(3) 0.1252(2) 0.0442(6)
o(5) 0.4380(3) —0.2133(3) —0.2654(3) 0.0578(8)
o(6) 0.2545(4) 0.7025(3) —0.3066(3) 0.0545(8)
C(11) 0.3347(4) 0.2360(4) —0.1943(3) 0.0354(7)
C(12) 0.4002(5) 0.1177(4) —0.2448(3) 0.0447(9)
C(13) 0.4599(6) 0.1107(6) —0.3603(4) 0.0589(12)
C(14) 0.4531(6) 0.2184(6) —0.4237(4) 0.0634(14)
C(15) 0.3879(5) 0.3368(6) ~0.3776(4) 0.0598(13)
C(16) 0.3276(4) 0.3462(4) —0.2631(3) 0.0442(9)
cam 0.2778(4) 0.2442(3) —0.0715(3) 0.0342(7)
1) ~0.0042(4) 0.6783(3) 0.2611(3) 0.0314(7)
C(22) 0.0293(4) 0.7334(3) 0.1546(3) 0.0340(7)
C(23) —0.0037(5) 0.8635(4) 0.1375(4) 0.0498(10)
C(24) —0.0736(5) 0.9400(4) 0.2290(4) 0.0540(11)
C(25) —0.1101(5) 0.8907(4) 0.3368(4) 0.0470(9)
C(26) ~0.0767(4) 0.7607(4) 0.3530(3) 0.0372(7)
C(27) 0.0328(4) 0.5389(3) 0.2809(3) 0.0338(7)
@3l 0.2717(4) —0.1728(3) 0.2850(3) 0.0333(7)
c32) 0.3422(4) —0.2289(4) 0.1810(4) 0.0392(8)
C(33) 0.3879(5) —-0.3607(4) 0.1706(5) 0.0547(11)
C(34) 0.3595(5) —0.4347(4) 0.2647(5) 0.0600(13)
C(39%5) 0.2904(5) —0.3825(4) 0.3693(5) 0.0558(12)
C(36) 0.2479(4) —-0.2537(4) 0.3804(3) 0.0415(8)
cG37 0.2187(4) ~0.0328(3) 0.2982(3) 0.0335(7)

. _-— a*atd.a;
Uy =13, Uya;araia;.

complex is shown in Figure 1. Selected bond lengths and angles for both
complexes are presented in Table I'V.

The metal ion coordinates three 2,6-dihydroxybenzoate ligands (making
the complex neutral) as well as four water molecules. The remaining two
water molecules are in the external coordination sphere. Each metal ion is
surrounded by eight oxygen atoms. One of organic ligands is bidentate and
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FIGURE 1 The molecular structure of [Tb(C;H;0,); - 4H,0] - 2H,0.

coordinates terbium by two oxygen atoms of the carboxylate group; the
other 2,6-dihydroxybenzoate ligands are monodentate (carboxylate group).
The remaining oxygen atoms of the carboxylate groups form hydrogen bonds
with the O3 atom of one molecule of coordination water. The mode of coor-
dination of the carboxylate group does not significantly influence the values
of O-C-O angles. O—-C-O angles in the carboxylate groups are 119.0(3)
and 118.6(3)° in bidentate-chelating groups and from 119.8(3) to 123.2(3)°
in monodentate carboxylate groups, in comparison to 117.8(2) and
117.3(4)° in the free acid and its monohydrate.® In monodentate carboxylate
groups of known benzoate complexes are observed even larger O—C-O
angles'? of 126°. The oxygen atoms of hydroxylic groups do not take part in
metal ion coordination.

The eight oxygen atoms around Tb(IIT) and Ho(III) atoms form the coor-
dination polyhedron, which may be best represented by a dodecahedron
for which the value of Ayoq is 0.0443 A2 for terbium and 0.0399 A2 for the
holmium complex, where A = d?/8 and d; values are the distances between
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TABLE IV Selected bond lengths (A) and angles (°) with esd’s in
parentheses for the Tb(IIT) and Ho(III) complexes

Ln=Tb Ln=Ho
Ln-O(11) 2.438(3) 2.416(3)
Ln-0(12) 2.506(3) 2.486(3)
Ln-0(21) 2.323(3) 2.302(3)
Ln—-0(31) 2.328(3) 2.297(3)
Ln-0(1) 2.383(3) 2.354(3)
Ln-0(2) 2.408(3) 2.380(3)
Ln-0OQ3) 2.354(3) 2.328(3)
Ln-O(4) 2.374(3) 2.343(3)
C(17)-0(11) 1.276(5) 1.269(4)
C(17)-0(12) 1.256(5) 1.271(4)
C(27)-0@21) 1.291(4) 1.278(4)
C(27)-0(22) 1.239(5) 1.249(4)
C(37)-0Q@3)D) 1.284(4) 1.286(4)
C(37)-0(32) 1.250(5) 1.247(4)
C(12)-0(13) 1.350(5) 1.335(5)
C(16)-0(14) 1.344(6) 1.355(6)
C(22)-0(23) 1.386(5) 1.382(4)
C(26)-0(24) 1.348(5) 1.347(5)
C(32)~-0(33) 1.362(5) 1.363(5)
C(36)-0(34) 1.352(6) 1.347(5)
C(17)-C(11) 1.469(5) 1.470(5)
C(27)-C(21) 1.487(5) 1.477(5)
C@37)-C3)) 1.488(5) 1.481(5)
O(11)-C(17)-0(12) 119.0(3) 118.6(3)
021)-C(27)~0(22) 119.8(3) 122.2(3)
O(31)-C(37)-0(32) 123.2(3) 122.4(3)

the real position of the i-th atom and the corresponding vertex in the ideal,
least-squares-fitted polyhedron. The oxygen atoms O11, O12 and 02, O3 as
well as O1, O4 and 021, O31 form tetrahedral peaks. Coordination of the
metal ion does not cause changes in the geometry of anions. The phenyl
rings form a planar system and the carboxylic groups are rotated from the
ring plane by only 4.8(7), 2.9(1) and 3.0(1)° in the terbium(IH) complex and
4.7(7), 3.0(1), and 2.8(1)° in the holmium(III) one. In known lanthanide car-
boxylates the carboxylates groups are rotated from the phenyl ring plane
much more in polymeric'* than in monomeric lanthanide benzoates.'>'¢
The small value of phenyl ring carboxylate group rotation results from
intramolecular hydrogen bond formation with participation of OH groups
in 2,6 positions (Table V). In the Tb(III) and Ho(III) 2,6-dihydroxybenzo-
ates the lanthanide ions do not lie exactly in the carboxylate group plane.
Distances of the central ion from the carboxylate group plane of the
bidentate ligand are 0.276(6) A in terbium and 0.273(6) A in the holmium
complex but only 0.081(7)—0.016(7)A for monodentate ligands in both
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structures. That distance in other lanthanide benzoates is much larger,
above 1Aina dysprosium complex.'’

The coordination arrangement in the investigated complexes is similar to
that of a neodymium(III) complex with 3,4-diaminobenzoic acid,'* but its
geometry is much more regular. In the terbium complex, Tb-O distances to
the O11 and O12 oxygen atoms of chelating carboxylate group are 2.438(3)
and 2.506(3) A, respectively, and they are the longest Tb—O distances. The
shortest Tb—O distances are to the 021 and O31 oxygens (2.323(3);
2.328(3) A) belonging to monodentate carboxylate groups. Tb—O distances
to the oxygens of four water molecules O(1), O(2), O(3) and O(4) are in
the range 2.354(3)-2.408(3) A. In the isomorphous holmium(III) complex
Ho-0O distances are smaller by 0.02—0.03 A due to the smaller ionic radius
of the holmium(III) ion.

Hydrogen atoms of all water molecules are linked in intra- and inter-
molecular hydrogen bonds forming a stable network (Table V). Coordinated
water O2 participates only in one hydrogen bond 024 at ~x,1 -y, 1 —z, but
water molecule O1, O3, O4 atoms form two hydrogen bonds each as proton
donors and O3 additionally acts as proton acceptor. In the crystal structure
of the investigated complexes there are two molecules of crystallization
water O(5), O(6) hydrogen bonded with a hydroxyl group of the chelating
ligand. Additionally, water molecule OS5 is hydrogen bonded with O6 at
x, —1+y,z and O6 with O3 at —x,1 —y, —z and with O34 at x,1+y,
—1+ z. The oxygen atoms of three carboxylate groups form hydrogen bonds
with hydroxylic groups forming six-membered rings but uncoordinated 022
and 032 oxygen atoms additionally bind the same molecule of coordinated
water, O3.

Supplementary Material

List of H atom positions, thermal parameters and observed and calculated
structure factors are available from the authors upon request.
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