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Abstract

The title compound, PrCl3·C6H12O6·9 H2O crystallized in the monoclinic space group P21/n with cell dimensions
a=15.8293(3), b=8.67750(10), c=16.2292(3) A, , b=107.0788(8)°, V=2130.92(6) A, 3 and Z=4. Each Pr ion is
coordinated to nine oxygen atoms, two from the inositol and seven from water molecules, with Pr–O distances from
2.4729 to 2.6899 A, ; the other two water molecules are hydrogen-bonded. No direct contacts exist between Pr and Cl.
There is an extensive network of hydrogen bonds formed by hydroxyl groups, water molecules, and chloride ions.
The IR spectra of Pr–, Nd–, and Sm–inositol complexes are similar, which shows that the three metal ions have the
same coordination mode. The IR results are consistent with the crystal structure. © 2000 Published by Elsevier
Science Ltd. All rights reserved.
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1. Introduction

The interactions between metal ions and
sugars are important in terms of biological
activity [1–7], and their study can improve the
understanding of interactions between metal
ions and sugar residues of biologically impor-
tant compounds [8–13].

Lanthanide complexes are often used as
shift reagents to probe calcium binding-sites in
aqueous solution. Rare earth ions, although
biologically unnecessary, have biological ef-
fects of medical significance [14–20]. myo-

Inositol, a naturally occuring inositol and
found in all plant or animal tissues, was cho-
sen as a model for investigating the coordina-
tion of rare earth ions with sugars. Inositols
are essential growth factors for rapidly divid-
ing cells, and a simple polyol precursor in a
second messenger system is important in the
brain [21,22].

Crystal structures are generally investigated
in reference to solution studies. It is very
probable that the main binding-sites are the
same in the crystal and in solution. The syn-
thesis and isolation of solid or crystalline
metal–sugar complexes are hampered because
complexes of neutral saccharides are weak
owing to the high pKa values of the hydroxyl
groups (pKa\12) [23]. To date there is only
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one reported crystal structure of a lanthanide–
sugar complex (2PrCl3·galactitol·14 H2O) [24].
The crystal structures of Sr–epi-inositol, Ca–
myo-inositol and Mg–myo-inositol have been
determined [25–27]. IR is also an important
technique for studying the formation of metal–
sugar complexes [28–32]. Here we report the

crystal structure of Pr–myo-inositol and the IR
spectra of Pr–, Nd–, and Sm–inositol. The IR
spectra of Nd– and Sm–inositol are similar to
Pr–inositol, showing that the same coordina-
tion mode occurs in the structures of Nd– and
Sm–inositol. The IR spectra are consistent with
the solid-state structures.

Fig. 1. Structure and atom numbering scheme of PrCl3·C6H12O6·9 H2O.

Fig. 2. Projection of the crystal cell in the structure of PrCl3·C6H12O6·9 H2O.
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Table 1
Crystal data for PrCl3·C6H12O6·9 H2O

PrCl3·C6H12O6·9 H2OFormula
Formula weight 589.56

P21/nSpace group
15.8293(3)a (A, )
8.67750(10)b (A, )
16.2292(3)c (A, )
107.0788(8)b (°)
2130.92(6)V (A, 3)
4Z
1.838Dcalcd (Mg m−3)
2.724Absorption coefficient

(mm−1)
F(000) 1184

blockCrystal shape
light greenCrystal color
0.28×0.25×0.17Crystal size (mm)
full-matrix least-squares on F2Refinement method
1.038Goodness-of-fit on F2

R1=0.0279, wR2=0.0656Final R indices [I\2u(I)]
R1=0.0390, wR2=0.0694R indices (all data)

Data/restraints/parameters 6074/33/330

2. Results and discussion

The crystal structure of PrCl3·C6H12O6·9 H2O
is shown in Fig. 1, and Fig. 2 is the projection
of the crystal cell. Crystal data are listed in
Table 1. Atomic coordinates and equivalent
isotropic displacement parameters are listed in
Table 2. Selected bond lengths and angles are
collected in Table 3.

Each Pr ion is coordinated to nine oxygen
atoms, two from the alditol (two adjacent
hydroxyl groups) and seven from water
molecules in a tricapped trigonal prism ge-
ometry, with Pr–O distances ranging from
2.4729 to 2.6899 A, ; the other two water
molecules are hydrogen-bonded (Table 3). No
direct contacts exist between Pr and Cl. The
crystal structures of Ca–myo-inositol and
Mg–myo-inositol have been published [26,27].
For CaBr2–myo-inositol·5 H2O, the calcium
ion binds to two symmetry-related molecules
and four water molecules. One myo-inositol
molecule chelates the calcium ion through its
2- and 3-hydroxyl groups, and the second
myo-inositol molecule chelates the calcium ion
through its 5- and 6-hydroxyl groups, the
eight oxygen atoms form a distorted square-
antiprism with calcium–oxygen distances
ranging from 2.37 to 2.52 A, [26]. For MgCl2–
myo-inositol·4 H2O, the magnesium ion is co-
ordinated to the cis vicinal hydroxyl oxygens
at positions 1 and 2 and four water molecules
in an octahedral geometry [27]. The uncharged
sugar chelates metal ions through pairs of
adjacent hydroxyl groups, and the coordina-
tion of Mg is closer to that of rare earth ions.
In the coordination sphere of rare earth ions
there are more water molecules, and the coor-
dination number is higher. The difference in
coordination modes stems from the difference
of radius and charge between rare earth ions
and alkaline earth ions. More hydrogen bonds
exist in the crystal structures of the rare earth
complex for the same reason. There are exten-
sive networks of hydrogen bonds formed be-
tween hydroxyl groups, water molecules, and
chloride ions in the crystal structure of the
lanthanide complex.

For Pr–inositol, Cl-1 is involved in hydro-
gen bonding with six atoms: O-4, O-7, O-8,
O-11, O-14, and O-15; Cl-2 is related to the

Table 2
Atomic coordinates (×104) and equivalent isotropic displace-
ment parameters (A, 2×103) for PrCl3·C6H12O6·9 H2O

x zy Ueq
a

Pr-1 19(1)2489(1)4027(1)5346(1)
6920(1) 6650(1)Cl-1 313(1) 45(1)

9122(1) 1995(1) 39(1)Cl-2 6513(1)
6733(1) 6134(1)Cl-3 5480(1) 42(1)
4720(2) 7815(3)C-1 2863(2) 22(1)
3834(2) 7133(3)C-2 2369(2) 20(1)

20(1)2598(1)7947(3)C-3 3080(2)
3204(2) 8026(3)C-4 3559(2) 21(1)
4105(2) 8707(3)C-5 4046(2) 23(1)
4861(2) 7860(3)C-6 3835(2) 23(1)

6883(2) 2686(1) 28(1)5391(1)O-1
3875(1) 5510(2)O-2 2554(1) 22(1)
2268(1) 7161(2)O-3 2210(1) 28(1)
2515(1) 8985(2)O-4 3672(1) 31(1)

O-5 4214(1) 8567(2) 4947(1) 31(1)
5671(1) 8645(2)O-6 4233(1) 33(1)

O-7 4591(1) 5043(2) 1022(1) 36(1)
42(1)1928(1)5034(3)6538(1)O-8

2049(2)O-9 34(1)2198(1)4170(1)
O-10 3696(2)5013(1) 3889(1) 33(1)
O-11 6207(1) 1739(2) 3197(1) 41(1)

5482(2) 2157(2)O-12 1361(1) 39(1)
6718(1)O-13 39(1)3694(1)4724(3)
4827(2) 7946(3)O-14 430(1) 43(1)
3646(2) 201(3) 696(2)O-15 50(1)

a Ueq is defined as one third of the trace of the orthogonal-
ized Uij tensor.
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following atoms through hydrogen bonding:
O-1, O-8, O-11, O-12, O-13, and O-14; and
Cl-3 links to five atoms by hydrogen bonding:
O-3, O-6, O-10, O-13, and O-15. Two water
molecules (O-14 and O-15) do not coordinate
with the metal ion and are hydrogen-bonded.
For O-14, the following hydrogen-bonds ap-
pear: O-14�H-27···O-15 (x, y+1, z); O-14�H-
28···Cl-2; O-14�H-28···Cl-1; O-7�H-13···O-14;
O-12�H-24···O-14 (−x+1, −y+1, −z). O-
15 hydrogen bonds with four atoms: O-15�H-

29···Cl-1 (−x+1, −y+1, −z);
O-15�H-30···Cl-3 (x−1/2, −y+1/2, z−1/
2); O-14�H-27···O-15 (x, y+1, z); O-9�H-
18···O-15. For the inositol, every OH group is
hydrogen bonded with another atom, four of
them chlorides and two hydroxyl groups of
another inositol molecule (Table 4). Metal–
hydroxyl interactions generally produce small
conformational changes in the sugar at the
metal-binding sites. Comparing uncomplexed
myo-inositol with the Pr–inositol complex,
the C–C and C–O distances and bond angles
show only small changes [33], and the chair
conformation of inositol is maintained in the
complex structures (Fig. 2), as with the Ca–
or Mg–complexes [26,27]. Minor differences
are reflected in the IR spectra, which are
discussed later. In aqueous solution the NMR
spectrum of myo-inositol shows no substantial
changes on addition of cations, and metal–
myo-inositol complexes show very little mobil-
ity on electrophoresis [34–36]. The
characteristic colors of Pr–, Nd– and Sm–
inositol compounds are light green, purple
and yellow, respectively.

The FT-IR spectral data and possible as-
signments in the 1500–650 cm−1 region are
listed in Table 5; spectra are shown in Fig. 3.
In the 4000–3000 cm−1 region, the stretching
vibration peaks of the OH groups in the three
spectra are broadened as compared with the
spectrum of the free inositol. A strong and
broad peak could be assigned to hydroxyl
stretching vibrations of the inositol, and the
water OH stretching vibration is influenced by
the extensive hydrogen-bonding network.
Complexation changes and broadens the inos-
itol peak positions in this region. The spec-
trum of PrCl3·myo-inositol·9 H2O cooled to
liquid N2 temperature, recorded by the Nujol
mull method (Fig. 4), is difficult to assign in
detail. The eight low frequency peaks (3159–
3372 cm−1) may be assigned to O�H···O
stretching vibrations, assuming that n(OH) is
primarily related to the O···O distance
d(O···O). The shorter d(O···O) is, the larger is
the effect on the OH stretching vibration, and
the lower n(OH) [37]. The peaks at higher
frequencies may be related to O�H···Cl
vibrations.

Table 3
Selected bond lengths (A, ) and angles (°) for PrCl3·C6H12O6·9-
H2O

Bond lengths
2.4729(19) C-1�C-6Pr-1�O-9 1.528(3)
2.4832(19)Pr-1�O-8 C-2�O-2 1.437(3)

Pr-1�O-7 2.4894(19) C-2�C-3 1.524(3)
C-3�O-32.490(2) 1.428(3)Pr-1�O-11

2.4963(18)Pr-1�O-10 C-3�C-4 1.515(3)
Pr-1�O-1 2.4976(19) C-4�O-4 1.426(3)

2.5018(19)Pr-1�O-12 C-4�C-5 1.532(3)
2.5322(19)Pr-1�O-13 C-5�O-5 1.427(3)

Pr-1�O-2 2.6899(17) C-5�C-6 1.526(3)
C-1�O-1 1.430(3) C-6�O-6 1.428(3)

1.516(3)C-1�C-2

Bond angles
74.21(6)O-9�Pr-1�O-2O-9�Pr-1�O-8 141.69(7)

127.30(7)86.57(7) O-8�Pr-1�O-2O-9�Pr-1�O-7
74.20(7)O-8�Pr-1�O-7 O-7�Pr-1�O-2 71.95(6)

136.59(7)O-11�Pr-1�O-2O-9�Pr-1�O-11 79.30(7)
94.46(8)O-8�Pr-1�O-11 O-10�Pr-1�O-2 66.59(6)

60.83(5)140.13(7) O-1�Pr-1�O-2O-7�Pr-1�O-11
75.28(7)O-9�Pr-1�O-10 O-12�Pr-1�O-2 126.93(6)

139.55(7)O-8�Pr-1�O-10 O-13�Pr-1�O-2 114.29(6)
137.81(7)O-7�Pr-1�O-10 O-1�C-1�C-2 107.45(19)

109.26(19)O-1�C-1�C-6O-11�Pr-1�O-10 73.82(7)
134.82(6)O-9�Pr-1�O-1 C-2�C-1�C-6 112.86(19)
72.63(7)O-8�Pr-1�O-1 O-2�C-2�C-1 107.10(19)
76.04(7)O-7�Pr-1�O-1 O-2�C-2�C-3 113.15(18)

111.01(19)137.80(7) C-1�C-2�C-3O-11�Pr-1�O-1
90.18(7)O-10�Pr-1�O-1 O-3�C-3�C-4 107.62(19)
68.42(7)O-9�Pr-1�O-12 O-3�C-3�C-2 109.82(19)
73.84(8)O-8�Pr-1�O-12 C-4�C-3�C-2 113.49(19)

O-7�Pr-1�O-12 69.56(7) O-4�C-4�C-3 106.61(19)
70.57(7)O-11�Pr-1�O-12 O-4�C-4�C-5 109.9(2)

O-10�Pr-1�O-12 132.70(7) C-3�C-4�C-5 111.55(19)
137.05(7) 108.8(2)O-1�Pr-1�O-12 O-5�C-5�C-6

108.0(2)O-5�C-5�C-4O-9�Pr-1�O-13 137.73(7)
O-8�Pr-1�O-13 68.12(7) C-6�C-5�C-4 111.78(19)
O-7�Pr-1�O-13 135.68(7) O-6�C-6�C-5 109.1(2)

66.72(8)O-11�Pr-1�O-13 O-6�C-6�C-1 108.6(2)
O-10�Pr-1�O-13 71.74(7) C-5�C-6�C-1 110.96(19)

71.22(7)O-1�Pr-1�O-13 C-1�O-1�Pr-1 126.26(14)
C-2�O-2�Pr-1118.75(7) 116.53(13)O-12�Pr-1�O-13
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Table 4
Hydrogen bonds for PrCl3·C6H12O6·9 H2O a

d(H···A) d(D···A)D�H···A B(DHA)d(D�H)

2.272(19)O-1�H-7···Cl-2 3.058(2)0.801(18) 167(3)
O-2�H-8···O-4c1 0.793(18) 2.033(19) 2.824(3) 175(3)
O-3�H-9···Cl-3c2 0.812(18) 2.28(2) 3.065(2) 162(4)

2.36(3) 3.123(2)0.821(19) 155(4)O-4�H-10···Cl-1c3

0.806(18)O-5�H-11···O-6c4 1.936(18) 2.741(3) 178(3)
0.801(18)O-6�H-12···Cl-3 2.313(18) 3.110(2) 173(3)

1.831(18) 2.760(3)0.930(18) 179(5)O-7�H-13···O-14
O-7�H-14···Cl-1c5 0.926(18) 2.164(19) 3.087(2) 174(4)

2.28(2) 3.183(2)0.930(18) 162(3)O-8�H-15···Cl-1
0.928(18)O-8�H-16···Cl-2c6 2.240(18) 3.168(2) 179(4)
0.925(18)O-9�H-17···O-3c1 1.804(19) 2.720(2) 170(4)

2.63(4) 3.117(3)0.925(18) 114(3)O-9�H-17···O-4c1

1.91(2) 2.831(3)O-9�H-18···O-15 173(4)0.929(18)
2.35(2) 3.220(2)0.916(18) 160(3)O-10�H-19···Cl-3c7

0.933(18)O-10�H-20···O-5c7 1.822(19) 2.750(3) 173(4)
0.920(18)O-11�H-21···Cl-1c6 2.35(2) 3.230(2) 160(3)

2.24(2) 3.123(2)0.899(18) 167(4)O-11�H-22···Cl-2c8

2.194(18) 3.110(2) 173(4)O-12�H-23···Cl-2c8 0.921(18)
1.90(2) 2.804(3)0.930(18) 164(4)O-12�H-24···O-14c5

0.933(18)O-13�H-25···Cl-3 2.22(2) 3.140(2) 171(4)
0.915(18)O-13�H-26···Cl-2c6 2.51(2) 3.348(2) 152(3)

1.904(19) 2.825(3)0.940(18) 166(4)O-14�H-27···O-15c9

2.46(3) 3.261(2)O-14�H-28···Cl-2 143(3)0.939(18)
2.91(3) 3.557(3)0.939(18) 127(3)O-14�H-28···Cl-1

0.938(18)O-15�H-29···Cl-1c5 2.25(2) 3.176(3) 169(4)
0.917(18)O-15�H-30···Cl-3c10 2.25(2) 3.164(2) 174(3)

a Symmetry transformations used to generate equivalent
atoms: (c1) −x+1/2, y−1/2, −z+1/2; (c2) x−1/2, −y+
3/2, z−1/2; (c3) x−1/2, −y+3/2, z+1/2; (c4) −x+1,
−y+2, −z+1; (c5) −x+1, −y+1, −z ; (c6) −x+3/2,
y−1/2, −z+1/2; (c7) −x+1, −y+1, −z+1; (c8) x,
y−1, z ; (c9) x, y+1, z ; (c10) x−1/2, −y+1/2, z−1/2.

bands at �1640 cm−1, which are absent from
the spectrum of the free inositol, are assigned
to deformation vibrations of water molecules.
Two peaks (1642 and 1621 cm−1 for Pr–inos-
itol, 1642 and 1622 cm−1 for Nd–inositol,
and 1644 and 1623 cm−1 for Sm–inositol)
appear in the region. The relative intensities of
the �1644 and �1623 cm−1 bands among
the three spectra are the largest in the Sm–
inositol spectrum and the relative intensity in
the Nd–inositol spectrum is larger than for
Pr–inositol; this is probably related to the
different M–O distances. The appearance of
some shoulder peaks may have the same rea-
son. The curvefit result for Pr–inositol is
shown in Fig. 5. The two peaks could be split
into nine peaks, corresponding to different
water molecules.

The 1500–650 cm−1 region, 1500–1200
cm−1 for the sugar itself may be called the
local symmetry region, because it is mainly
constituted of the deformational vibrations of
groups having local symmetry, such as HCH,
and the vibrations of the CH2OH group. The
1200–950 cm−1 region is the CO stretching
region and 950–700 cm−1 the side-groups de-
formational-region (COH, CCH, OCH); this
includes the important fingerprint or anomeric
bands between 930 and 840 cm−1, and an
appreciable contribution from the stretching
of C–C; 700–500 cm−1, and exocyclic defor-
mations (CCO, CCC, COH) [39]. Each peak
exhibits coupling by many vibration modes.
As compared with the spectrum of inositol,
the peak positions and relative intensities of
the peaks are changed in the spectra of the
metal complexes. Their spectra in this region
are similar, showing that the three rare earth
ions have the same coordination mode. This is
comparable with our results on galactitol
complexes of Pr, Nd, and Sm and it illustrates
that ligands coordinate to light rare earth ions
in the same way because of the similarity
among light rare earth ions in radius and
charge. The differences of 0–2 cm−1 show the
characteristics of each metal ion coordination
(Table 5).

In conclusion, IR reflects minor differences
in the structures and it is a useful technique
for studying complex formation.

In the 3000–2000 cm−1 region, the weak
peaks could be assigned to CH stretching
vibrations (2936, 2930, 2899, and 2812 cm−1

for Pr–inositol, 2937, 2899, 2874, and 2811
cm−1 for Nd–inositol, and 2938, 2930, 2899,
2874, and 2816 cm−1 for Sm–inositol) [38].
When the metal complexes are formed, the
relative intensities of the CH stretching vibra-
tions are clearly decreased and the peak posi-
tions are shifted in the spectra of the metal
complexes. M–O band formation changes the
CH stretching vibrations, and the OH vibra-
tions have mask the CH bands.

In the 1700–1500 cm−1 region, the medium
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Table 5
IR data for myo-inositol and its Pr–, Nd–, and Sm–complexes (1500–650 cm−1)

Nd–inositol Sm–inositolinositol Preliminary assignment [30–32,39]Pr–inositol

14311446 14331431 n(CC), n(CO), d(COH)
1397 13961396 n(CC), n(CO), d(CCO), d(COH), t(CCCH)1417
1374 13741371 n(CC), d(CCH), d(COH), t(CCCH)1373
1347 13491348 n(CC), d(CCO), d(CCH), d(COH), t(CCCH)1356
13251324 13251325 d(COH), t(CCCH), n(CO), d(CCH)
1272 12711271 d(COH), n(CO), t(CCCO), n(CC)1273
1259 12591246 1259
1240 12421240 d(COH)
1225 12251220 n(CO)
1199 11991199 n(CC), n(CO), t(CCCO)1196
1152 11521148 n(CO), t(CCCC), t(OCCC)1152
1109 11091109 n(CO), n(CC)1115

1092 1092 1091 n(CO)
1045 104510451052
1007 10061015 n(CC), n(CO), t(OCCC)1006

1002
939 939930
870 872870 n(CC), t(CCCC), t(OCCC)899

894
745 746744 n(CH), d(CCC), n(CC), t(OCCC)733

729 730 731
716 n(CC), n(CH), t(CCCC), t(OCCC)670

3. Experimental

Materials.—NdCl3, PrCl3, and SmCl3 were
prepared and crystallized from the corre-

sponding rare earth oxide of high purity
(99.99%). myo-Inositol (Certified Biological
Reagent) was provided by EG Ltd, and was
used as supplied.

Synthesis of metal complexes. The inositol
and 1 equiv of metal chloride were dissolved
in water–EtOH and heated to prepare a con-
centrated solution, which was cooled down for
crystallization. Anal. Calcd for PrCl3·C6H12-
O6·9 H2O: C, 12.22; H, 5.129. Found: C,
11.87; H, 5.131. Anal. Calcd for NdCl3·

Fig. 3. Mid-IR spectra of myo-inositol and its Pr–, Nd–, and
Sm–complexes.

Fig. 4. The spectrum of Pr–myo-inositol on cooling to liquid
N2 temperature.



L. Yang et al. / Carbohydrate Research 329 (2000) 847–853 853

Fig. 5. The curvefit result for Pr–myo-inositol.
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