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It has long been known that metal ions and saccharides are involved in many biochemical processes. In this
paper, metal nitrates were used as reactants to detect the coordination structures of the hydroxyl groups of galactitol
in different environments. Three novel crystal structures and FT-IR spectra of metal nitrate—galactitol complexes of
La(NO3)3+CeH1406°4H,0, 2Ca(NO3),+ CsH1406-H,0, and Sr(NO3),+CeH1406 Were examined in an effort to clarify the
structural factors that control metal ion interactions with saccharides in aqueous and biological systems. The
coordination structures of galactitol with alkaline earth and lanthanide nitrates in the solid state were compared
using FT-IR, Raman, and X-ray diffraction techniques to extensively discuss the coordination rules of different
kinds of metal ions. Results provided a model of the coordination sites found in sugars and showed that the
introduction of NO;3~ made the coordination modes of galactitol more diverse and complex than those of the
corresponding chloride complexes. Specifically, new coordination modes of galactitol and complicated topology
networks were found in 2Ca(NOj3),*CsH1406°H,0 and Sr(NOs),+CsH1406. FT-IR results are consistent with the crystal
structures and thus provide the possibility of using the similarity of IR spectra to speculate about unknown structures
when the compounds are difficult to prepare as single crystals.

Introduction Biochemical processes such as the transport, storage, and

Sugars, proteins, and nucleic acids are three essentiapalcification of metal ions, stabilization of membrane
materials for life. Many important biochemical activities Structures, adsorption between cells, binding of glycoproteins
involve the participation of sugars as the endogenesisto cell surfaces, toxic metal metabolism, and the binding of

material, which has the function of information transfer, Proteins to sugats’ may involve the sugarmetal ion

energy transfer, and material transportation. The study of Interaction. Many biological functions of sugars, such as
sugars may be traced back to the prominent work of the
famous German scientist Fisher one hundred years ago. (1) Luo, J. SBiochemistryHuadong Normal University Press: Shanghai,

; ; ; China, 1997.
Compared to the study of proteins and nucleic acids, the (2) Sauchelli, V.Trace Elements in Agriculturevan Nostrand: New

study of sugars has dropped far behind because the structures = vork, 1969; p 48.

iffi i (3) Holm, R. P.; Berg, J. MPure Appl Chem 1984 56, 1645-1657.
of sugars are more difficult to obtain than those of the other (2} Predki, P. F.; Whifield, D. M. Sarkar. B3iocher J. 1992 281
two. 835-841.
(5) Weis, W. I.; Drickamer, K.; Hendrickson, W. Aature 1992 360,
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T State Key Laboratory of Rare Earth Material Chemistry and Applica-  (6) Drickamer, K.Nature 1992 360, 183-186.

tions. (7) Burger, K.; Nagy, L.Biocoordination Chemistry Coordination
* State Key Laboratory of Polymer Physics and Chemistry. Equilibria in Biologically Actve SystemsE. Horwood: New York,
§ Key Laboratory of Heavy lon Physics. 1990; pp 236-283.
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Metal Nitrates and Carbohydrates

The Chemical Structure of Galactitol

Scheme 1.

those in chlorophyll and hemochrome, require binding with
metal ions. The formation of a Rli—carbohydrate complex
in the human kidney was demonstrated in 198bhe

biological function of sugars may be understood on the basis
of the cooperation among the chemical characteristics of the

different hydroxyl groups of sugars. The interaction between

carbohydrates and metal ions, as the model for studying the

relation of different hydroxyl groups of sugars, may provide
a good entry point for understanding the biological function
of sugars more deeply.

Galactitol (GH140s, shown in Scheme 1, the ligand

abbreviated by L), the metabolic product of galactose and

an acylic alditol of biological importance, has widespread
distribution among plant lif€ Before 2000, only one crystal
structure of a galactitetlanthanide ion complex was found
in the literature (2PrGlgalactitot14H,0).1° Our group has
prepared a series of lanthanide chloridend alkaline earth
chloride-galactitol complexes since 200817 Most of the
work on the crystal structures of metal iegalactitol
complexes is limited to the chloride system. Here, metal

nitrates were used as reactants to detect the coordination

structures of hydroxyl groups of carbohydrates in different

environments. The Husson group reported the single-crystal

structures of a series of lanthanide nitratés,cis-1,3,5-
cyclohexantriol andis,cis-1,2,3-cyclohexantriol complexés!®

The coordination numbers of the complexes were nine, ten,
and eleven. The coordinated molecules included three
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Figure 1. Structure and the numbering of atoms of La@{3CsH140s*
A ON

hydroxyl groups of two ligands, a monodentate or bidentate rigure 2. Projection of the crystal cell in the structure of LaLN.

nitrate group, and water molecules. Two different neody-
mium ion—galactitol complexes, Nd(NgR-CeH140s (NALN1)
and 2Nd(NQ)3+CsH1406°10H,0 (NdLNZ2), prepared by our
group have been reported previouZlyThe contribution

(8) Templeton, D. M.; Sarkar, BBiochem J. 1985 230, 35—-42.
(9) Helen, M. B.; Rosenstein, R. Pcta Crystallogr B 1968 24, 435—

441,

(10) Angyal, S. J.; Craig, D. GCarbohydr Res 1993 241, 1-8.

(11) Yang, L. M.; Zhao, Y.; Tian, W.; Jin, X. L.; Weng, S. F.; Wu, J. G.
Carbohydr Res 2001, 330 (1), 125-130.

(12) Yang, L. M.; Tian, W.; Zhao, Y.; Jin, X. L.; Weng, S. F.; Wu, J. G;
Xu, G. X.J. Inorg Biochem 2001, 83 (2—3), 161-167.

(13) Yang, L. M.; Zhao, Y.; Su, Y. L.; Wang, Z. M.; Yan, C. H.; Wu, J.
G. Chem J. Chin. Univ. 2002 23 (8), 1475-1479.

(14) Yang, L. M.; Su, Y. L.; Liu, W.; Jin, X. L.; Wu, J. GCarbohydt
Res 2002 337 (16), 1485-1493.

(15) Su, Y. L.; Yang, L. M.; Jin, X. L.; Weng, S. F.; Wu, J. G. Mol.
Struct 2002 616 (1—3), 221-230.

(16) Su, Y. L. Yang, L. M.; Wang, Z. M.; Weng, S. F.; Yan, C. H.; Wu,
J. G.J. Inorg. Biochem 2003 94 (1—-2), 43-49.

(17) Su, Y.L, Yang, L. M.; Wang, Z. M,; Jin, X. L.; Weng, S. F.; Yan,
C. H.; Yu, Z. W.; Wu, J. GCarbohydr Res 2006 341, 75-83.

(18) Husson, C.; Delangle, P.; Pecant, J.; Vottero, P. IJnérg. Chem
1999 38, 2012-2019.

(19) Delangle, P.; Husson, C.; Lebrun, C.; Pecant, J.; Vottero, P. J. A.
Inorg. Chem 2001, 40, 2953-2962.

(20) Su, Y. L.; Yang, L. M.; Wang, Z. M,; Yan, C. H.; Weng, S. F.; Wu,
J. G.Carbohydr Res 2003 338 (19), 2029-2034.

reported here, which summarized the diverse coordination
behavior of neutral nonfunctionalized galactitol to alkaline
earth and lanthanide nitrates, demonstrated the coordination
differences of various metal ions and the formation of
complicated networks and improved the understanding of
the correlation between the structural and spectral manifesta-
tions.

Results and Discussion

Structure of the Lanthanide Nitrate —Galactitol Com-
plexes.The crystal structure and the numbering of atoms of
La(NOs)3:CeH1406:4H,0 (LaLN) are shown in Figure 1, and
the projection of the crystal cell in the structure of LaLN is
shown in Figure 2. Crystal data and coordinated bond lengths
and angles of LaLN are listed in Tables 1 and 2, respectively.

The crystal structure of LaLN belongs to the monoclinic
systemCc space group. Each Bais coordinated to twelve
oxygen atoms: three oxygen atoms from O-10, O-11, O-12
of the hydroxyl groups of one galactitol (seen in Figure 1),
another three atoms from O-13, O-14, O-15 of the hydroxyl
groups of another galactitol (seen in Figure 1), and the other
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Table 1. Crystal Data and Structure Refinement for

La(NOg)3-CsH1406°4H20

empirical formula GH2:LaN3019

fw 579.15

temp (K) 293(2)

wavelength (A) 0.71073

cryst syst monoclinic

space group Cc

a(A) 18.7018(11)

b (A) 10.1221(4)

c(A) 11.1991(7)

B (deg) 117.7810(14)

vol (A3) 1875.64(18)

z 4

density calcd (mg/) 2.001

abs coeff (mm?) 2.378

F(000) 1096

cryst size (mm) 0.25 0.14x 0.11

6 range (deg) 2.3627.39

index ranges —23<h=<24
—13=<k=13
-14=<1=<14

reflns collected/unique
completeness t = 27.39
max. and min. transmission
refinement method

4002/3998(jnt) = 0.0545]
99.5%
0.7733 and 0.5890
full-matrix least-squaresFén

data/restraints/params 3999/260/263

GOF onF? 0.506

Final R indices [ > 20(1)] R1=0.0346
wR2=0.0613

R indices (all data) R% 0.0581
wR2 = 0.0650

absolute structure param 0.41(4)

largest diff. peak and hole (e &)

0.749 and-0.551

Table 2. Selected Coordinated Bond Lengths (A) and Angles (deg) in
the LaLN Complex with Estimated Standard Derivatins

La—O(11) 2.547(12) O(6}N(2) 1.198(18)
La—0(13) 2.550(8)  O(7¥N(3) 1.249(15)
La—0(14) 2.587(11) O(8}N(3) 1.207(15)
La—0(10) 2.622(10) O(9)N(3) 1.299(17)
La—O(15) 2.641(8) O(10yC(1) 1.461(18)
La—0(9) 2.703(10) O(1BC(2) 1.412(18)
La—0O(5) 2.707(10) O(12YC(3) 1.363(16)
La—0O(8) 2.709(8)  O(13}C(4) 1.421(18)
La—0(12) 2.727(9)  O(14}C(5) 1.470(17)
La—0(2) 2.745(13) O(15YC(6) 1.571(17)
La—0(3) 2.808(13) C(B-C(2) 1.57(2)
La—0O(6) 2.843(10) C(2}C(3) 1.59(2)
O(1)-N(1) 1.288(6)  C(3}C(6)#1 1.530(6)
0(2)-N(1) 1.118(16) C(4¥C(5) 1.47(2)
0O(3)-N(1) 1.406(17) C(5¥C(6) 1.44(2)
O(4)-N(2) 1.251(18) C(6YC(3)#2 1.530(6)
0(5)-N(2) 1.368(17)

O(11)-La—0(13) 131.7(3) O(1BLa—0O(14)  80.39(14)
N(1)-O(2)-La 103.8(9) N(1}-0(3)-La 92.8(6)
C(1)-O(10)-La  117.4(8) C(2r0(11)-La 110.3(9)
O(2)-N(1)-O(1) 140.3(13)  O(2YN(1)-O(3)  116.7(6)
O(10)-C(1)-C(2) 106.6(12)  O(1BC(2-C(l) 115.1(13)
C(1)-C(2)-C(3) 107.1(12)  C(6)#:C(3)-C(2) 110.8(9)
C(6)-C(5)-0(14) 105.1(10)  C(5YC(6)-O(15)  110.1(11)

a Symmetry transformations used to generate equivalent atoms;, #1

=y, z+ 1/2; #2x, —y, z — 1/2.

six atoms from three bidentate nitrate groups (O-2, O-3; O-5,
0-6; O-8, 0O-9 in Figure 1). The L-aO distances are from
2.547 to 2.843 A, in which the distances oft@ (galactitol)

are shorter than those of £t (NO;7) indicating that the
hydroxyl group of galactitol has stronger interaction with

La®" than the nitrate group does. Four water molecules (OW-

1, OW-2, OW-3, and OW-4) do not take part in the
coordination, which involves all lattice water-forming hy-
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Figure 3. Structure and the numbering of atoms of 2CagN€@CsH140¢
H-0.

drogen bonds with hydroxyl groups or nitrate groups. Each
galactitol provides three hydroxyl groups to coordinate with
one L&" and another three hydroxyl groups to coordinate
with another L&". At the same time, each Bais coordinated
with two L ligands and thus L3 links two galactitols
together to form a chain structure [La(M&{CsH1406)]w
(Figure 2). The complex is in a bicapped pentagonal
antiprism (trigonal icosahedron) configuration.

In two LaCk—galactitol complexes (LagICsH1406-6H,0
(LaL1)*® and 2LaC}-CgH1406-10H,0O (LalL2)t), galactitol
both provides three hydroxyl groups to3ain which the
coordination mode of galactitol is similar to that of LaLN
and the chain structures are formed. In the structure of LalL1,
each L&" is coordinated to three hydroxyl groups of one
galactitol, three hydroxyl groups of another galactitol, and
four water molecules with LaO distances ranging from
2.5099 to 2.6916 A. In the structure of LalL2, eacH'Lis
coordinated to three hydroxyl groups of one galactitol, four
water molecules, and two chloride ions with-+@ distances
ranging from 2.515 to 2.621 A.

Structures of Alkaline Earth Metal Nitrate —Galactitol
Complexes. The crystal structure and the numbering of
atoms of 2Ca(N@),:CeH1406-H20O (CaLN) are shown in
Figure 3, and the projection of the crystal cell in the structure
of CaLN is shown in Figure 4. Crystal data, coordinated bond
lengths and angles, and hydrogen bonds of CaLN are listed
in Tables 3-5, respectively. The crystal structure and the
numbering of atoms of Sr(NgD+CsH1406 (SrLN) are shown
in Figure 5, and the two-dimensional (2D (4,4)) net formed
by Sr nodes and ligand nodes in the structure of SrLN is
shown in Figure 6. Crystal data, coordinated bond lengths
and angles, and hydrogen bonds of SrLN are listed in Tables
6—8, respectively.

The crystal structure of CaLN belongs to the monoclinic
system, P2;/c space group. The structure of CaLN is
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Table 4. Coordinated Bond Lengths (A) and Angles (deg) in the CaLN
Complex with Estimated Standard Derivatidns

Ca—O(L)#1 2.3821(12) O(3C(2) 1.4400(16)
Ca-0(4) 2.3986(13) O(3}C(3) 1.4378(16)
Ca-0(3) 2.4118(11) O(5)N(1) 1.2427(15)
Ca-0(2) 2.4426(12) O(B}N(1) 1.2576(15)
Ca—0(6)#2 2.5316(13) O(6)Ca#2 2.5316(13)
Ca-0(8) 2.5341(14) O(AN(L) 1.2290(16)
Ca-0(9) 2.5921(12) O(8}N(2) 1.2656(15)
Ca—0(6) 2.6491(11) O(9IN(2) 1.2559(16)
Ca-0(5) 2.7879(12) O(1GIN(2) 1.2107(17)
Ca-N(2) 2.9864(5) C(1}C(2) 1.518(2)
Ca-N(1) 3.1519(14) C(2}C(3) 1.5242(18)
O(1)-C(1) 1.4339(17) C(3)C(3)44 1.530(3)
O(1)-Ca#3 2.3821(12)
O(L#1-Ca-O(4)  76.17(4)  O(9Ca-N(@2)  24.75(3)
O(#1-Ca-0(3)  143.29(4)  O(6}Ca-N(2)  130.69(3)
O(4)-Ca-0(3) 14032(4)  O(5)Ca-N(2)  84.90(4)
O(1)#1-Ca-0(2)  152.21(4)  O(L}#:Ca—N(1)  75.25(4)
0(4)-Ca-0(2) 76.68(4)  O(4Ca-N(1)  137.76(4)
0(3)-Ca-0(2) 64.36(4)  O(3}Ca—N(1) 71.63(4)
O(#1-Ca-O(B)#2 98.06(4)  O(2Ca—N(1)  130.67(4)
Figure 4. Projection of the crystal cell in the structure of CaLN. ggg_g;ggggg ;i?ggig 88_))#02;6&’]\_‘)(1) ggg?gg
Table 3. Crystal Data and Structure Refinement for 823#10_6268(8)(#; ;gf?((j)) 8((22:“8 1231,(1)118))
Ca(NQy)2-CeH1406-H20 O(4)-Ca—0(8) 122.99(5)  O(5¥Ca—N(1) 23.12(3)

— 0(3)-Ca-0(8) 77.61(4)  O(2}Ca—0O(8)  106.75(4)
f‘f,'vnp'”cal formula orieCaNOn C()-O(1)-Ca#3  138.47(9)  O(6)#2Ca-0(8) 163.14(4)
temp (K) 203(2) C(2-0(2)-Ca 12051(8)  O(L)#:Ca-0(9) 85.11(4)
measurement device Rigaku RAXIS RAPID IP C(3)-03)~Ca 121.74(8)  O(HCa-O(9)  75.81(5)
measurement method oscillation O(3)-Ca—0(9) 105.08(4) O(2yCa-0(9) 82.68(4)
wavelength (A) 071073 O(6#2-Ca-0(9)  147.23(3)  Ca#20(6)-Ca  122.36(4)
eryst SySt, Space group onodlinic O(8)-Ca-0(9) 4953(3)  O(1)#Ca-0(6) 82.25(4)
space group P2./C O(4)-Ca—0(6) 122.42(5)  O(BN(L)-O(5) 121.94(12)
ah) 7.2451(14) 0(3)-Ca-0(6) 73.454)  O(BN(1)-0(6) 121.01(12)
b(A) 17.083(3) 0(2)-Ca-0(6) 117.78(4)  O(5YN(1)-O(6) 117.05(12)
c(A) 8.0827(16) O(B)#2-Ca—0(6)  57.64(4)  O(AN(1)-Ca  175.12(10)

5 (deg) 107.973) 0(8)-Ca—0(6) 10625(3) O(B)N(1)-Ca  61.76(7)

vol (A3) 950.5(3) 0O(9)—-Ca—0(6) 154.00(3) O(6yN(1)—Ca 55.43(7)

7 2 0(4)-Ca-0(5) 144.09(4)  O(10YN(2)-O(8) 121.08(13)
density caled (mg/#) 1.909 a Symmetry transformations used to generate equivalent atoms:—#1
Ia:?go%(;eﬁ (mm) %;11'3 1y, Z#2-x —y+1, -z #3x+ 1y, zZ#—x+1,-y+1,-z

cryst shape/color
cryst size (mm)

block/colorless
0.3% 0.30x 0.10

Table 5. Hydrogen Bonds for the Structure of the CaLN Complex

Q range (deg) 2.9127.48 D—H---A dD—H) d(H-+-A) d(D---A) O(DHA)
index ranges —-9=<h=<9
—22<k<22 O(1)-H(1)---O(5)#5 0.785(18) 2.003(18) 2.7688(16) 165.1(18)
—-10<1<9 O(2)—-H(2)---0(9)#6  0.732(17) 2.181(18) 2.9067(16) 170.8(19)
refins collected/unique 8455/218&(Int) = 0.0406] O(3)-H(3)---O(8)#5  0.761(17) 2.023(18) 2.7810(16)  173.7(18)
refins withl > 20(1) 1698 O(4)-H(4A)---O(7)#7 0.79(2) =~ 2.03(2)  2.8050(18) 166(2)
completeness t6 = 27.48 99.9% O(4)y-H(@4B)--O(7)#2 0.76(3)  2.12(3)  2.790(2)  148(2)
abs correction empirical a : : .
max. and min. transmission 0.931 and 0.606 1 Sgg\zm_e;ry_tra_i_nslfor_n;gggr;s : SiEd t;. girf;a:t_ele(fj|vilint_azt.0£5us;x#l
method for primary solution direct A Y uno Y. 4 Y >

method for secondary solution +1,-y+1,—-z+ 1 #6x, —y+ 12,z— 1/2; #7—x,y — 1/2,—z+ 1/2.

hydrogen addition/treatment

Fourier difference map
hydrogen atoms are
generated by HFIX/mixed

full-matrix least-squares/n molecule (O-4). The CaO distances range from 2.3821 to

refinement method

data/restr;lints/params 2181/0/166 2.7879 A. For O-6 and O-6A from two nitrate groups, they
g‘r?; ont dices (> 20(1)] g-f‘fo 0255 are coordinated with another &aat the same time, forming
WR2= 0.0512 two us bridge bonds. These two nitrate groups are coordi-
R indices (all data) R% 0.0393 nated with two Ca" ions at the same time to form bidentate
WR2 = 0.0531 . ; ; : :
extinction cosff 0.0201(14) coordination. Each G4 is coordinated with two neighbor

hydroxyl groups of one L ligand (O-2 and O-3 in Figure 3)
and one hydroxyl group of another L ligand (O-18 in Figure
3). Each C& is coordinated with two L ligands; each L

largest diff. peak and hole (e7&) 0.372 and-0.263

interesting. Each Ca is coordinated to nine oxygen atoms:
two from O-2, O-3 of the hydroxyl group of one galactitol, ligand provides O-2 and O-3 for one €a0-1 for the second
one from O-1B of the hydroxyl group of another galactitol, Ca&", O-2A and O-3A for the third Ca, and O-1A for the
four from two bidentate nitrate groups (O-5, O-6; O-8, O-9), fourth C&". Each L ligand is coordinated with four &a
one from the third nitrate group (O-6A), and one from water Each C&" is coordinated with two L ligands to form a 1:2

Inorganic Chemistry, Vol. 46, No. 14, 2007 5511
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Figure 5. Structure and the numbering of atoms of Sr@\ACsH140s.

Figure 6. Projection of the crystal cell in the structure of SrLN.

complex. Galactitol links the Ca ions together to form a
chain structure and two chains are connected together by
oxygen bridges (O-6 and O-6A in Figure 3) formed by two
nitrate groups like a ladder structure. From Table 5, four
nitrate groups and a water molecule all take part in the
coordination, only five hydrogen bonds form in the structure.
Three hydrogen bonds are between hydroxyl groups of the
L ligand and the coordinated oxygen atoms of nitrate

groups: O(1¥H(1):--O(5)#5 (2.7688 A), O(2YH(2)--
O(9)#6 (2.9067 A), and O(3)H(3)--*O(8)#5 (2.7810 A).

The other two are between the hydroxyl group of water
molecules and the uncoordinated oxygen atoms (0O7): -O(4)

H(4A)--O(7)#7 (2.8050 A) and O(4)H(4B)---O(7)#2
(2.790 A).

The crystal structure of Sr(NgR-CsH1406 belongs to the
monoclinic systemP2;/n space group. The coordination

5512 Inorganic Chemistry, Vol. 46, No. 14, 2007

Table 6. Crystal Data and Structure Refinement for Sr@¥&CsH1406

empirical formula

fw

temp (K)

wavelength (A)

program for structure solution

program for structure refinement
program for molecular graphics

program for publication material

cryst syst,
space group
a(h)

b (A)

c(A)

o (deg)

B (deg)

v (deg)

vol (A3)

z

density calcd (mg/®)
abs coeff (mm?)
F(000)

cryst shape/color
cryst size (mm)

6 range (deg)
limiting indices

reflns collected/unique
reflns withl > 20(1)
completeness to®2= 30.03
abs correction

max. and min. transmission
method for primary solution
method for secondary solution
hydrogen addition/treatment
refinement method
data/restraints/params

GOF onF?

Final R indices [ > 24(1)]

R indices (all data)

extinction coeff
largest diff. peak and hole (e7&)

@GH1aN2012Sr
393.81
293(2)
0.71073
SHELXS-97 (Sheldrick 1997)
SHELXL-97 (Sheldrick 1997)
Bruker SHELXTL, version 5.1
(Sheldrick 1998)
SHELXL-97 (Sheldrick 1997)
monoclinic
P21/n
8.6712(2)
7.7620(2)
10.2841(3)
90

109.6903(10)
90

651.71(3)

2

2.007
4.206
396
block/colorless
0.3% 0.15x 0.15
3.6227.48
—1l1=<h=11
—9=<k=10
—-13<1=<13
11 409/1482([nt) = 0.0607]
1194
99.3%
empirical
0.542 and 0.423
direct
Fourier difference map
geometry/mixed
full-matrix least-squaresFn
1482/6/108
1.027
R1=10.0261
wR2=0.0579
R% 0.0405
wR2=0.0630
0.075(3)
0.574 and-0.744
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Table 7. Selected Coordinated Bond Lengths (A) and Angles (deg) in
the SrLN Complex with Estimated Standard Derivatfns

Sr(1)-0(2)#1 2.5996(15) O(H(2) 0.810(16)
Sr(1-0(2) 2.5996(15) O(3YC(3) 1.427(3)
Sr(1)-0(4)#1 2.6184(17) O(3)Sr(1)#4 2.6639(16)
Sr(1)-0(4) 2.6184(17) O(3YH(3) 0.803(16)
Sr(1)-0(3)#2 2.6639(16) O(4)N(1) 1.269(2)
Sr(1-0(3)#3 2.6639(16) O(5)N(1) 1.223(3)
Sr(1)-0(1) 2.7012(12) O(BYN(1) 1.253(3)
Sr(1)-O(1)#1 2.7012(16) C(BC(2) 1.516(3)
Sr(1-0(5) 3.0490(18) C(BC(1)#5 1.528(4)
Sr(1)-0(G)#1 3.0490(18) C(1)-H(1A) 0.9800
Sr(1)-N(1) 3.2439(19) C(2C(3) 1.525(3)
Sr(1)-N(1)#1 3.2439(19) C(2YH(2A) 0.9800
o(1)-C(@1) 1.436(2) C(3YH(3A) 0.9700
O(1)-H(1) 0.795(16) C(3)}H(3B) 0.9700
0(2)-C(2) 1.431(2)

O(#1-Sr(1-0(2) 180.00(7)  O(LFSr(1)-N(1) 114.53(5)
O(#1-Sr(1)-O(4)#1 83.78(5)  O(L)#ESr(1)-N(1) 65.47(5)
O(4)#1-Sr(1)-0(4)  180.00(11) O(2}Sr(1)-N(1)#1 05.37(5)
O(2#1-Sr(1-0(1) 120.49(5) C(B-O1)-Sr(l) 120.83(11)
0(2)-Sr(1)-0(1) 59.51(5) C(1}O(1)-H(1)  110.2(16)
O(@#1-Sr(1-0O(1)  75.24(5)  Sr(BYO(1)-H(1) 114.7(19)
O(4)-Sr(1-0O(1)  104.76(5) C(DO(2)-Sr(l) 123.24(12)
O(@)#2-Sr(1-0(1) 112.55(5) C(YO(2-H(2)  109.4(16)
O@R)#3-Sr(1-0(1)  67.45(5)  SK(1YO(2-H(2) 125.3(16)
O(4)#1-Sr(1)-O(1)#1 104.76(5)  Sr(1)#40(3)-H(3) 119.7(17)
O(4)#1-Sr(1-0(5) 136.20(5)  O(6yN(1)—Sr(1) = 164.97(15)
O(4)-Sr(1)-0(5) 43.80(5) O(4¥N(1)-Sr(1)  50.13(11)
O@)#2-Sr(1-0(5)  66.79(5) O(1yC(1)-C(2)  108.46(17)
O()#3-Sr(1-0(5) 113.21(5) O(1FC(L)-C(L)#5 107.5(2)
O(1)-Sr(1-0()  117.34(5) C(JC(L)-CL#5 113.1(2)
O(4)-Sr(1-O(B)#1 136.20(5) O(JC(2)-C(3)  108.13(17)
O(1)-Sr(1-O(B)#1  62.66(5) C(LC(2)-H(2A) 109.8
O(L#1-Sr(1-O(B5)#1 117.34(5)  C(3)C(2)-H(2A) 109.8
O(B)-Sr(1-O(G)#1 180.00(9) O(HCEB)-C(2)  112.23(17)
O(#1-Sr(1)-N(1) 105.37(5)  O(3}C(3)~H(3A) 109.2
O(4)#1-Sr(1)-N(1) 158.16(5)  O(3}C(3)~H(3B) 109.2
O(3)#2-Sr(1-N(1)  88.45(5)  H(3A}C(3)-H(3B) 107.9
O@R)#3-Sr(1)-N(1)  91.55(5)

a Symmetry transformations used to generate equivalent atoms:x#1
=Y, —z, #2x — 1/2,—y + 112,z — 1/2; #3—x + 1/2,y — 112, —z + 1/2;
#4—x+ 12,y + 1/2,—z+ 1/2; #5—x, —y + 1, -z

Table 8. Hydrogen Bonds for the Structure of the SrLN Complex

D—H--A dD—H)  dH--A) d(D--A) O(DHA)
O(1)-H(1)}—-O@)#4 0.795(16) 2.03(2) 2.773(2)  155(2)
O(2)-H(2)--O(6)#6 0.810(16) 2.047(17) 2.846(2)  169(3)
O(3)-H(3)-O(6#7 0.803(16) 2.125(19) 2.911(2)  166(3)

a Symmetry transformations used to generate equivalent atoms:x#1
=Y, =z #2x — 112, -y + 112,z — 1/2; #3—x + 1/2,y — 1/12, —z + 1/2;
#4—x + 12,y + 1/2,—z+ 1/2; #5—x, —y + 1, —z #6 —x — 1/2,y +
1/2,—z+ 1/12; #7x,y + 1, 2z

structure is very special: each?Siis coordinated with ten

oxygen atoms from four ligands and two nitrate groups. Two
ligands provide O-1 and O-2 of two hydroxyl groups (O-1,
0-2; O-1A, O-2A in Figure 5), another two ligands provide

O-3 of one hydroxyl group (O-3B, O-3C in Figure 5); two

bidendate nitrate groups provide O-4 and O-5 (O-4, O-5;

O-4A, O-5A in Figure 5). As shown in Table 7, the bond
lengths of the SFO bonds range from 2.5996 to 3.0490 A,
and the bond length of S1O(5) at 3.0490 A is longer than

that of the usual M-O bond. As shown in Figure 6, the Sr
cation acts as a fottconnecting node to link four neighbor

Sr cation centers via galactitol ligands, forming a diamond

net (2D (4,4)) built from St" ions and bridging galactitol-
ligands. A similar diamond structure was found in the GaCl

2C4H1004:4H,0 complex prepared by our grodp.The
rhombic channels of the diamond net are built from Ca
cations and bridging §1,004 (erythritol) ligands. Because
no water takes part in the coordination of SrLN, very few
hydrogen bonds form: O(DH(1)--O(4)#4 (2.773 A),
O(2)—H(2)--O(6)#6 (2.846 A), and O(3H(3):-O(6)#7
(2.911 A), which are from the hydroxyl groups of the L
ligand and the coordinated atom (O-4) or uncoordinated atom
(O-6) of a nitrate group (seen in Figure 5 and Table 8).

In the crystal structures of CafdCsH1406°4H,0 (CalL)}*
and two SrCJ—galactitol complexes (Sr&lC¢H;406-4H,0
(SrL1)% and SrC}-CeH140s (SrL2)'), every galactitol is
coordinated two metal ions, and thus, the cations link
galactitol together to form a chain structure, which is different
from the ladder structure of CaLN and the diamond net
structure of SrLN. In the two similar structures of CalL and
SrL, each C&/Sr' is coordinated to two adjacent hydroxyl
groups of one galactitol, two hydroxyl groups of another
galactitol, and four water molecules with €@ distances
ranging from 2.414 to 2.542 A and SO distances from
2.5420 to 2.6359 A. In the structure of SrL2, each*Son
is coordinated to three hydroxyl groups of one galactitol,
another three hydroxyl groups of another galactitol, and two
chloride atoms with SrO distances ranging from 2.5593
to 2.6041 A.

The crystallographic studies demonstrate that, in hydrated
solid-state environments, neutral sugars chelate metal ions
through sets of hydroxyl groups. These results indicate that
metal ions, in conjunction with water molecules, can bind
simultaneously to several uncharged sugar residues and
thereby form hydrated carbohydratmetal ion-carbohy-
drate bridges.

FT-IR and Raman Comparative Study of LaLN,
CaLN, and SrLN. FT-IR spectra of LaLN, CaLN, SrLN,
and galactitol are shown in Figure 7. CaLN is a 2:1 complex;
SrLN and LaLN are 1:1 complexes, in which the SrLN
complex does not contain water molecules. The three
complexes have different structures corresponding to differ-
ent FT-IR spectra. The results of the spectral analysis are
divided into six regions between 4000 and 650 érand
are discussed as follows.

Compared with the spectrum of pure galactitol and metal
chloride—carbohydrate hydration complexéshe OH stretch-
ing vibrations do not form a broad band but are divided into
several peaks. The band fe©OH in the CaLN complex is
divided into four peaks: 3598, 3486, 3359, and 3267tm
The one for LaLN is divided into 3533, 3491, 3333, and
3205 cmt. Because no water molecule exists in the structure
of SrLN, the band fowOH is obviously narrower than those
of CaLN and LaLN and is divided into two individual
peaks: 3441 and 3364 crh The features of theOH band
are affected by the numbers of hydrogen bonds in the crystal
structures. For a larger number of hydrogen bonds, more
peaks appear in the IR spectra. For example, SrLN has three

(21) Yang, L. M.; Su, Y. L.; Xu, Y. Z,; Wang, Z. M.; Guo, Z. H.; Weng,
S. F.; Yan, C. H.; Zhang, S. W.; Wu, J. Gworg. Chem 2003 42,
5844-5856.
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with the strong N@stretching vibrations. Many strong peaks
at 1530-1250 cn1? are observed in the spectra of the three

LaLN complexes in comparison with several weak peaks in the
spectrum of galactitol. In the complex, free BiOpeak is
SILN located at 1384 cri, and the characteristic bands belonging

to bidentate nitrate group are located at 743, 809, 1069, 1288,
and 1522 cm!. However, the complication of NACH,
vibrational coupling prevented any detailed analysis. The
bands in the 1200950 cn1? region are mainly assigned to
CO stretching vibrations, and a medium intensity NO
stretching vibration is located at 104070 cn1?, which is
3800 3600 3400 3200 3000 2800 masked by CO stretching vibrations. There are several
characteristiCO peaks (1103, 1062, 1045, 1037, 1024, and
980 cn1?! (CaLN); 1110, 1066, 1043, 1022, and 971¢m
(SrLN); and 1107, 1074, 1050, 1026 ,and 973 &ihalLN)),
LaLN corresponding to the 1117, 1103, 1078, 1047, 1030, and 1001
cm ! peaks in the spectrum of galactitol. Compared with
pure galactitol, the peaks related te-O vibrations in the

CaLN

SILN spectra of the three complexes are shifted, which demon-
strates the coordination of the hydroxyl groups. The bond
CaLN lengths of the €O bonds in the L ligand are different in

the three complexes: there are six kinds 6f@ bonds in

LaLN, 1.461, 1.412, 1.363, 1.421, 1.470, and 1.571 A,
L corresponding to three kinds of€© bonds in both the CaLN
1600 1400 1200 1000 800 (1.4339, 1.4440, and 1.4378 A) and SrLN (1.436, 1.431, and
Wavenumbers (cm) 1.427./2\) .complexes. The various coo.rdin.ation modes Qf
Figure 7. FT-IR spectra of LaLN, CaLN, SrLN, and galactitol (4660 galacnt_ol in the three Comple_xes r_ESU|'F in different peaks in
650 cnmd). the region of the €0 stretching vibrations.
The weak N@™ out-of-plane bending vibration is located

) at 820-780 cn1™. In the spectra of CaLN, SrLN, and LaLN,
hydrogen bonds corresponding to twOH peaks, and CaLN 0 ONO;~ peaks are located at 819, 820, and 821°m

has five hydrogen bonds corresponding to fo0H peaks.  regpectively. Weak asymmetric and symmetric bending
The CH stretching vibrations are very weak in the ;nrations of NG are located at about 739 and 713¢m

spectrum of CaLN, which is masked by the OH stretching respectively. In the spectrum of CaLN, theNO, and d«

vibrations, and there are two low-intensity peaks: 2988 and NO, peaks are located at 745 and 718 énrespectively

2967 cnt. The CH stretching vibrations in the spectrum of |, e spectrum of SrLN, the band 6NO; is very weak
LaLN are also very weak: 2979, 2960, 2946, 2897, and 2833 5§ could not be observed. In the spectrum of LaLN, the

cm . ThevCH bands of SrLN (2987, 2961, and 2899 ¢in 0aNO; peak is located at 745 crh
are not masked by th@H bands and are stronger than those
of CaLN and LaLN.

In the spectrum of CaLN, the deformational vibration of

Although the nitrate groups all act as bidentate ligands in
the three complexes, the bond lengths of theONbonds
. C e ) are different, resulting from the difference in the symmetry
water is located at 1621 crh which indicates the existence ¢ e nitrate groups. For LaLN, the bond lengths of the three

of a water molecule in tr_\e structure. For SrLN,_&IdOH nitrate groups are completely different: NEQ = 1.288,
band appears at 1640 chindicating that no water is present 1.118, 1.406 A; N(2}O = 1.251, 1.368, 1.198 A; and

in the structure of SrLN. In general, the absorption bands of N(3)-O = 1.249, 1.207, 1.299 A. For CaLN, the bond
lattice water are located at 3558200 (OH stretching lengths of the two nitrate groups are different: N¢D) =
vibration) and 16361600 cnm(HOH deformational vibra- 1.2427, 1.2576, 1.2290 A and NP = 1.2656, 1.2559
tion).22 From the result of the crystal structure of LaLN, the 1 5197 A For SrLN. the bond lengths of the WO nitrate
four water molecules are all Iatt|ce_ waters. In the spe<1:trum groups are the same: N@P = 1.269, 1.223, 1.253 A.

of LaLN, thevOH band is located in the 35338205 cnt Because the number of-ND bonds in the LaLN complex
region, and th@HOH peak is located at 1633 cry which is the largest of the three complexes, there are many broad

is in agreement \{wth the expecte_d result fpr Iat_tlce water. peaks in the vibration region of the N@roup that could
The asymmetric and symmetric stretching vibrations of not be separated completely.

1
NO, are Ilo Ca;id St 253914230 gnd 13091256%—ig06 FT-Raman spectra of CaLN, SrLN, and LaLN are shown
respectively. The bending vibrations of &KlLS in Figure 8. ThevOH band becomes very weak and could

A e .
cm™1) are also located in this spectral region and are couplednot be observed in the Raman spectrum. T4 bands

(22) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor- become strong and the peaks are located at 2991, 2968, 2940,
dination CompoundsChemical Industry Press: Beijing, 1991. 2919 (CaLN); 2980, 2957, 2903 (SrLN); and 2982, 2970,
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Figure 8. FT-Raman spectra of LaLN, CaLN, SrLN, and galactitol (37Q00 cnt?).

2949, 2893 cm! (LaLN). The deformational vibration of
water (1640 cm?) is very weak and nearly could not be
observed in the spectra of CaLN and LaLN. In the lower
frequency of the Raman spectra region (63200 cn?), the
broad band in the 256200 cm'? region is assigned as the
vibration of the metatoxygen bond: 232 (CaLN); 210
(SrLN); 222 (LaLN), providing the best evidence for the
formation of the metal ion-sugar complex.

Conclusions

The coordination modes of the five crystal structures of
metal nitrate-galactitol complexes are summarized in Table
9. NG;~ has three N-O bonds, which are easier to coordinate
to the metal ions than the chloride ion is. In addition the

N—O bonds are easier to form H-bonds with the hydroxyl
groups of the ligand than the chloride ion is. The introduction
of NOs~ increases the chance of metal ion coordination with
galactitol and makes the coordination number larger than
that of the corresponding metal chloridgalactitol com-
plexes. For example, the coordination numbers of alkaline
earth—carbohydrate complexes are generally seven or eight.
In the CaLN complex, it is nine, and in the SrLN complex
it is ten, which is unusual.

Compared with the results previously reported, different
saccharides have various coordination structumesibose
providesax—eqg—ax hydroxyl groups to coordinate to metal
ions; myainositiol uses two adjacent hydroxyl groups to bind
with metal ions; erythritol usually supplies three hydroxyl
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Table 9. Summary of the Coordination Modes of the Five Metal NitreBalactitol Complexes

coordination coordination
structure formula CN CW LW mode of G mode of NQ~
2Nd(NGOs)3-CeH1406-8H20 10 3 for 1 for 01,02,03 two bidentate
each N&*" each N&" coordinated N@"
Nd(NOs)3+CH1406 10 0 0 01, 02,03 04, 05, 06 two bidentate
coordinated N@~
La(NOg)3-CsH1406-4H,0 12 0 4 01, 02, 03 04, 05, 06 three bidentate
coordinated N@~
2Ca(NQ),*CgH1406°H20 9 1 0 02,03,01B two bidentate

coordinated N@-,

one O of NQ™ coordinated

with another C#&" to form bridge
Sr(NGs)2+CeH1406 10 0 0 01, 02, O1A, O2A, 03B, 03C two bidentate

coordinated N@~

a Abbreviation: CN, coordination number; CW, coordinated water; LW, lattice water.

C—O\ <|3—0—M coordinated with two L ligands forming a chain structure
cl—o—M C—O0—_ (shown in Figure 4).

| _— (|:_O/M Galactitol is such a simple molecule and one of the
T*O | simplest representatives of carbohydrates. The structure of
c—o0 T O—u galactitol is centrosymmetric and easy to form complexes
(|3_0> y c_o/ with metal ions. But the structures of the metal@alactitol .

| _— o complexes n_m’_;tmfe_st an unusual complexity. First, the che_rm-
c—o0 cal composition is changeable. The solvent and anion

(A) (B) compete with the sugar ligand for the coordination. The
complexing ratio between the sugar molecule and metal ions
may change between 1:1 and 1:2. Second, the coordination
modes and the topology structures of the complexes are
groups to one metal ion or two hydroxyl groups to one metal diverse. Third, the same cause may bring on different results
ion and two hydroxyl groups to another. In the metal (two different structures of the complexes belonging to the
chloride—galactitol complexes, galactitol provides two ad- same system).
jacent hydroxyl groups or three hydroxyl groups to metal
ions. Experimental Section

Galactitol coordinates with one or two metal ions at the
same time to form 1:1 (NdLN1, LaLN, SrLN) and 1:2 Materials and Synthesis ofthe ComplexesLanthanum nitrat_es
(NdLN2, CaLN) proportion complexes, respectively. In the were pre_pared anSI c.rystalllzed from the corresponding oxide of
1.1 nitrate-galactitol complex, galactitol has two kinds of high purity (99.99%); Ca(N§); was prepared from Cagand

S . . . HNOs, and Sr(NQ), and galactitol (AR) were purchased from
coordination modes: one mode is as two tridendate donorsBeijing chemical factories, China, and were used as supplied. Three

providing three hydroxyl groups O-1, O-2, and O-3 10 tWO  jjjimoles of galactitol and 2 equiv (6 mmol) of the metal nitrates

metal ioins (shown in. Figure 9A). Each L I.igar.1d is cqordi— (La(NGs)s, Ca(NQ),, and Sr(NQ),) were dissolved in a water
nated with two metal ions, and each metal ion is coordinated ethanol mixed solvent and heated with the addition of ethanol to

with two L ligands forming a chain structure such as in make a concentrated solution. Then the flask was cooled, and the
NdLN1 and LaLN. The other mode can be observed in the mixture was filtered into a sealed 26 40 mm glass vial for
structure of SrLN. Galactitol provides O-1 to the firs€'Sr crystallization at room temperature. Three colorless single crystals
0-2 and O-3 with the second &1 O-4 and O-5 with the were prepared, and the structures were determined by X-ray single-
third SR+, and O-6 with the fourth St (shown in Figure crystal diffraction, FT-IR, and Raman techniques.

9B). Each St is coordinated with four L ligands (01, 02; X-ray Crystallographic Analyses of the ComplexesThe 2Ca-
O1A, O2A; 03B, O3C in Figure 5) at the same time to form (NO3),*CeH1406°H,0 crystal structure was determined on a Rigaku
a net structure (shown in Figure 6). In the 2:1 nitrate RAXIS RAPID IP diff.ractometer, gnd the other tvyo crystal
galactitol complex, galactitol also has two kinds of coordina- Structures were determined on a Nonius KappaCCD diffractometer
tion modes similar to those of the 1:1 complex: one mode using monochromatic Mo K radiation ¢ = 0.71073 A) at 293-

is shown in Figure 9A. Each L ligand is coordinated with (2)K. The structures of all complexes were solved by the SHELX-

. 2 . . 97 program and refined using a full-matrix least-squaresFdn
two metal ions, and each metal ion is coordinated with 0ne g, A suitable trial structure was obtained by the direct method

L ligand in which the L ligand is surrounded by two metal  through numerical absorption correction. The secondary solution
ions forming a closed structure such as in NdLiZhe was completed by use of Fourier difference maps. All non-hydrogen
other mode can be observed in the structure of CaLN in atoms were anistropically refined ¥, and the hydrogen atoms
which the coordination mode of galactitol is shown in Figure were isotropically refined.

9B. Each galactitol is coordinated with four €g01; 02, Physical MeasurementsElemental analyses of metal nitrate
03; 03A; 0O2A; O1A in Figure 3), and each €ais galactitol complexes were run on an Elementar Vario EL Il with

Figure 9. Two coordination modes of galactitol with metal nitrates
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CHN mode. Anal. Calcd for La(N§)sCsH1406°4H,0 (LaLN): C, FT-Raman 950 spectrometer at a resolution of 8'chy coadding

12.43; H, 3.799; N, 7.252. Found: C, 12.45; H, 4.042; N, 5.709. the results of 1000 scans.

Anal. Calcd for 2Ca(Ng)2:CeH1406-H,O (CaLN): C, 13.63; H,

3.028, N, 10.22. Found: C, 13.40; H, 3.648; N, 8.606. Anal. Calcd ~ Acknowledgment. The authors thank the National Natu-

for Sr(NGs)2*CeH140s (SFLN): C, 18.38; H, 3.555; N, 7.110. ral Science Foundation of China for grants (30371604,

Found: C, 18.08; H, 3.551; N, 6.695. 39730160, 50203001, and 20171004), the State Key Project
The microscopic FT-IR spectra (408650 cni*) were recorded  for Fundamental Research of MOST (2002CCA01900), and

on a Nicolet Magna-IR 750 spectrometer equipped with a Nic- the project of the Education Ministry PhD candidate program
Plan microscope at a resolution of 4 chby coaddition of the for support of this work

results of 64 scans. A mercury cadmium telluride detector was used.
FT-Raman spectra (37600 cn1?) were recorded on a Nicolet  1C061414H

Inorganic Chemistry, Vol. 46, No. 14, 2007 5517



