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Abstract: Reactions of 1,4,7-triazacy-
clononane-1,4,7-triyl-tris(methylene-

phosphonic acid) [notpH,, CoHgNs-
(PO;H,);] with different lanthanide
salts result in four types of Ln-notp
compounds: [Ln{CyH,,N;(POsH),-
(PO:)}(NOS)(H,0)[4H,0 (1), [Ln =
Eu (1Eu), Gd (1Gd), Tb (1Tb)], [Ln-
{CgHzoNa(PO3H)2(PO3)}(Hzo)]C1'3 H;O
(2) [Ln = Eu (2Eu), Gd (2Gd), Tb
(2Th)],  [Ln{CyH,N;(PO;H),(PO5)}-
(H,0)]CIO#8H,0, (3) [Ln = Eu
(3Eu), Gd (3Gd)], and [Ln{CyH,,N;-
(PO;H),(PO,)}(H,0)]CIO3H,0 - (4),
[Ln = Gd (4Gd), Tb (4Tb)]. Com-
pounds within each type are isostruc-

one pair of u-O bridges. The NO;™ ion
serves as a bidentate terminal ligand.
Compounds 2 contain similar dimeric
units of {Ln,(notpH,),(H,0),} that are
further connected by a pair of O-P-O
bridges into an alternating chain. The
Cl” ions are involved in the interchain
hydrogen-bonding networks. A similar
chain structure is also found in com-
pounds 3; in this case, however, the
chains are linked by ClO,~ counterions
through hydrogen-bonding interactions,
forming an undulating layer in the
(011) plane. These layers are fused
through hydrogen-bonding interactions,
leading to a three-dimensional supra-

molecular network with large channels
in the [100] direction. Compounds 4
show an interesting brick-wall-like
layer structure in which the neighbor-
ing lanthanide atoms are connected by
a pair of O-P-O bridges. The ClO,”
counterions and the lattice water mole-
cules are between the layers. In all
compounds the triazamacrocyclic nitro-
gen atoms are not coordinated to the
Ln"™ ions. The anions and the pH are
believed to play key roles in directing
the formation of a particular structure.
The fluorescence spectroscopic proper-
ties of the Eu and Tb compounds, mag-
netic properties of the Gd compounds,

tural. In compounds 1, dimers of {Ln,-
(notpH,),(NO;),(H,0),} are found, in
which the two lanthanide atoms are
connected by two pairs of O-P-O and

Introduction

Lanthanide complexes of polyazacycles with coordinating
pendant arms are currently of great interest because of their
potential use in applications such as magnetic resonance
imaging contrast agents,!! luminescence probes,” and cataly-
sisPl, among others. So far, researches have been focused on
tetraazamacrocycle derivatives with acetate side chains
and, more recently, those with methylenephosphinate or
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and the catalytic properties of 4Gd

re al ied.
. macrocy- were also studied

methylenephosphonate pendant arms,”! owing to their
strong coordination capabilities and higher selectivities
toward di- and trivalent metal ions. In contrast to the tetra-
azamacrocycle derivatives, far less attention has been paid
to the triazamacrocycle derivatives, especially those with
methylenephosphonate pendant arms.[®!

A triazamacrocycle with three nitrogen-attached pendant
donors is ideally suited to form six-coordinate complexes
with two groups of facial donors: the macrocyclic nitrogen
atoms on the one side and the pendant donors on the other.
Based on 1,4,7-triazacyclononane-1,4,7-triyl-tris(methylene-
phosphonic acid) (notpHg, CoN;H3(POs;H,);), four com-
pounds have so far been crystallographically characterized,
including Fe(notpH;)"' and Cu(notpH,)-H,O® with mono-
nuclear structures, and Mnz(notp)(H,0)¢1.5H,0 and UO,-
(notpH,)-H,O! with polymeric layer structures. In both Fe-
(notpH;) and Mn;(notp)(H,O)1.5H,0, the metal ion is oc-
tahedrally surrounded by three N and three O donors. In
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compound Cu(notpH,)-H,O, the Cu" ion is five-coordinate
and is wrapped by three N and two phosphonate oxygen
atoms from two pendant arms. In compound UO,-
(notpH,)-H,0, each uranyl unit is coordinated by five phos-
phonate oxygen atoms in the equatorial plane to yield a
{UO,} pentagonal bipyramid. The macrocyclic nitrogen
atoms are not coordinated to the metal atom.

The lanthanide ions usually have coordination numbers
larger than six. When notpHg react with the lanthanide ions,
there are at most nine phosphonate oxygen atoms that
could be involved in coordination with the metal ions. So far
some work has been carried out on the solution properties
of gadolinium-notp compounds as enhancing contrast in
magnetic resonance imaging.'’! While none of the structures
of the lanthanide-notp compounds has been determined,
the hypothetical structure of the gadolinium-notp com-
pound in aqueous solution is supposed to be mononuclear,
similar to the mononuclear lanthanide—tcta (tctaH; = 1,4,7-
triazacyclononane-N,N',N"-triacetate acid) compounds.']
Considering that notp®~ has nine phosphonate oxygen atoms
as well as three macrocyclic nitrogen atoms, the coordina-
tion between the lanthanide ion and notp® in solution could
be more complex. Hence, it is important to investigate the
structures of these Ln-notp compounds in order to better
understand their structure/property relationships.

In this paper, we present the formation of four types of
Ln-notp compounds in the presence of different anions at
low pH. Their structures range from discrete dimers, to one-
dimensional chains and two-dimensional layers. The fluores-
cence, magnetic, and catalytic properties of these com-
pounds are discussed.

Table 1. Crystallographic data for compounds 1Gd, 2Gd, 3Eu, 4Gd, and 4Tb.

Results and Discussion

Syntheses: Compounds 1, 2, 3, and 4 are obtained by the re-
actions of notpH, with different lanthanide salts in solution
at room temperature. When notpH, react with lanthanide
nitrates at pH 1.0-1.8, compounds 1 are formed. A higher
pH leads to a turbid solution. Different molar ratios of Ln-
(NOs);:notpHg (1:1, 2:1, 3:1) under the same reaction condi-
tions result in the same compound but with different yields.
The best yields are achieved at a 3:1 ratio, while crystals
suitable for single-crystal X-ray diffraction measurements
are obtained at a 1:1 ratio.

When notpHj react with lanthanide chlorides at pH 0.8—
1.5, compounds 2 are formed in water/methanol solution.
Again, the solution is turbid at higher pH values. Good
yields are achieved at the LnCl;:notpHg ratio of 3:1, while
crystals suitable for single-crystal X-ray diffraction are ob-
tained at a ratio of 1:1. Efforts to produce compounds 2 in
an aqueous solution were not successful.

When notpHg react with lanthanide perchlorides Ln-
(ClO,); at pH 1.0-1.8, compounds 3Eu and 4Tb can be ob-
tained as pure phases. However, the formation of com-
pounds 3Gd and 4Gd is sensitive to pH. They can be pre-
pared only when the pH of the reactant mixture is 1.5-1.8
and 1.0-1.2, respectively. When the pH is adjusted to 1.2—
1.5, a mixture of 3Gd and 4 Gd is obtained.

Description of crystal structures: Based on the XRD meas-
urements, compounds of each type are isostructural (Sup-
porting Information). Therefore, compounds 1Gd, 2Gd,
3Eu, 4Gd, and 4Tb were selected for single crystal structur-
al analyses. The crystallographic data for all five compounds
are given in Table 1, and selected bond lengths and angles

1Gd 2Gd 3Eu 4Gd 4Tb
formula CsHauNgP:05,Gd, CyH3N;P;0;C1Gd CysHgoNPO4,CLEU, CyHyN;P;0,,CIGd CyH;N;P;0;,CITb
M 1437.09 673.97 1645.52 719.95 739.64
crystal 0.2x0.2x0.15 0.3x0.15x0.15 0.3x0.28x0.26 0.4x0.3x0.3 0.35x0.25%x0.25
dimensions [mm]
crystal system monoclinic monoclinic triclinic triclinic triclinic
space group P2)/c P2)/c Pl Pl Pl
a[A] 10.926(1) 9.9662(3) 9.832(4) 9.176(2) 9.154(2)
b [A] 13.226(1) 13.5579(4) 15.181(6) 9.251(2) 9.224(2)
c[A] 17.024(2) 18.4269(3) 22.335(9) 15.284(3) 15.158(4)
a[°] 107.002(7) 88.369(4) 88.000(4)
A 1°] 108.433(4) 116.197(1) 96.121(8) 75.816(4) 76.268(4)
v [°] 104.096(7) 76.304(4) 75.944(4)
vV [AY 2334.0(4) 2234.1(1) 3035(2) 1221.5(4) 1205.7(5)
V4 2 4 2 2 2
Peatea [gEm™] 2.045 2.004 1.801 1.957 2.037
u [mm™] 3.134 3.368 2.400 3.096 3.324
F(000) 1436 1340 1664 714 736
Ry 0.0481 0.0215 0.0316 0.0309 0.0267
T x> Trmin 0.791, 0.733 0.603, 0.551 0.536, 0.492 0.395, 0.341 0.436, 0.384
GoF on F* 0.995 1.121 1.139 1.034 1.077

R wR [1>20(D)]
R,,wR, (all data) 0.0623, 0.1218 0.0574, 0.1017
(AD)mars (AP [ A7 0.723, —1.531 0.492, —0.983

0.0493, 0.1172 0.0445, 0.0984

0.0591, 0.1257
0.0878, 0.1314
1.309, —2.392

0.0591, 0.1336
0.0728, 0.1368
1.235, —1.621

0.0590, 0.1241
0.0704, 0.1271
1.173, —1.126

[a] Ry = S||F| = | F||/2]F,|: wRy = [Sw(Fo—Fo)/Sw(F)]™
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are gathered in Tables 2-6 for 1Gd, 2Gd, 3Eu, 4Gd, and
4Th, respectively.

[Gd{CsN;H(PO;H),(PO5)}(NO3)(H0)[-4 H,0 (1Ga):
Compound 1Gd crystallizes in the monoclinic space group
P2,/c. The asymmetric unit consists of one Gd** ion, one
notpH,’ ion, one NO;™ ion, and one coordinated and four
lattice water molecules. The compound has a dinuclear mo-
lecular structure in which the two crystallographically equiv-
alent Gd>* ions are connected by two pairs of O-P-O and
one pair of p-O bridges (Figure 1). Each Gd atom is nine-
coordinate with four positions occupied by phosphonate
oxygen atoms O1, 02, O4, and O7 from the same notpH,*~
ligand, two positions by phosphonate oxygen atoms OlA
and O6A from the equivalent notpH,*~ ligand, two positions
by oxygen atoms O10 and O11 from the NO;  anion, and
the remaining site filled by a water molecule (O1W). The
average Gd—O distance is 2.469(4) A (Table 2), the longest
bond [2.783(4) A] involves the terminal NO;~ ligand.

Figure 1. Dimeric structure of 1Gd with atomic labeling scheme (thermal
ellipsoids shown at 50% probability). The H atoms attached to the C
atoms are omitted for clarity.

The notpH,*” in 1Gd behaves as a zwitterionic pentaden-
tate ligand by donating five phosphonate oxygen atoms [O1,
02, 04, 06, O7] to coordinate with the Gd®* ions
(Scheme 1a). The O1 atom serves as a p;-O and links the
equivalent Gd** ions, forming a dinuclear structure contain-
ing both O-P-O and p3-O bridges. The Gdl1--Gd1A distance
is 4.028 A. Two triazamacrocyclic nitrogen (N1 and N3)
atoms and two phosphonate oxygen atoms (OS5, OS8) are
protonated. The remaining phosphonate oxygen atoms (O3,
09) are pendant. These atoms along with the water mole-
cules are involved in the inter- or intradimer hydrogen-
bonding networks (Figure 2).
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Table 2. Selected bond lengths [A] and angles [°] for compound 1Gd.?

Gd1-01 2.589(4) P1-0O1 1.528(5)
Gd1-O1A 2.323(5) P1-02 1.512(5)
Gd1-02 2.400(4) P1-03 1.505(4)
Gd1-04 2.477(4) P2-04 1.523(5)
Gd1-06A 2.430(4) P2-05 1.570(5)
Gd1-07 2.336(5) P2-06 1.509(5)
Gd1-010 2.783(4) P3-07 1.493(5)
Gd1-011 2.484(4) P3-08 1.561(5)
Gd1-O1W 2.398(3) P3-09 1.516(5)
01A-Gd1-02 127.30(15) 06A-Gd1-04 139.92(14)
07-Gd1-02 73.88(16) O1W-Gd1-04 81.49(11)
O1A-Gd1-06A 79.56(16) O1A-Gd1-01 69.94(16)
O1A-Gd1-O1W 79.72(14) 07-Gd1-01 119.13(15)
07-Gd1-01W 75.46(14) 02-Gdl1-01 57.87(15)
02-Gd1-01W 149.30(13) 06A-Gd1-0O1 70.16(14)
06A-Gd1-O1W 127.81(12) O1W-Gd1-01 141.33(13)
01A-Gd1-04 80.30(14) 04-Gd1-01 70.47(13)
07-Gd1-04 73.89(15) 011-Gd1-010 47.66(15)
02-Gd1-04 88.67(14)

[a] Symmetry transformations used to generate equivalent atoms: A:
—x+1, -y, —z.

Figure 2. Structure 1Gd packed along the [100] direction. All H atoms
are omitted for clarity.

[Gd{C,N;H,,(PO;H),(PO;)}(H,0)]CI-:3H,0 (2Gd): Com-
pound 2 Gd crystallizes in the monoclinic space group P2,/c.
The asymmetric unit is made up of one Gd** ion, one
notpr‘ ion, one Cl™ ion, and one coordinated and three
lattice water molecules. The structure contains a dimeric
unit of [Gd,(notpH,),(H,0),]** which is identical to that in
1Gd (Figure 3). In this case however, each Gd atom is
eight-coordinate. Six positions are occupied by phosphonate
oxygen atoms O1, O2, 04, O7, O1A and O6A from the two
equivalent notpH,?” ligands, and one site by a water mole-
cule (Olw). The remaining position is filled with the phos-
phonate oxygen O9B from the neighboring dimer. Accord-
ingly, the [Gd,(notpH,),(H,0),]** dimers are doubly con-
nected by the O7-P3-O9 units, forming an infinite chain
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Scheme 1. Binding modes of

notpH,*~ with two, three, and
four Gd** ions.

along the a axis (Figure 4). The
Gd—O bond lengths are be-
tween 2.348(5) and 2.666(5) A
(Table 3). The Gd-Gd distan-
ces over the u;-O and O-P-O
bridges within the chain are
4.150 and 6.119 A, respectively.
The notpH,*" serves as a hexa-
dentate ligand using six of its
nine phosphonate oxygen atoms
(01, 02, 04, 06, 07, 09)
(Scheme 1b). Two triazamacro-
cyclic nitrogen (N1 and NB3)
and two phosphonate oxygen
atoms (OS5, O8) are again pro-
tonated. The remaining phos-
phonate oxygen atom (O3) is
pendant. Unlike 1Gd, in which
the NO;  also chelates to the
Gd atom, the CI™ in 2Gd is not
coordinated; instead, it is in-
volved in the hydrogen-bonding
networks (Figure 5).

Figure 3. Building unit of structure 2Gd with atomic labeling scheme
(thermal ellipsoids shown at 50 % probability). The H atoms attached to
the C atoms are omitted for clarity.

Table 3. Selected bond lengths [A] and angles [°] for compound 2Gd.?!

Gd1-01
Gd1-O1A
Gd1-02
Gd1-04
Gd1-O6A
Gd1-07
Gd1-09B
Gd1-O1W

O1A-Gd1-07
O1A-Gd1-O9B
07-Gd1-0O9B
O1A-Gd1-O6A
08-Gd1-O6A
0O9B-Gd1-O6A
O1A-Gd1-02
07-Gd1-02
O9B-Gd1-02
0O6A-Gd1-02
O1A-Gd1-O1W
07-Gd1-O1W
O9B-Gd1-O1W
O6A-Gd1-O1W

2.666(5)
2.348(5)
2.413(4)
2.460(4)
2.382(4)
2.353(4)
2.375(4)
2.416(4)

141.73(15)
79.02(13)
79.04(13)
74.20(14)
142.54(13)
106.36(13)
125.74(15)
78.97(15)
155.19(14)
84.68(14)
130.09(14)
76.74(13)
82.00(13)
67.68(13)

P1-0O1 1.528(5)
P1-02 1.522(5)
P1-03 1.520(4)
P2-04 1.532(4)
P2-05 1.551(4)
P2-06 1.498(4)
P3-07 1.492(5)
P3-08 1.544(4)
P3-09 1.501(4)
02-Gd1-O1W 81.90(14)
O1A-Gd1-04 78.53(14)
07-Gd1-04 73.41(14)
09B-Gd1-04 96.83(14)
08A-Gd1-04 139.66(13)
02-Gd1-04 87.77(13)
O1W-Gdl1-04 149.77(13)
O1A-Gd1-01 68.42(16)
07-Gdl1-01 123.84(14)
09B-Gd1-01 146.87(13)
06A-Gd1-O1 71.12(13)
02-Gdl1-01 57.47(15)
O1W-Gdl1-01 123.75(14)
04-Gd1-01 71.45(13)

[a] Symmetry transformations used to generate equivalent atoms: A:
—x+1, —y+1, —z+2; B: —x+2, —y+1, —z+2.

Figure 5. Structure 2Gd packed along the [100] direction. All H atoms

are omitted for clarity.

Figure 4. One chain of structure 2 Gd running along the a axis.
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[Eu{CoN;Ho(PO;H),(PO;)}-

(H,0)]CIO 8 H,O (3Eu):
Compound 3Eu crystallizes in
the triclinic space group PI.
The asymmetric unit contains
two independent Eu’* ions, two
notpH,* ions, two ClO, ions,
and two coordinated and six-
teen lattice water molecules.
The coordination geometries

Chem. Eur. J. 2007, 13,2333 -2343
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Figure 6. Building unit of structure 3Eu with atomic labeling scheme
(thermal ellipsoids shown at 50% probability). The H atoms attached to
the C atoms are omitted for clarity.

Table 4. Selected bond lengths [A] and angles [°] for compound 3Eu.l!

Eul-O1 2.634(5) Eu2-010 2.639(5)
Eul-O1A 2.358(5) Eu2-010C 2.331(5)
Eul-02 2.387(4) Eu2-Ol11 2.423(5)
Eul-04 2.487(5) Eu2-013 2.472(5)
Eul-06A 2.359(4) Eu2-015C 2.394(5)
Eul-07 2331(4) Eu2-016 2.353(4)
Eul-09B 2.362(4) Eu2-018D 2.320(5)
Eul-O1W 2.401(5) Eu2-02W 2.465(5)
P1-O1 1.518(5) P4-010 1.548(5)
P1-02 1.526(4) P4-O11 1.481(4)
P1-03 1.521(5) P4-012 1.519(4)
P2-04 1.489(5) P5-013 1.494(4)
P2-05 1.570(4) P5-014 1.557(5)
P2-06 1.486(4) P5-015 1.474(5)
P3-07 1.479(5) P6-016 1.464(5)
P3-08 1.586(5) P6-017 1.548(5)
P3-09 1.480(5) P6-018 1.498(6)
07-Eul-O1A 142.81(17) 018D-Eu2-010C 79.49(17)
O7-Eul-O6A 141.47(17) 018D-Eu2-016 81.50(18)
O1A-Eul-O6A 74.50(16) 010C-Eu2-016 142.42(17)
07-Eul-09B 81.38(15) 018D-Eu2-015C 104.72(17)
O1A-Eul-09B 77.77(16) 010C-Eu2-015C 75.36(16)
06A-Eul-09B 105.79(15) 016-Eu2-015C 141.25(17)
07-Eul-02 76.45(15) 018D-Eu2-011 154.76(16)
O1A-Eul-02 127.14(15) 010C-Ew2-011 125.74(14)
06A-Eul-02 85.22(16) 016-Eu2-011 77.63(16)
09B-Eul-02 155.04(14) 015C-Eu2-011 83.54(16)
07-Eul-01W 76.45(18) 018D-Eu2-02W 81.19(19)
O1A-Eul-O1W 130.31(16) 010C-Eu2-02W 132.35(18)
06A-Eul-O1W 67.16(16) 016-Eu2-02W 75.32(18)
09B-Eul-O1W 83.38(17) O15C-Eu2-02W 68.18(18)
02-Eul-O1W 80.43(17) 011-Eu2-02W 79.93(16)
07-Eul-04 73.99(16) 018D-Eu2-013 98.53(18)
O1A-Eul-04 78.44(14) 010C-Eu2-013 77.87(15)
06A-Eul-04 139.48(14) 016-Eu2-013 73.29(15)
09B-Eul-04 97.14(16) 015C-Eu2-013 140.30(14)
02-Eul-04 87.72(16) 011-Eu2-013 88.94(17)
O1W-Eul-04 149.98(16) 02W-Eu2-013 148.27(16)
07-Eul-01 122.32(15) 018D-Eu2-010 147.59(16)
O1A-Eul-O1 69.21(18) 010C-Eu2-010 68.38(16)
06A-Eul-0O1 71.53(14) 016-Eu2-010 122.04(16)
09B-Eul-0O1 146.43(15) 015C-Eu2-010 71.83(15)
02-Eul-01 58.07(14) 011-Eu2-010 57.57(13)
O1W-Eul-0O1 122.80(16) 02W-Eu2-010 123.80(17)
04-Eul-01 70.94(15) 013-Eu2-010 71.29(14)

[a] Symmetry transformations used to generate equivalent atoms: A:
—x+1, =y, —z; B: —x+42, =y, —z; C: —x+1, —y, —z+1; D: —x, —y, —z+1.
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around the Eu atoms are identical to that in 2Gd (Figure 6).
Each Eu atom is linked by the phosphonate oxygen atoms
from notpH,>", forming two types of chains along the a axis.
Each type of chain contains dimeric units of [Eu,(notpH,),-
(H,0),]** doubly connected by the O-P-O groups, which is
very similar to the chain observed in 2Gd. The Eu—O bond
lengths fall in the range of 2.320(5)-2.639(5) A (Table 4),
comparable to those in 2Gd. The significant difference be-
tween structures 2Gd and 3Eu lies in the packing of these
chains within the lattice. In 3Eu, four neighboring chains
are linked by the ClO, ions through hydrogen bonding,
forming a supramolecular network structure with large
channels along the [100] direction. A large number of lattice
water molecules reside within the channels (Figure 7).

Figure 7. Structure 3Eu packed along the a axis. All H atoms are omitted
for clarity.

[Gd{CsN;H,(PO;H),(PO3)}(H,0)]CIO 3 H,O (4Gad):
Compound 4Gd crystallizes in the triclinic space group P1.
The asymmetric unit contains one independent Gd** ion,
one notpH,*~ ion, one ClO,™ ion, and one coordinated and
three lattice water molecules. The Gd atom is seven-coordi-
nate and has a distorted pentagonal-bipyramidal geometry,
with three phosphonate oxygens (O1, O4 and O7) from the
same notpH,”” ligand, three phosphonate oxygens (O2A,
O6B and O8C) from the other three notpH,*~ ligands, and
one oxygen from the water molecule (Figure 8). The Gd—O
bond lengths are in the range of 2.245(5)-2.510(6) A.

The notpH,* is also hexadentate by using six of its nine
phosphonate oxygen atoms (Scheme 1c). It chelates to the
same Gd** ion through phosphonate oxygen atoms O1, O4
and O7, forming a mononuclear unit of [Gd(notpH,)]*. This
unit behaves as a tridentate “ligand” and links to three Gd
atoms from the other units with phosphonate oxygen atoms
02, 06 and O8. Consequently, the {GdO,} and {CPO;} poly-
hedra are connected by corner sharing, forming a two-di-
mensional inorganic brick-wall-like layer structure contain-
ing 24-member rings. The coordinated water molecules
point toward the center of the rings (Figure 9). Two triaza-
macrocyclic nitrogen atoms (N1 and N3) and two phospho-
nate oxygen atoms (O3, O5) of notpH,”~ are protonated.
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Figure 8. Building unit of structure 4Gd with atomic labeling scheme
(thermal ellipsoids shown at 50% probability). The H atoms attached to
the C atoms are omitted for clarity.

Table 5. Selected bond lengths [A] and angles [°] for compound 4Gd."!

Gd1-01 2.294(6) P1-02 1.487(6)
Gd1-02A 2.327(5) P1-03 1.541(6)
Gd1-04 2.463(5) P2-04 1.509(6)
Gd1-06B 2.279(5) P2-05 1.560(6)
Gd1-07 2.305(5) P2-06 1.494(6)
Gd1-08C 2.245(5) P3-07 1.490(5)
Gd1-O1W 2.510(6) P3-08 1.503(6)
P1-O1 1.475(6) P3-09 1.527(5)
08C-Gd1-06B 80.7(2) 08C-Gd1-04 96.5(2)
08C-Gd1-01 171.6(2) O6B-Gd1-04 77.11(18)
06B-Gd1-01 105.6(2) 01-Gd1-04 79.79(19)
08C-Gd1-07 88.3(2) 07-Gd1-04 74.81(18)
06B-Gd1-07 148.39(19) 02A-Gd1-04 141.36(18)
01-Gd1-07 83.45(19) 08C-Gd1-O1W 83.9(2)
08C-Gd1-02A 104.4(2) O6B-Gd1-O1W 135.82(19)
06B-Gd1-02A 74.7(2) 01-Gd1-O1W 95.0(2)
01-Gd1-02A 82.87(19) 07-Gd1-O1W 71.23(19)
07-Gd1-02A 136.9(2) 02A-Gd1-O1W 69.48(19)

[a] Symmetry transformations used to generate equivalent atoms: A:
—x+1, =y, —z+1; B: —x, =y, —z+1; C: —x, —y+1, —z+1.

The atom O9 is pendant. The triazacyclononane moieties
reside on both sides of the inorganic layer. The ClO,” coun-
terions and the lattice water molecules are between the ad-
jacent layers (Figure 10).

Compound 47Tb is isostructural to compound 4Gd. How-
ever, the cell volume of 4Tb [1205.7(5) A?] is slightly small-
er than that of 4Gd [1221.5(4) A’], which is attributed to
the effect of lanthanide contraction. The Tb—O bond lengths
are in the range of 2.231(5)-2.511(5) A (Table 6). Two tria-
zamacrocyclic nitrogen atoms (N1 and N3) and two phos-
phonate oxygen atoms (O3, O5) of notpH,>™ are also pro-
tonated.

The roles of the anions and pH: Compounds 1-4 are ob-

tained through reactions of lanthanide salts and notpHjg
under similar experimental conditions at low pH (< 2.0). Al-
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Figure 10. Packing diagram of structure 4Gd along the a axis. All H
atoms are omitted for clarity.

Table 6. Selected bond lengths [A] and angles [°] for compound 4Tb.?!

Tb1-01 2.247(5) P1-02 1.498(6)
Tb1-03A 2.257(5) P1-03 1.557(5)
Tb1)-04 2.440(5) P2-04 1.523(5)
Tb1-06B 2.278(5) P2-05 1.569(6)
Tb1-07 2.277(5) P2-06 1.473(5)
Tb1-08C 2.231(5) P3-07 1.499(5)
Tb1-O1W 2.511(5) P3-08 1.493(5)
P1-0O1 1.503(6) P3-09 1.524(5)
08C-Tb1-O6B 80.85(18) 08C-Tb1-04 96.30(19)
08C-Tb1-01 172.61(18) O6B-Tb1-04 76.57(17)
06B-Tb1-01 104.58(18) 01-Tb1-04 80.34(18)
08C-Tb1-07 88.24(18) 07-Tb1-04 74.63(17)
06B-Tb1-07 147.80(18) 03A-Tb1-04 142.37(18)
01-Tb1-07 84.52(18) 08C-Tb1-O1W 83.7(2)
08C-Tb1-03A 103.53(18) O6B-Tb1-O1W 135.32(17)
06B-Tb1-O3A 75.46(18) O1-Tb1-O1W 95.5(2)
01-Tb1-03A 82.88(18) 07-Tb1-O1W 72.38(18)
07-Tb1-03A 136.73(18) 03A-Tb1-O1W 67.91(18)

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Symmetry transformations used to generate equivalent atoms: A:
—x+2, —y+1, —z; B: —x+1, —y+1, —z; C: —x+1, —y+2, —z.

Chem. Eur. J. 2007, 13,2333 -2343


www.chemeurj.org

Lanthanide Complexes

though they show analogous compositions with a
Ln:notpH,*” molar ratio of 1:1, their structures are remarka-
bly different from each other. In compounds 1, the nine-co-
ordinate Ln atoms are bridged by O-P-O and p;-O linkers,
forming a discrete dinuclear structure. In compounds 2, the
dimeric unit of [Ln,(notpH,),(H,0),]** is further connected
through O-P-O units into an alternating chain. Compounds
3 also show a chain structure similar to that in 2. In this
case, however, the chains are packed in such a way that
large channels are generated along the a axis. These host a
large amount of lattice water. In compounds 4, the {GdO,}
and {CPO;} polyhedra are connected by corner sharing,
forming a brick-wall-like layer structure which contains 24-
member rings.

The two triazamacrocyclic nitrogen and two phosphonate
oxygen atoms of notpH,”” are protonated in all cases, leav-
ing seven phosphonate oxygen and one nitrogen atoms as
potential donors for coordination (Scheme 1). The structural
differences in compounds 1-4 should mainly originate from
both the coordination capability and the size of the anionic
counterions. The NO;™ ion can act as a bidentate terminal
ligand, and chelates to the same Ln atom, forming a dinu-
clear structure as found in 1. In compounds 2, on the other
hand, the Cl™ ion is not coordinated to the Ln atom. The
vacant coordination sites of the Ln atoms are filled with
phosphonate oxygen atoms from the neighboring dimmers
to form an alternating chain structure. Although a similar
chain structure is observed in 3, the ClO,” counterions,
being larger than CI7, fill in spaces in the neighboring four
chains, resulting in a supramolecular network containing
large channels. It is interesting that compounds 4 with layer
structures can be obtained in the presence of the same
ClO, ion. In 4, the Ln atoms are bridged purely through
the O-P-O units forming an inorganic layer with the ClO,~
ions that occupy the interlayer spaces.

Noting that compound 3Gd is prepared at pH 1.5-1.8
whereas compound 4Gd is obtained at pH 1.0-1.2, the pH
of the reaction mixture clearly plays an important role in
the formation of compounds 3Gd and 4Gd. Further, we
also tried to prepare compounds 3Th or 4Eu under the
same conditions but obtained crystalline or powder phases
of 4Tb or 3Eu, respectively. The effect of the lanthanide
contraction could not be excluded.

Luminescent properties: Upon excitation at 396 nm in the
solid state at room temperature, compounds 1Eu, 2Eu, and
3Eu emit strong red luminescence characteristic for the
Eu’* ions (Table7 and Figure 11). The emission bands
appear at about 580, 590, 619, 653, and 696 nm, correspond-
ing to the *Dy—'F, (n = 0-4) transitions. The ’Dy—’F, tran-
sition at 580 nm is extremely weak, in agreement with the
low-symmetry environments around the Eu atoms. The
’D,—F, transition is magnetic dipole in nature and not en-
vironmentally sensitive, while the *D,—’F, transition is elec-
tric dipole allowed and hypersensitive to the crystal field.'?
For the present three Eu compounds, two signals (or should-
ers) are found in the Dy,—’F, and *D,—F, regions, but the

Chem. Eur. J. 2007, 13, 2333 -2343

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

relative intensities are different. For compounds 2Eu and
3Eu, the intensities of the’D,—’F, and *D,—’F, transitions
are comparable, indicating relatively symmetric crystal fields
for the two compounds. For compound 1Eu, the intensity of
the *D,—F, transition is about twice that of the *D,—'F,
transition.

Table 7. Emission bands for the Eu and Tb compounds.

Observed transition [nm]

SD()‘JFO SDO‘JF] SD()‘JFz SD(I‘JFS SDO‘JFA
1Eu 580 588 and 619 653 696
(weak) 595 (weak)
2Eu 580 592 613 and 653 693 (weak) and
(weak) 620 (weak) 700
3Eu 579 594 613 and 653 691 (weak) and
(weak) 619 (weak) 700
observed transition [nm]
5D4~>7F6 5D4~>7F5 5D4~>7F4 5D4~>7F3
1Tb 489 544 585 622
2Thb 491 545 588 621
4Tb 487 542 and 549 582 and 592 622
4 -
5Dy to ’F,
37 5D, to 7F,
2 N
2 |
£ 24 e
£ i
2 7 *Doto 'F,
) i
o (R
e o1 40
4 : 'l
U
IR R
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500 550 600 650 700 750
Wavelength / nm
Figure 11. Emission spectra of 1Eu (s++++), 2Eu (-----), and 3Eu (—) in

solid state (4., = 396 nm).

Figure 12 shows the emission spectra of compounds 1Th,
2Th, and 4Tb excited at 375 nm. The most intense transition
is °D,—Fs, which implies green emission light characteristic
for the Tb** ion."™

Magnetic properties: The magnetic properties of compounds
1Gd, 2Gd, and 4Gd were investigated in the 1.8-300 K
temperature range. Figure 13 shows the yy and yuT versus
T plots for 1Gd. The yyT value per Gd, at 300K is
15.76 cm*Kmol™', close to the theoretical value
(15.75 cm*Kmol™") for a binuclear complex of Gd** with
spin S = 7/, and g = 2. The susceptibility data obeys the
Curie-Weiss law over the whole temperature range. The
Weiss constant (6) is —0.23 K. The negative Weiss constant
and the decrease of y\7 upon cooling indicate a very weak
antiferromagnetic interaction between the magnetic centers.
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Figure 12. Emission spectra of 1Th (s++++), 2Tb (-----), and 4Tbh (—) in

solid state (4., = 375 nm).

The data were analyzed by the equation™ deduced from
the isotropic spin Hamiltonian H = —JSgqSgqe With the
quantum numbers Sgq = Sgp = /o The theoretical fitting,
shown as the solid line in Figure 13, gives J/ = —0.015cm™*

and g = 2.0. The small J value is comparable to that found
[14]

for the other p-O bridged Gd, compounds.

g
- 6+ X
L )
[<}
g 5
o« -~
§ 47 =
\E
NS

T T T 1
150 200 250 300

T
100

0 50
TIK
Figure 13. yy and yy 7T versus T plots for 1Gd.
o} 0}
For 2Gd, the y\T value per H3CJ\)J\OCZH5 +

Gd, at 300 K is
15.83 cm*Kmol~!, in agreement
with the theoretical value. The
susceptibility data obeys the
Curie-Weiss law over the whole
temperature range with the Weiss constant (6) +0.31 K.
The positive Weiss constant as well as the continuous in-
creasing of y\7 upon cooling suggest a very weak ferromag-
netic interaction between the Gd** ions (Figure 14). A weak
ferromagnetic interaction is also observed in 4Gd. In this
case, the Weiss constant § = +0.56 K (Supporting Informa-
tion).

Scheme 2.
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Figure 14. yy and y\ T versus T plots for 2 Gd.

Catalyzed Biginelli reaction: The venerable Biginelli reac-
tion, one-pot cyclocondensation of aldehyde, 1,3-ketoester,
and urea or thiourea, is one of the most useful multicompo-
nent reactions in organic synthesis.™ Products of the Bigi-
nelli reaction, polyfunctionalized dihydropyrimidines, repre-
sent a heterocyclic system of remarkable pharmacological
efficiency, and many exhibit antiviral, antitumor, antibacteri-
al, and anti-inflammatory properties.'! It has been disclosed
that lanthanide triflate can efficiently catalyze the Biginelli
reaction under mild conditions."”

As the compound 4Gd maintained the framework struc-
ture after removal of the coordinated water molecules, we
explored the Biginelli reaction using 4Gd as the catalyst-
(Scheme 2). The condensation of benzaldehyde, ethyl ace-
toacetate, and urea was tested in the presence of 5 mol %
dehydrated compound 4Gd employing methanol as sol-
vent.'¥ We were pleased to find that dihydropyrimidine was
obtained in 60 % yield after the reaction was carried out for
48 h. No product can be obtained without the presence of
4Gd. In addition, the catalyst could easily be recovered and
reused without loss of activity. Those preliminary results
show that the compound 4Gd is an effective catalyst for the
Biginelli reaction.

CHO O G¢H,
0 H
*H NJLNH — o g l * HO
2 2 thanol 2
methano! H3C ':l o)
H
Conclusion

Four types of Ln—-notp compounds can be obtained through
the reactions of 1,4,7-triazacyclononane-1,4,7-triyl-tris(me-
thylenephosphonic acid) [notpH,, CoH;gN;(PO5H,);] and dif-
ferent lanthanide salts in solution at low pH. When lantha-
nide nitrates are used as the starting materials, dinuclear
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compounds [Ln{CyH,,N;(PO;H),(PO;)}(NO;)(H,0)]-4H,0
1 (Ln = Eu, Gd, Tb) result, in which the NO;™ ion chelates
the same lanthanide ion. When lanthanide chlorides are
used as the starting materials, chain compounds [Ln-
{CoH,N;(PO;H),(PO3)} (H,0)|CI-:3H,O 2 (Ln = Eu, Gd,
Tb) are produced, in which the CI~ ions reside between the
chains. It is interesting that compounds [Ln{CyH,N;-
(PO;H),(PO,)}(H,0)]Cl10,8H,0 3 (Ln = Eu, Gd) with a
chain structure and [Ln{CyH,,N;(PO;H),(POs)}-
(H,0)]ClIO4#3H,0 4 (Ln = Gd, Tb) with a layer structure
can be obtained at slightly different pH by using lanthanide
perchlorides as the starting materials. In both cases, the
ClO, ions are not coordinated to the metal ions but fill in
the interchain or interlayer spaces. This result demonstrates
that the coordination capability and size of the anions as
well as the pH of the reaction mixture play important roles
in directing the formation of Ln-notp compounds with dif-
ferent structures. The fluorescence spectroscopic studies
show that the Eu and Tb compounds emit strong red and
green luminescence characteristic for the Eu’* and Tb**
ions, respectively. The magnetic susceptibility measurements
of the Gd compounds confirm that only very week antiferro-
magnetic or ferromagnetic interactions are propagated be-
tween the Gd centers. Preliminary results on the catalytic
properties of compound 4 Gd show that it is an effective cat-
alyst for the Biginelli reaction.

Experimental Section

Materials and measurements

General: 1,4,7-Triazacyclononane-1,4,7-triyl-tris(methylenephosphonic
acid) (notpHg) was prepared according to literature methods.'” All the
other starting materials were of reagent grade quality and were obtained
from commercial sources without further purification. The elemental
analyses were performed in a PE240C elemental analyzer. The infrared
spectra were recorded on a VECTOR 22 spectrometer with pressed KBr
pellets. Thermal analyses were performed in nitrogen in 30-800°C the
temperature range with a heating rate of 10°Cmin~' on a TGA-DTA
V1.1b Inst 2100 instrument. The fluorescent spectra were recorded on a
SHIMADZU VEF-320 spectrometer with polycrystalline samples. The
magnetic susceptibility data were obtained on polycrystalline samples
(17.11 mg for 1Gd, 7.84 mg for 2Gd and 4.31 mg for 4Gd) using a Quan-
tum Design MPMS-XL7 SQUID magnetometer.
[Gd{CyN;H,,(PO;H),(PO;)}(NO;)(H,0)]-4H,0 (1Gd): A solution of
notpHg (0.05 mmol, 0.020 g) and Gd(NO;);6H,0 (0.15 mmol, 0.068 g) in
water (20 mL) was adjusted by addition of 1M HNO; to pH 1.0. After
keeping at room temperature for 2 d, colorless rhombic crystals of 1Gd
were obtained in 65% yield based on notpH,. IR (KBr): 7 = 3440-2852
(br), 2386 (m), 1664 (m), 1384 (s), 1328 (m), 1156 (s), 1142 (s), 1063 (s),
994 (m), 931 (m), 773 (m), 554 cm~'(m); elemental analysis calcd (%) for
CyH,N,P;0,3;Gd-4H,0: C 15.04, H 4.49, N 7.80; found: C 14.88, H 4.26,
N 7.87; thermal analysis shows a weight loss of 12.6% in the 30-280°C
temperature range, close to the calculated value for the release of five
water molecules (12.5%).
[Eu{CyN;H,,(PO;H),(PO;)}(NO;)(H,0)]-4H,0 (1Eu): The preparation
of this compound follows the same procedure as for 1Gd except that Eu-
(NO3); (0.15 mmol, 0.067 g) instead of Gd(NO;); was used as the starting
material. The colorless rhombic crystals of 1Eu were obtained in 60 %
yield. IR (KBr): # = 3442-2852 (br), 2345 (m), 1668 (m), 1384 (s), 1332
(m), 1158 (s), 1143 (s), 1064 (s), 996 (m), 932 (m), 775 (m), 556 cm~'(m);
elemental analysis caled (%) for CoH,,N,P;O;Eu-4 H,O: C 15.16, H 4.52,
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N 7.86; found: C 14.42, H 4.81, N 7.48; thermal analysis shows that the
weight loss in the 30-260°C temperature range is 12.3 %, close to the cal-
culated value for the release of five water molecules (12.6%).
[Tb{CyN;H,,(PO;H),(PO;)}(NO;)(H,0)]-4H,0 (1Tb): The preparation
of this compound follows the same procedure as for 1Gd except that Tb-
(NO3); (0.15 mmol, 0.068 g) instead of Gd(NO;); was used as the starting
material. The colorless rhombic crystals of 1Th were obtained in 70 %
yield. IR (KBr): # = 3431-2856 (br), 2358 (w), 1666 (m), 1384 (s), 1325
(m), 1160 (s), 1140 (s), 1064 (s), 994 (m), 928 (m), 768 (m), 553 (m),
488 cm~'(m); elemental analysis calcd (%) for CoH,,N,P;0,;Tb-4H,0: C
15.01, H 4.48, N 7.78; found: C 14.64, H 4.76, N 7.37; thermal analysis re-
veals that the weight loss in the 30-270°C temperature range is 11.9%,
close to the calculated value for the release of five water molecules
(12.5%).

[Gd{CyN;H,((PO;H),(PO;)}(H,0)]CI-3H,0 (2Gd): A solution of notpH,
(0.05 mmol, 0.020 g) and (CH;),NOH (0.05 mmol, 0.0045 g) in water-
methanol (SmL/SmL) was added to a solution of GdCly36H,0
(0.15 mmol, 0.055 g) in water (5 mL). The 1M HCI was dropped into the
mixture until the solution became clear (pH=1). The clear solution was
left at room temperature for a week to afford colorless prismatic crystals
of 2Gd in 65% yield based on notpHg. IR(KBr): # = 3385-2870 (br),
1626 (w), 1182 (s), 1112 (m), 1042 (m), 919 (m), 771 (w), 556 cm™' (m);
elemental analysis caled (%) for CoH,,N;P;0,,CIGd-3H,0: C 16.03, H
4.49, N 6.23; found: C 16.19, H 4.54, N 6.08; thermal analysis shows a
weight loss of 11.1 % in the 50-143°C temperature range, close to the cal-
culated value for the release of four water molecules (10.7%).
[Eu{CyN;H,(PO;H),(PO5)}(H,0)]CI:3H,0 (2Eu): The preparation of
this compound follows the same procedure as for 2Gd except that EuCl,
(0.15 mmol, 0.055 g) was used as the starting material instead of GdCl,.
The colorless prismatic crystals of 2 Eu were obtained in 68 % yield. IR
(KBr): 7 = 3395-2869 (br), 1627 (w), 1180 (s), 1141 (m), 1111 (s), 1043
(m), 918 (m), 770 (w), 551 cm™' (m); elemental analysis calcd (%) for
CyH,,N;P;0,,CIEu-3H,0: C 16.16, H 4.52, N 6.28; found: C 15.74, H
4.52, N 6.36; thermal analysis shows a weight loss of 11.3% in the 50—
143°C temperature range, close to the calculated value for the release of
four water molecules (10.8%).
[Th{CyN;H,,(PO;H),(PO;)}(H,0)]CI-:3H,0 (2Tb): The preparation of
this compound follows the same procedure as for 2Gd except that TbCl,
(0.15 mmol, 0.056 g) was used as the starting material instead of GdCl,.
The colorless prismatic crystals of 2Th were obtained in 73 % yield. IR
(KBr): 7 = 3406-2867 (br), 1636 (w), 1159 (m), 1140 (s), 1112 (m), 1090
(s), 1050 (m), 1029 (m), 922 (w), 770 (W), 549 cm™! (m); elemental analy-
sis caled (%) for CoH,N;P;0,,ClTb-3H,0: C 16.00, H 4.48, N 6.22;
found: C 16.02, H 4.39, N 6.19; thermal analysis shows that the weight
loss in the 50-143°C temperature range is 10.3 %, close to the calculated
value for the release of four water molecules (10.7 %).
[Eu{CyN;H,(PO;H),(PO5)}(H,0)]CIO48H,0 (3Eu): A solution of
notpHg (0.05 mmol, 0.020 g) in water (10 mL) was added to a solution of
Eu(ClO,4);6 H,O (0.05 mmol, 0.028 g) in water (5 mL). HCIO, (1M) was
dropped into the mixture until the solution became clear (pH~1.5). The
clear solution was left at room temperature for a week to afford colorless
prismatic crystals of 3Eu in a yield of 68 % based on notpH,. IR (KBr):
7 = 3421-2866 (br), 1637 (m), 1496 (w), 1458 (w), 1107 (s), 938 (m), 774
(W), 742 (w), 626 (m), 553 cm~'(m); elemental analysis calcd (%) for
CoH,,N;P;0,,CIEu-8H,0: C 13.14, H 4.90, N 5.11; found: C 1321, H
4.86, N 5.24; thermal analysis shows a weight loss of 20.5% in the 50—
180°C temperature range, close to the calculated value for the release of
nine water molecules (19.6 % ).
[Gd{C,yN;H,,(PO;H),(PO)}(H,0)]Cl10,8H,0 (3Gd): The preparation
of this compound follows the same procedure as for 3Eu except that Gd-
(ClO,); (0.05 mmol, 0.028 g) was used as the starting material instead of
Eu(ClO,);. The pH of the reaction mixture is about 1.6. The colorless
prismatic crystals of 3Gd were obtained in a yield of 61% based on
notpH. IR (KBr): 7# = 3415-2865 (br), 1637 (w), 1496 (w), 1458 (w),
1120 (s), 1090 (s), 938 (m), 770 (w), 744 (w), 627 (m), 552 cm~'(m); ele-
mental analysis calcd (%) for CoH,,N;P;0,,C1Gd-8H,0: C 13.05, H 4.87,
N 5.07; found: C 13.11, H 4.72, N 5.05; thermal analysis shows a weight
loss of 21.1% in the 50-180°C temperature range, which is slightly
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higher than the calculated value for the release of nine water molecules
(19.6%).

[Gd{CyN;H,,(PO;H),(PO;)}(H,0)]CI03H,0 (4Gd): A solution of
notpHg (0.05 mmol, 0.020 g) in water (10 mL) was added to a solution of
Gd(ClO,);6H,0 (0.05 mmol, 0.028 g) in water (5 mL). HCIO, (1M) was
dropped into the mixture until pH~1.1. The clear solution was left at
room temperature for 2 weeks to afford colorless prismatic crystals of
4Gd in a yield of 75% based on notpHg. IR (KBr): 7 = 3440-2920 (br),
1637 (m), 1459 (w), 1120 (s), 1107 (s), 929 (w), 769 (w), 737 (W), 626 (m),
566 cm~!(w); elemental analysis calcd (%) for CyH,,N;P;0,,C1Gd-3H,0:
C 14.65, H 4.10, N 5.69; found: C 13.78, H 3.87, N 5.60; thermal analysis
shows that the weight loss in the 50-150°C temperature range is 9.6 %,
close to the calculated value for the release of four water molecules
(10.0%). Between 150°C and 220°C, a plateau is observed in the TG
curve, suggesting that the framework structure is maintained after the re-
moval of both the lattice and coordinated water molecules. XRD meas-
urements confirmed this result.
[Tb{CyN;H,,(PO;H),(PO;)}(H,0)]C10,-3H,0 (4Tb): Drops of 1m
HCIO, were added to a solution of notpH, (0.05 mmol, 0.020 g) and Tb-
(ClO,);*6H,0O (0.05 mmol, 0.028 g) in water (15 mL) until the mixture
became clear (pH=~1.4). The clear solution was left for a week at room
temperature to afford colorless prismatic crystals of 4Tb in 80% yield.
IR (KBr): 7 = 3447-2867 (br), 1637 (m), 1497 (w), 1459 (w), 1431 (w),
1150 (s), 1108 (s), 929 (W), 773 (w), 738 (W), 626 (w), 570 cm™" (w); ele-
mental analysis calcd (%) for CoH,,N;P;0,,CITb-3H,0: C 14.61, H 4.09,
N 5.68; found: C 14.09, H 4.03, N 5.78; thermal analysis shows a weight
loss of 10.4 % in the 50-150°C temperature range, close to the calculated
value for the release of four water molecules (10.0 % ).

Crystallographic analyses: Data collection for complexes 1Gd, 2Gd,
3Eu, 4Gd, and 4Tb was carried out on a Bruker SMART APEX CCD
diffractometer equipped with graphite monochromated Moy, (4 =
0.71073 A) radiation at 298 K. A hemisphere of data was collected in the
0 range of 3.06-25.0° for 1Gd, 1.94-25.0° for 2Gd, 0.97-26.0° for 3Eu,
2.27-26.0° for 4Gd, and 2.28-26.0° for 4Tb, using a narrow-frame
method with scan widths of 0.30° in @ and an exposure time of 10's per
frame. The data were integrated using the Siemens SAINT program,*!
with the intensities corrected for Lorentz factor, polarization, air absorp-
tion, and absorption due to variation in the path length through the de-
tector faceplate. Empirical absorption and extinction corrections were ap-
plied. The structure was solved by direct method and refined on F? by
full-matrix least squares using SHELXTL.?!! All the non-hydrogen atoms
were refined anisotropically. All the hydrogen atoms were put in calculat-
ed positions or located from the Fourier maps and refined isotropically
with the isotropic vibration parameters related to the non-hydrogen atom
to which they are bonded.

CCDC-283019-283023 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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