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Hydrothermal Syntheses, Structures, and Properties of Three 3-D Lanthanide
Coordination Polymers that Form 1-D Channels
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We report the hydrothermal synthesis and crystal structure
of  isostructural lanthanide coordination  polymers
[Lny(NDC)3(phen),|-H,NDC [Ln = Tb (1), Ho (2) and Yb (3)]
that feature 2,6-naphthalenedicarboxylate (NDC) and 1,10-
phenanthroline (phen) ligands. The NDC ligands bridge the
lanthanide ions in two different modes to form a 3-D porous
framework that accommodates large, neutral 2,6-naphtha-
lenedicarboxylic acid molecules as guests in the channels,
stabilized through O-H---O hydrogen bonds to the NDC li-

gand. The effective dimension of the channel is ca. 6.0 x 8.2
A. Thermogravimetric analysis shows that complex 2 remains
stable up to 330 °C, which we confirmed also by powder X-
ray diffraction analyses. The framework collapsed upon the
loss of the coordinating phen molecules. The Tb complex
shows strong evidence of ferromagnetic coupling interac-
tions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The synthesis of coordination polymers remains a subject
of intense interest. Accordingly, a large number of coordi-
nation polymers of different dimensions and various top-
ologies have been reported.l' "'°1 Recent research in this
field has focused on producing materials designed to per-
form highly specific and cooperative functions.?°~25 Ad-
vances in the design and synthesis of metal-organic frame-
works (MOFs) has led to numerous practical and concep-
tual developments in that direction.?°=3% Specifically, the
chemistry of MOFs provides an extensive array of crystal-
line materials that have high stability, tunable metrics, or-
ganic functionalities, and porosity.[’!] The wide variety of
possible organic linkers and the multiple physical properties
of inorganic metal ions make it feasible to modulate both
the dimensions of the pores and the properties of the final
porous coordination polymers. In such structures, organic
species act as either pillars or linkers to arrange inorganic
layers, chains, or clusters of transition or lanthanide ions.[??]
Polycarboxylic acids are frequently utilized to construct
microporous compounds.[>373 In the study of lanthanide-
organic frameworks, rigid polycarboxylic acids, especially
dicarboxylic acids, are frequently used to link lanthanide
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ions!'7-371 or lanthanide cubane-like clusters.[**-3! Consider-
ing the high coordination numbers of lanthanide ions, ancil-
lary ligands also can be incorporated into the lanthanide
coordination networks. Bulky ancillary ligands can occupy
some coordination sites and reduce the interpenetration of
frameworks, which results in an increase in the dimensions
of the pores in the framework. 2,6-Naphthalenedicarboxyl-
ate is a rigid linear ligand whose transition metal coordi-
nation polymers, both binary and ternary, have been stud-
ied extensively,*°~4¢ but only three binary coordination
polymers of its lanthanide analogues have been
reported.*’~%1 No ternary lanthanide coordination poly-
mers of 2,6-naphthalenedicarboxylate have been described
in the literature. In this study, we selected 2,6-naphthalene-
dicarboxylate as the linker and a chelating ligand, 1,10-phen-
anthroline, as the ancillary ligand to construct a ternary
lanthanide-organic framework that is thermally stable and
exhibits interesting magnetic behavior.

Results and Discussion

Synthetic Considerations

Dipotassium 2,6-naphthalenedicarboxylate readily forms
a precipitate upon the addition of lanthanide chlorides.
Therefore, for the preparation of our coordination poly-
mers, first we acidified dipotassium 2,6-naphthalenedicar-
boxylate to prevent it from reacting too quickly with the
lanthanide chloride; this process facilitates coordination of
phen molecules and leads to the growth of crystals of the
ternary complex. In this approach, some phen molecules
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act as ligands to coordinate with lanthanide ions, while
others act as mild organic bases that deprotonate H,NDC
units to give NDC ions that then coordinate with lantha-
nide ions.

Crystal Structures

The three complexes are isomorphous and isostructural;
we describe in detail only the structure of complex 2. The
asymmetric unit of 2 consists of one Ho™ center, 1.5 NDC
anions, one phen ligand, and 0.5 H,NDC guest units.
Around the central metal ion, there is a bidentate chelating
phen ligand and four bridging NDC anions (Figure 1). The
Ho™ ion is eight-coordinate with two ligating nitrogen
atoms from a phen molecule and six oxygen atoms from
four NDC anions; this arrangement results in a triangular
dodecahedral coordination polyhedron. For convenience,
the NDC anions having the oxygen atoms labeled O1, O3,
and OS5 (Figure 1) are named NDC1, NDC2, and NDC3,
respectively. These structures represent the three orien-
tations of NDC anions in the crystal; the dihedral angles
between the naphthalene rings of NDCI and NDC2,
NDC2 and NDC3, and NDC1 and NDC3 are 108.2, 68.0,
and 94.7 °C, respectively. In the title coordination polymers,
the NDC anions adopt two coordination modes: bis(bridg-
ing bidentate) (I) and bis(chelating bidentate) (IT), as de-
picted in Scheme 1. NDCl ligands adopt the type I binding
mode, whereas NDC2 and NDC3 ligands adopt type II
binding.

Figure 1. Coordination environment of complex 2; the asymmetric
unit and the related coordination atoms are labeled; guest mol-
ecules and all hydrogen atoms have been omitted for clarity; ther-
mal ellipsoids are drawn at 30% probability

—Ho
P\f“
“o—H
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(I) bis(bridging bidentate) (ID) bis(chelating bidentate)

Scheme 1. Coordination modes of the NDC ligand in complex 2
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The framework structure of 2 is built from a dinuclear
unit, Ho,(NDC);(phen),, which results from the linking of
two asymmetric units through two carboxylate units of two
NDCI anions. First, the NDC1 ligands link the dinuclear
building units to form 1-D chains along the c-axis (Fig-
ure 2). The distance between the adjacent dinuclear units in
the chain is 12.25 A. Next, the NDC2 ligands link two Ho'!!
ions (Ho---Ho, 13.34 A), in the [011] direction, of two adjac-
ent chains to form 2-D layers that feature 44-membered

Figure 2. 2-D layers, viewed along the a-axis, featuring 44-mem-
bered ring channels constructed with Ho''!, NDCI1, and NDC2
ligands

(b)

Figure 3. (a) 3-D porous framework of complex 2, viewed along
the b-axis, showing the guest molecules accommodated in the 1-D
channels; all hydrogen atoms have been omitted for clarity; (b)
space-filling model of complex 2 showing the 1-D channel; the
guest molecules have been omitted for clarity

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2969
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parallelogram channels (Figure 2). Finally, the NDC3 li-
gands, which act as pillars, link the Ho™ ions (Ho++Ho,
13.35 A), in the [110] direction, from two adjacent layers to
form the porous 3-D framework (Figure 3).

When viewed along the b-axis, complex 2 exhibits many
1-D channels. Despite the large dimensions of the cross-
section of the channel (internuclear separation: 13.34 X
13.35 A) arising from the long span of the NDC ligand (ca.
9.0 é), the effective dimension of the channel is only 6.0 X
8.2 A (van der Waals free space) because of the presence of
the bulky phen molecules in the channel. The large neutral
guest molecules (H,NDC), which are hydrogen bonded to
the coordinating oxygen atoms of the NDC3 ligands in the

Table 1. The geometries of hydrogen bonds in complexes 1, 2, and
3 [A; °] (symmetry operations: #! —x, —y, —z; #2 —x, =y + 1, —2)

Complex D—HwA  dD-H) dH+A) dD-A) <(DHA)
1 O7-H7--04*' 0820 1870 2.637  156.0
2 07-H7--06*> 0.820 1978  2.660  140.11
3 O7-H7--04*' 0820 1810  2.660  179.9

framework, are accommodated within the channels. The
two carboxyl groups of the guest molecule are arrayed in
the diagonal direction of the parallelogram channel. The
geometries of the hydrogen bonds in complexes 1, 2, and 3
are listed in Table 1. Selected bond lengths within 1, 2, and
3 are listed in Table 2.

Analysis of the Thermal Stability of 2

The existence of guest molecules in the channels inspired
us to investigate the thermal stability of the coordination
polymers; we took complex 2 as a representative example
to carry out the TG analysis. We observe from the thermo-
gravimetric curve of 2 (Figure 4) that this complex remains
stable up to 330 °C, at which temperature the first weight
loss occured, i.e., loss of the H,NDC guest molecule. A se-
cond weight loss occurred when the temperature reached
357 °C. The H,NDC guest molecule was not completely
removed before the loss of two coordinating phen molecules
occurred. One H,NDC guest molecule and two coordinat-
ing phen molecules were completely removed at 460 °C; this
process occurs with a weight loss of 35.2% (calculated:
37.2%). The decomposition of the complex continued at

Table 2. Selected bond lengths [A] and bond angles [°] for complexes 1, 2, and 3 (symmetry operations: #! —x, —y, —z#> —x, —y + 2, —z)

1 2 3
Tb(1)-0(1) 2.454(3) Ho(1)-0(1) 2.227(5) Yb(1)—0(1) 2.465(3)
Tb(1)-0(2) 2.383(3) Ho(1)—0(2)" 2.238(5) Yb(1)-0(2) 2.374(4)
Tb(1)-0(3) 2.391(3) Ho(1)-0(3) 2.336(5) Yb(1)-0(3) 2.388(3)
Tb(1)—O(4) 2.476(3) Ho(1)—0(4) 2.437(5) Yb(1)-0(4) 2.475(3)
Tb(1)—0(5) 2.262(3) Ho(1)—0(5) 2.356(5) Yb(1)—0(5) 2.261(3)
Tb(1)—O(6)*! 2.272(3) Ho(1)—0(6) 2.439(5) Yb(1)—O(6)*! 2.271(3)
Th(1)—N(1) 2.535(3) Ho(1)—N(1) 2.496(6) Yb(1)~N(1) 2.539(4)
Tb(1)-N(2) 2.524(3) Ho(1)-N(2) 2.496(5) Yb(1)-N(2) 2.539(4)
0(5)—Tb(1)—O(6)*! 89.54(10) O(1)—Ho(1)—0(2)*? 89.45(18) 0(5)—Yb(1)—O(6)*! 89.60(12)
0(5)—-Th(1)-0(2) 153.10(11) O(1)—Ho(1)-0(3) 152.56(19) 0(5)—-Yb(1)-0(2) 152.71(14)
0(6)*'—Tb(1)—0(2) 90.35(11) 0(2)*>—Ho(1)~0(3) 88.7(2) 0(6)*'—Yb(1)—-0(2) 89.11(15)
0(5)—-Th(1)—0(3) 81.26(10) O(1)—Ho(1)-0(5) 82.06(18) 0(5)—-Yb(1)-0(3) 81.71(12)
0(6)*'—Tb(1)—0(3) 138.04(9) 0(2)*>—Ho(1)—0(5) 138.61(17) 0(6)*'—Yb(1)-0(3) 138.28(12)
0(2)-Th(1)-0(3) 80.93(10) 0(3)—Ho(1)-0(5) 81.36(18) 0(2)-Yb(1)-0(3) 81.22(13)
0(5)—-Th(1)—0O(1) 151.44(10) O(1)—Ho(1)—O0(4) 151.49(17) 0(5)—Yb(1)—-0O(1) 151.72(12)
0(6)*'=Tb(1)—O(1) 77.96(9) 0(2)*>—Ho(1)~0(4) 78.55(17) 0(6)*'—Yb(1)—O(1) 78.45(12)
0(2)-Th(1)—0(1) 53.81(9) 0(3)—Ho(1)—0(4) 53.94(17) 0(2)-Yb(1)—0O(1) 53.72(12)
0(3)-Th(1)~0(1) 124.84(9) 0(5)—Ho(1)—0(4) 123.67(16) 0(3)-Yb(1)-0O(1) 123.90(12)
0(5)—-Th(1)~0(4) 79.32(10) O(1)—Ho(1)—0(6) 79.29(17) 0(5)—-Yb(1)~0(4) 79.36(13)
O(6)*'—Tb(1)—0(4) 84.48(9) 0(2)*>—Ho(1)—0(6) 84.29(17) 0(6)*'—Yb(1)—0(4) 84.81(12)
0(2)-Th(1)~0(4) 73.89(10) 0(3)—Ho(1)—0(6) 73.28(18) 0(2)-Yb(1)~0(4) 73.37(14)
0(3)-Th(1)~0(4) 53.62(9) 0(5)—Ho(1)—0(6) 54.35(16) 0(3)-Yb(1)~0(4) 53.50(11)
O(1)~Th(1)~0(4) 124.03(9) O(4)—Ho(1)—0(6) 124.31(16) O(1)—-Yb(1)~0(4) 124.18(12)
0(5)—Tb(1)~N(2) 99.89(10) O(1)—Ho(1)~N(1) 76.39(18) 0(5)—-Yb(1)—-N(1) 76.27(12)
0(6)*'—Tb(1)~N(2) 148.72(10) 0(2)"2—Ho(1)—N(1) 87.82(19) 0(6)*'—Yb(1)~N(1) 88.04(13)
0(2)—Tbh(1)~N(2) 94.05(12) 0(3)—Ho(1)~N(1) 130.86(19) 0(2)—Yb(1)—=N(1) 130.92(13)
0(3)—Tbh(1)~N(2) 73.16(10) 0(5)—Ho(1)~N(1) 128.38(19) 0(3)—Yb(1)—N(1) 128.30(12)
O(1)~Tbh(1)~N(2) 79.81(10) O(4)—Ho(1)~N(1) 77.38(17) O(1)=Yb(1)—=N(1) 77.77(12)
O(4)—Tb(1)~N(2) 126.45(9) 0(6)—Ho(1)~N(1) 154.47(17) O(4)—Yb(1)—-N(1) 154.62(13)
0O(5)—Tb(1)~N(1) 76.14(10) O(1)-Ho(1)-N(2) 99.71(18) 0(5)—-Yb(1)-N(2) 99.21(13)
O(6)*'—Tb(1)~N(1) 88.65(10) 0(2)"2—Ho(1)-N(2) 148.46(19) 0(6)*'—Yb(1)~N(2) 148.39(12)
0(2)—Tb(1)—N(1) 130.75(11) 0(3)—Ho(1)-N(2) 96.1(2) 0(2)-Yb(1)-N(2) 96.07(16)
0(3)—Tb(1)~N(1) 127.61(10) 0(5)—Ho(1)-N(2) 72.85(18) 0(3)-Yb(1)-N(2) 73.28(12)
O(1)—Tb(1)—N(1) 77.97(9) 0O(4)—Ho(1)-N(2) 79.26(18) O(1)-Yb(1)-N(2) 79.68(12)
O(4)—Tb(1)—N(1) 154.55(11) 0(6)—Ho(1)-N(2) 126.96(18) O(4)—Yb(1)-N(2) 126.56(11)
N(2)—Tb(1)—N(1) 65.27(10) N(1)—Ho(1)—-N(2) 65.58(19) N(1)-Yb(1)-N(2) 65.12(13)
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Figure 4. Thermogravimetric curve of complex 2

491 °C and ended at 840 °C, at which point a residue,
Ho,03, was obtained in 24.8% yield (calculated: 24.4%).
To further test the thermal stability of 2, we examined
powder samples by variable-temperature X-ray diffraction
analysis. The powder XRD patterns of 2 (Figure 5) at 27,
300, 350, 400, and 500 °C were recorded. We see in Figure 5
that when the temperature rose from 27 to 300 °C, the posi-
tions of the major peaks undergo no significant changes,
but some peaks shift slightly to lower or higher 20 values.
This observation indicates that a possible distortion of the
structure had occurred, but it did not affect the existence of
the framework. The similarities between the powder XRD
patterns obtained at 300 and 350 °C also suggest that the
framework remains stable at 350 °C, i.e., when phen mol-
ecules are still present, which is in accordance with the re-
sults of the thermogravimetric analysis. Above 400 °C, how-
ever, the PXRD patterns are changed completely, which
indicates that a collapse of the framework has occurred.
The loss of the coordinating phen molecules may account
for the framework’s collapse, i.e., the presence of the coordi-
nating phen molecules is required for a stabile framework.

h\‘~—~‘~‘._____/\_.._.(°C)

500

450

400
oot

A 350

300

. - ; iV 37

6 12 18 24 30 36

26 (degree)

Figure 5. Powder X-ray diffraction patterns of 2 at different tem-
peratures [the large broad peak at < 10° (20) arose from the use of
the position scan detector]

Because of similarities between the frameworks of the
title complexes, we deduced that 1 and 3 have stabilities
similar to that of 2.

Eur. J. Inorg. Chem. 2004, 2968—2973 www.eurjic.org

Magnetic Properties

We investigated the magnetic properties of complexes 1
and 2 in the solid state at 1 T within the temperature range
2-300 K (Figure 6).
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ﬂg F12 §
e ’
L - :
X: -8 b
0 T T T v ,
0 50 100 150 200 250 300
T/K
@
16
F12 =
k4
3
5 §
I ~
! -4
0 v

150 200 250 300
T/K

®)

0 50 100

Figure 6. Plots of the temperature dependences of yn ! (open
squares) and ¥y T (open circles) for complexes 1 (a) and 2 (b)

For 1, the observed value of y\7 per [Tb] unit is 12.82
cm*K'mol™! at room temperature (Figure 6a), which is
slightly larger than the value expected for a free Th3" ion
(11.82 cm*K'mol™").’%% Upon cooling, the value of T
increases up to a maximum of 15.62 cm*K-mol ™! at ca.
18 K. The plot of yn ' vs. T over the temperature range
30—300 K obeys the Curie—Weiss law [y = C/(T — 0)] with
C = 12.5 cm®K'mol ™! and 0 = 6.5 K. All of these results
indicate that there is ferromagnetic coupling between the
Tb3* ions. The value of T decreases abruptly at tempera-
tures below 18 K to reach 6.70 cm3-K-mol~! at 2 K. This
feature is due primarily to the splitting of the ligand field
of the Tb** ion as a result of strong spin-orbital coupling.
For 2, the observed value of y\7 per [Ho] unit is 14.65
cm*K-'mol~! at room temperature (Figure 6b), which is
close to the value expected (14.07 cm*K-mol™!) for a free
Ho3" ion.% The value of T decreases slowly as the tem-
perature decreases to ca. 26 K (14.48 cm?*K-mol™ ') and
then it drops rapidly below 26 K to reach a value of 3.40
cm> K- mol~! at 2 K. The plot of yp; ! vs. T over the tem-
perature range 30—300 K obeys the Curie—Weiss law with
C =14.76 cm*K'mol ! and 6 = —2.21 K. The decrease of
xm T and the negative value of 0 are due primarily to split-
ting of the ligand field of the Ho®" ion as a result of strong
spin-orbital coupling, and is attributed partly to the poss-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2971
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Table 3. Crystal data for complexes 1, 2, and 3

2

3

1
Empirical formula C;36H,N,O5Tb
Formula mass 768.47
Temperature [K] 293(2)
Wavelength [A] 0.71073
Crystal system triclinic
Space group P1
a[A] 10.7822(2)
b[A] 12.1806(3)
c[A] 12.3369(3)
o [°] 94.2028(9)
B 106.3049(9)
v[°] 100.9193(12)
VA3 1513.12(6)
Z 2
Dcalcd. [g-cm’3] 1.687
p [mm~1 2.396

C36H21HON203

774.48
293(2)
0.71073
triclinic
P1
10.802(6)
12.143(6)
12.245(7)
94.031(11)
106.641(9)
101.356(9)
1495.0(14)
2

1.720
2.706

Reflections collected, unique, R;,,
R indices [ > 20(])]
R indices (all data)

28830, 6894, 0.0759
Ry = 0.0377, wR, = 0.0830
Ry = 0.0517, wR, = 0.0883

6266, 5260, 0.0440
Ry = 0.0492, wR, = 0.0846
Ry = 0.0806, wR, = 0.0949

C36H21N208Yb
782.59
293(2)
0.71073
triclinic

P1
10.8762(2)
12.2294(3)
12.3328(3)
93.9317(11)
106.6736(11)
101.2612(13)
1527.54(6)

2

1.701

3.120

28225, 6857, 0.0684

Ry = 0.0415, wR, = 0.0968
Ry = 0.0601, wR, = 0.1032

ibly weak antiferromagnetic coupling between the Ho3™"
ions in 2.

Conclusion

We have synthesized novel 3-D porous lanthanide coordi-
nation polymers, [Ln,(NDC);(phen),]"H,NDC (Ln = Tb,
Ho, and Yb), incorporating 2,6-naphthalenedicarboxylate
and 1,10-phenanthroline units by hydrothermal reactions;
we characterized the complexes by single-crystal X-ray dif-
fraction analysis. The results show that the three complexes
are isostructural and that the NDC?~ unit is a good spacer
for the construction of porous lanthanide coordination
polymers. Large, neutral guest molecules (2,6-naphthalene-
dicarboxylic acid units) are accommodated within the 1-D
channels, which are rarely found in lanthanide coordination
polymers. These lanthanide coordination polymers remain
thermally stable up to ca. 330 °C.

Experimental Section

General Remarks: TbCl;-6H,O, HoCl;-6H,O, and YbCl;-6H,O
were each prepared by dissolving their respective oxides in concen-
trated hydrochloric acid and then evaporating the solvent to dry-
ness. All the other reagents were commercially available and were
used without further purification.

Instrumentation: Elemental analyses were obtained with an Ele-
mentar Vario EL analyzer. IR spectra were recorded with a Nicolet
Avatar 360 FT-IR spectrometer by using the KBr pellet technique.
Thermogravimetric analyses were performed with a TGA 951 ther-
mogravimetric analyzer. The magnetic susceptibilities were ob-
tained on crystal samples by using an Oxford MagLab System 2000
magnetometer. The experimental susceptibilities were corrected for
the presence of the sample holder and the diamagnetism contri-
butions were estimated from Pascal’s constants. The powder X-ray
diffraction patterns were recorded using a Bruker AXS D8 AD-
VANCE diffractometer.

2972 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[Th,(NDC)5(phen),]-H,NDC (1): Hydrochloric acid (1.65 mol-L™!,
4 drops) was added with stirring to a mixture of dipotassium 2,6-
naphthalenedicarboxylate (0.044 g, 0.15 mmol) and H,O (10 mL).
TbCl5-6H,0 (0.038 g, 0.1 mmol) and phen-H,O (0.04 g, 0.2 mmol)
were then added. The mixture was sealed in a 25-mL stainless steel
reactor equipped with a Teflon liner and heated at 170 °C for 72 h.
Light-yellow crystals of 1 were obtained (0.015g, 26.0%).
C;36H, 1 N,OgTb (768.47): caled. C 56.27, H 2.75, N 3.65; found C
55.98, H 2.53, N 3.55. IR (KBr pellet): v = 3433 m, 1705 m, 1617
m, 1548 m, 1493 m, 1422 s, 1362 m, 805 m, 792 m, 727 m cm ™\

[Hox(NDC);(phen),|-H,NDC (2): The same procedure was applied
as that for 1, but with the following quantities: dipotassium 2,6-
naphthalenedicarboxylate (0.044 g, 0.15 mmol), H,O (10 mL), hy-
drochloric acid (1.65 mol-L™!, 4 drops), HoCl;:6H,O (0.038 g,
0.1 mmol), and phen-H,O (0.04 g, 0.2 mmol). Light-yellow crystals
of 2 were obtained (0.018 g, 31.0%). C3cH, HON,Og (774.48):
caled. C 55.83, H 2.73, N 3.62; found C 55.56, H 2.37, N 3.54. IR
(KBr pellet): ¥ = 3439 m, 1705 m, 1619 m, 1552 m, 1494 m, 1423
s, 1362 m, 806 m, 792 m cm ™.

[Yb(NDC);(phen),]-H,NDC (3): The same procedure was applied
as that for 1, but with the following quantities: dipotassium 2,6-
naphthalenedicarboxylate (0.044 g, 0.15 mmol), H,O (10 mL), hy-
drochloric acid (1.65mol-L™!, 4 drops), YbCl;:6H,O (0.039 g,
0.1 mmol), and phen-H-O (0.04 g, 0.2 mmol). Light-yellow crystals
of 3 were obtained (0.016 g, 27.3%). Cs6H, N,OgYb (782.59):
caled. C 55.25, H 2.70, N 3.58; found C 55.63, H 2.91, N 3.72. IR
(KBr pellet): v = 3427 m, 1548 s, 1492 m, 1415 s, 1354 s, 1195 m,
921 w, 796 m, 775 m, 565 m cm .

X-Ray Crystallography: The single-crystal X-ray data collection of
complexes 1 and 3 was performed using a Nonius—Kappa CCD
diffractometer, and that of 2 using a Bruker Smart 1000 CCD dif-
fractometer, and graphite-monochromated Mo-K, radiation (A =
0.71073 A). Semiempirical absorption corrections were applied.
The structures were solved by direct methods and refined by full-
matrix least-squares methods on F? using the SHELXTL-97 pro-
gram.B All non-hydrogen atoms were refined using anisotropic
displacement parameters. The hydrogen atoms were generated geo-
metrically and treated by a mixture of independent and constrained
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refinements. Experimental details of the X-ray data collected for 1,
2, and 3 are presented in Table 3. CCDC-224511 to -224513 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge at www.ccde.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.)
+ 44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk].
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