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Great Framework Variation of Polymers in the Manganese(11) Maleate/a,0.'-
Diimine System: Syntheses, Structures, and Magneto-Structural Correlation
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Three novel manganese(m) coordination polymers, [Mn
(maleate)(phen)],, (1; phen = 1,10-phenanthroline), [Mn-
(maleate)(phen)],-nH,O (2), and [Mn(maleate)(bpy)], (3;
bpy = 2,2'-bipyridine), have been synthesized by treatment
of Mn?* with maleic acid with participation of chelate diimine
ligands, and have been identified by single-crystal X-ray dif-
fraction to have either one-dimensional (1D) zigzag chain
structures (1 and 2) or a two-dimensional (2D) sinuous layer
structure (3). Each maleate dianion coordinates to three Mn
centers, in different bridging modes (syn-antiin 1 and 2, syn-
syn and anti-anti in 3). These compounds represent an inter-

esting example of structural topology variation from 1D to
2D mediated by chemically similar auxiliary chelate ligands.
Variable-temperature magnetic susceptibility measurements
show weak anti-ferromagnetic exchange interactions be-
tween the adjacent Mn' ions, with J = -0.06 cm™ (2) and J =
-1.3 cm™, zJ) = -0.27 cm! (3). The differences in
the magnitudes of these coupling interactions agree well
with the nature of the carboxylate-bridging coordination of
maleate.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

There is currently great interest in the construction of
metal-organic hybrid extended solids containing paramag-
netic metal ions, driven to a large extent by their fascinating
network topologies and their wide applications, such as in
the field of molecular magnetism.[! The key to the fabri-
cation of such networks is the selection of appropriate
bridging ligands capable of mediating magnetic interaction
and coordination geometries of metal ions.[?! The recent ex-
ponential growth in the synthesis and study of such coordi-
nation polymers has provided elegant examples of how the
metal ion geometry and the appropriate bridging ligand
symmetry can be exploited for the design of materials with
unusual structures and properties. In this respect, polycar-
boxylate ligands are frequently used as magnetic superex-
change pathways between the metal ions, due to their versa-

[al State Key Laboratory of Structural Chemistry, Fujian Institute
of Research on the Structure of Matter, Chinese Academy of
Sciences,

Fuzhou 350002, China
Fax: (internat.) + 86-591/3714946
E-mail: lqt@ms.fjirsm.ac.cn

1 Department of Chemistry, Nankai University,
Tianjin 300071, China

[ State Key Laboratory of Fine Chemicals, Dalian University of
Technology,

Dalian, China

[4]" Graduate School of the Chinese Academy of Sciences,

Beijing, China

2872 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/ejic.200300097

tile carboxylate-bridging coordination modes (syn-syn, anti-
anti, and syn-anti) capable of transmitting magnetic coup-
ling interactions to different degrees.[!

The product architecture that will spontaneously self-as-
semble from a metal node and a single organic spacer can
to some extent be predicted in the light of the known metal
coordination preference and the ligand configuration.l
The introduction of another ligand, however, will greatly
reduce the reliability of the prediction. In this situation, the
auxiliary ligand may affect the combination mode of the
metal ion with a primary ligand, finally resulting in topo-
logically different complexes.

In the course of our study on manganese complexation
by polyacids, we pay special attention to the influence of
auxiliary ligands on the structural topology,™! since at pre-
sent it is not possible to know for certain the differences
between the compounds.[®] In this work, we selected maleate
as a primary ligand, in view both of its versatile bonding
modes, capable of linking more than one metal ion, and
also of its specific conformation, which was predicted to
yield extended structures. We obtained two types of manga-
nese(11) polymers with 1D and 2D frameworks in the pres-
ence of phen and bpy, respectively, as the secondary ligands.
The result shows profound influences of the auxiliary che-
late ligand both on the structural topology and on the sim-
ultaneous adoption of maleate coordination modes
(Scheme 1), followed accordingly by the alteration of the
magnetic properties of the product.
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Scheme 1. A schematic illustration showing the coordination modes of maleate dianion observed in complexes 1—3 (left for 1 and 2,

right for 3)

Results and Discussion

Synthesis

Three polymers were produced from the Mn?*/maleate/
diimine self-assembly system. Although structurally unex-
pected complexes are frequently encountered, as the
metal—ligand self-assembly is strongly influenced by factors
such as the solvent system, template, and counter-ion, as
well as the preferences of metal center and organic spacer
conformation, the dramatic difference derived from chemi-
cally very similar ancillary ligands, such as observed in the
present work, is rather surprising. Attempts to obtain a
complex topologically similar to 3 with bpy instead of phen
under various reaction conditions did not succeed, and vice
versa. The production of great structural variation, from
1D to 2D, for the two types of polymers (vide supra) may
be due to the difference in conjugate ring area in the auxili-
ary ligands bpy and phen.

Structure Descriptions of Complexes 1—3

Single-crystal X-ray diffraction analysis reveals that the
complex 1 is a 1D, neutral, chain-like polymer consisting of
[Mn(maleate)(phen)] units. The Mn'! center has a distorted
octahedral geometry with four O atoms of three maleate
ligands [Mn—0O 2.117(2)—2.208(2) A] and two N atoms of

one phen ligand [Mn—N 2.334(2) and 2.308(2) A] at the six
corners. Selected bond lengths and angles are listed in
Table 1. Each Mn ion is coordinated by three maleate ions,
while each maleate coordinates to three Mn ions through
its two carboxylate groups in chelating and bridging modes.
Two oxygen atoms of the two ends of the maleate ion che-
late one Mn atom to form a seven-membered ring (A);
meanwhile, each of the carboxylate groups bridges two Mn
atoms in a syn-anti fashion, resulting in double p-OCO
bridges and a bridging eight-membered ring (B), as shown
in Figure 1. Consequently, these different non-planar A and
B rings alternately interlock by sharing the C—O—Mn
edges to produce a one-dimensional zigzag chain (Figure 2),
in which every two neighboring symmetry-related Mn
atoms are separated by 4.976 A. In addition, there is a sig-
nificant m—m-stacking interaction between the phen ligands
belonging to the inversion-related chains (—x, 1 — y, 1 —
z) with a perpendicular ring separation of 3.363 A, which
further promotes the stabilization of the zigzag chain.

Complex 2 is made up of a one-dimensional chain and
solvate water molecules. The chain is constructed from
basic [Mn(maleate)(phen)] units, the structures of which are
almost identical to those in 1, and all the structural param-
eters are also very close to those of 1, as can be seen from
Table 1. Two hydrogen bonds link the lattice water molecule

Table 1. Selected bond lengths [A] and angles [°] of 1 and 2 (symmetry transformations used to generate equivalent atoms: A: —x, —y
+1,—z+2;B—x+1,—y+1,-z+2;C.—x+1,-y+2 —zD:—x, =y + 2, —2)

Complex 1

Mn—0Ol 2.117(2) Mn—04B 2.123(2) Mn-02A 2.176(2) Mn—-03 2.208(2)
Mn—N2 2.308(2) Mn—NI1 2.334(2) O1-Mn—-04B 101.70(8) O1-Mn-02A 93.26(7)
O4B—Mn—02A 89.63(7) O1-Mn—-03 84.92(7) 04B—Mn—-03 89.97(8) 02A—Mn-03 178.02(7)
O1—-Mn—N2 170.56(8) O4B—Mn—N2 87.72(8) 02A—Mn—N2 86.11(7) O3—Mn—N2 95.81(7)
Ol-Mn—NI1 98.84(8) O4B—Mn—NI1 159.14(9) O2A—Mn—NI1 92.82(8) O3—Mn—NI1 88.24(8)
N2—Mn—NI1 71.80(8)

Complex 2

Mn—0Ol1 2.124(3) Mn—04C 2.156(3) Mn—02D 2.193(3) Mn-03 2.198(3)
Mn—N2 2.286(3) Mn—NI 2.320(4) O1-Mn—-04C 100.62(12) O1-Mn—-02D 94.35(11)
04C—Mn—-02D 86.82(11) O1-Mn—-03 85.00(11) 04C—Mn—03 88.27(12) 02D—Mn—-03 174.85(11)
Ol-Mn—N2 169.65(12) 04C—Mn—N2 89.69(13) 02D—Mn—N2 87.02(11) 03—Mn—N2 94.53(11)
Ol1-Mn—NI1 97.42(12) 04C—Mn—NI1 161.8 (1) O2D—Mn—NI1 93.99(12) 03—Mn—NI1 91.16(12)
N2—Mn—NI1 72.25(13)
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Figure 1. Structure view of 1 showing the local coordination
environment of Mn!! with thermal ellipsoids at 30% probability
(A and B represent two kinds of microcycles)

OS5 and two carboxylate oxygen atoms of symmetry-related
polymer chains to generate a two-dimensional network
sheet (Figure 3).

Interestingly, the replacement of phen by bpy resulted in
the crystallization of the architecturally significantly differ-
ent complex 3, the structure of which involves a two-dimen-
sional layer framework composed of neutral [Mn(maleat-
e)(bpy)] units. Selected bond lengths and angles are listed
in Table 2. Each Mn!' ion completes its pseudoctahedral
geometry with four oxygen atoms of three maleate ions and
two nitrogen atoms of a chelating bpy ligand (Figure 4).
Each maleate ligand is also bonded to three different Mn
atoms in chelating and bridging modes, and the chelating
mode results in a seven-membered ring A, like those in 1.
Two carboxylate groups act as triatomic bridges in two dis-
tinct bridging modes (syn-syn and anti-anti), which are
greatly different from that found in 1 (syn-anti). The syn-
syn bridge forms an eight-membered ring Mn,(u-OCO),
unit (B), which is fused together with two A rings by shar-

Figure 2. A view of the 1D zigzag chain in 1, with hydrogen atoms omitted for clarity

Figure 3. A packing diagram showing part of the two-dimensional hydrogen-bonded network (O5—HS5B--O4# = 3.006 A and

O5—H5C-+02& = 2.943 A); symmetric modes: #: x — 1,y — 1

2874 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ing Mn—O—C edges to form ABA fused rings. The anti-
anti bridge bridges between the two ABA moieties, resulting
in a 22-membered macrocycle C, containing four Mn atoms
alternately linked by four maleate ligands. The syn-syn and
anti-anti bridges give rise to two spans with Mn—MnA dis-
tances of 4.666 A and Mn—MnB distances of 6.390 A,
respectively. These rings extend sequentially to build up a
two-dimensional sinuous layer-type architecture (Figures 5
and 6) with bpy ligands protruding towards the interlayer
region, as shown in Figure 6. It is indicated that the ABA-
BAB... zigzag chain of 1 arises from the mutual interlock of
the A and B rings, while the linkage of the ABA moieties
through the carboxylate group bridge gives rise to the

Table 2. Selected bond lengths [A] and angles [°] of complex 3 (sym-
metry codes: A: —x + 1, —y + 1, —z; B: x, —y + 3/2, z + 1/2)

Mn-0l 2.1156(18) Mn—0O4B 2.151(2)
Mn—NI1 2.273(2) Mn—N2 2.333(2)
Mn—02A 2.1744(19) Mn—-03 2.1821(2)
O1-Mn—-04B 99.55(8) Ol-Mn—-02A 94.64(7)
0O4B—Mn—02A 84.29(8) O1-Mn—-03 82.92(7)
0O4B—Mn—-03 94.08(8) O2A—-Mn—-03  176.81(8)
O1-Mn—N1 166.47(8) O4B—Mn—-NI1  89.84(8)
02A—Mn—N1 95.98(8) 03—Mn—N1 86.74(8)
O1-Mn—N2 100.52(8) O4B—Mn-N2  159.25(8)
02A—Mn—N2 88.89(8) 03—Mn—N2 93.56(8)
NI1-Mn—N2 71.36(8)
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Figure 4. Structure view of 3 showing the local coordination en-
vironment of Mn!! with thermal ellipsoids at 30% probability

clearly different framework topology of 3. Surprisingly, this
dramatic difference between the two complexes actually de-
rives from chemically very similar ancillary ligands, phen
and bpy. It is believed that the larger ring area of the phen
ligand may be preferable for production of m—m interac-
tions (vide supra) between the aromatic rings, albeit weak.
This would favor the formation of a zigzag chain. However
the larger ring area may also produce a spatial hindrance

Figure 5. A view of the layer structure of 3, with hydrogen atoms and bpy ligands omitted for clarity (A, B, and C represent three

different subrings)

Eur. J. Inorg. Chem. 2003, 2872—2879 www.eurjic.org
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Figure 6. The packing diagram of 3 focused on the sinusoid-like layer framework; carbon atoms of bpy ligands are excluded for clarity

between the two sinuous layers (Figure 6). Consequently,
the participation of the two ancillary ligands results in dif-
ferent framework topologies.

To the best of our knowledge, the coordination mode of
maleate in 1—3 is unique in metal maleate/diimine systems,
and different from that found in a tetramanganese cluster
[Mny(maleate),(bpy)s](ClO4)4,[1 in which each maleate li-
gand carboxylate group bridges two manganese ions in an
anti-anti fashion, and also from that found in a manganese
polymer [Mn(maleate)(L)], (L = 4,4’-bipyridine),[® in
which two carboxylate groups of the maleate ligand act as
a triatomic bridge in a syn-anti fashion and a monoatomic
bridge to link two manganese ions, respectively, with the
fourth carboxylate oxygen atom free. In addition, there
were three previously reported dinuclear Cu/Zn maleate/
bpy (or phen) complexes® in which the metal ions are five-
coordinate and the maleate ion serves as a bidentate ligand
linking two metal ions through two oxygen atoms of its two
ends, and one mononuclear complex [Co(maleate)-
(bpy)(H,0);]-H,0,['% in which the maleate ion binds to the
six-coordinate Co center through only one carboxylate oxy-
gen atom. No other metal maleate/o-a'-diimine polymeric
complexes have been reported so far.

IR Spectroscopy

The IR spectra of the three complexes clearly show both
the presence of the maleate ion and its coordination mode.
The strong absorptions at 1560 and 1425 cm™! for 1, 1558
and 1427 cm™! for 2, and 1551 and 1429 cm™! for 3 corre-
spond to asymmetric and symmetrical stretching vibrations
— Vo(COO) and v(COO), respectively — of the coordi-
nated carboxylate groups. The differences (A = v,s — V)
between v,(COO) and vy(COO) (135 cm ™! for 1, 131 cm™!
for 2, and 122 cm ™! for 3) are significantly smaller than
the corresponding value of 200 cm™! for the free maleate
dianions,'!l indicating a bidentate bridging coordination
mode of the carboxylate groups.'? This is in accordance
with the result of X-ray diffraction analysis. In addition,
the strong and broad band centered at 3450 cm ™! for 2 is
attributable to the H—O—H stretching vibration of the lat-
tice water molecule on the basis of the known structure.

2876 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The medium absorptions at 3051 cm~! for 1, 3053 cm™!
for 2, and 3046 cm ! for 3 can be attributed to §(=C—H)
of maleate.

Magnetic Properties

Variable-temperature magnetic susceptibility measure-
ments in the 5—300 K range were carried out for complexes
2 and 3, and are shown in Figure 7. For 2, the effective
experimental magnetic moment (u) per Mn'! ion at room
temperature is 5.70 pp, slightly lower than that of the un-
coupled Mn?" ion (S = 5/2; 5.91py), remaining practically
constant down to 30 K, and then gradually decreasing with
decreasing temperature, reaching a value of 5.20 pp at 5 K.
The 1/, vs. T plot is essentially linear (see inset in Fig-
ure 7), and obeys the Curie—Weiss law [y, = C/(T — 0)]
with C = 4.0 cm*K !'mol and 6 = —0.85 K. In view of
the known structure of the complex, the experimentally de-
termined magnetic behavior was fitted by use of Equa-
tion (1) according to an isotropic Heisenberg model for a
linear chain of metal ions with coefficients generated by
Hiller et al.l'3 for S = 5/2, where 4 = 2.9167, B = 208.04,
C = 15.543, D = 2707.2, and X = J/kT. The best fitting
parameters obtained are J = —0.06 cm™!, g = 1.96, with
an agreement factor R = 4.00-10~%. This very small J value
indicates very weak coupling interactions between the metal
ions mediated by a triatomic syn-anti carboxylate group
bridge, or practically a non-coupled system.

x“=[-""”"'3;,-’,;.‘,.}A+.'fx"a[1+-:'x +Dx"y (1)

For 3, the experimentally determined effective magnetic
moment at room temperature is 5.89 ug per Mn'!! ion, very
close to that of a magnetically isolated Mn?" ion (S = 5/2;
5.91 pg). Upon cooling, the value decreases continuously
down to 2.95 ug at 5 K, indicating an overall antiferromag-
netic coupling interaction between the metal ions. From the
known structural data, there are two types of magnetic ex-
change pathways between adjacent Mn?* centers: one oc-
curs between two doubly carboxylate-bridged (syn-syn

www.eurjic.org Eur. J. Inorg. Chem. 2003, 2872—2879
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Figure 7. Experimental susceptibilities ()1, marked as square) and
effective magnetic moment (p.g, marked as triangle) as functions
of the temperature for complex 2 (top) and 3 (bottom); the solid
lines represent the calculated values

mode) Mn’" ions, and the other between singly car-

boxylate-bridged (anti-anti mode) Mn?>* ions. In view of the

long separation (6.390 A) of the anti-anti-bridged Mn?*

ions, we can simplify the coupling interaction system as a

dimanganese(i1) moiety, and simulate the magnetic behavior

by use of Equation (2)!'* deduced from the Hamiltonian
= _JS1'S2.

5_{1._1{”1[?[[—51 AT:I‘P[-I&'J[])(_';J&. }+5L‘.~‘.pl’_|2"r* }+u>&|1|.r__|4-’l

)

[

JH.)I ?c.tp{' ‘””.il ﬁuxpl: 12J k?'ﬁl cxp{' 144 “-.5 }
(@)

? = Elﬁ‘lg:ﬁ:
i kT 11+ ‘an[ 3

syn-syn

anti-antt

To improve on the calculated expression, a mean molecu-
lar field approximation term!!’ zJ’ was added to describe
the inter-dimer Mn?" unit exchange interactions. The ex-
pression for the magnetic susceptibility becomes Yy = Ypil
(1 — zJ ypi/ Ng*B?). A satisfactory fitting result with par-
ameters J = —1.3cm™ !, zJ' = =027 cm ™!, g = 1.99, and
the agreement factor R = 3.25-1075 was obtained over the
full temperature range.

All magnetic coupling interaction parameter values (J
and zJ') fall in the normal range for two adjacent Mn?"*
ions through the carboxylate group pathway, and the differ-
ence in the magnitude of the magnetic coupling interactions
found for 2 and 3 can be explained in terms of the bridging
modes of the carboxylate group and the overlap of d-p mag-
netic orbitals. As would be expected on the basis of the
respective geometries, there is an efficient overlap between
the 3d magnetic orbital of the Mn?" center and the 2p mag-
netic orbital of the carboxylate group O in the order syn-
syn > anti-anti > syn-anti (Scheme 2).1'! In good agree-
ment with this, despite the larger separation of Mn--Mn
(6.390 A) in 3 than in 2 (4.976 A) the correspondlng ex-
change interaction value zJ’ = —0.27 cm ™! in the anti-anti
mode is larger than that of the syn-anti mode (J = —0.06
cm™ !, so small that the interaction is actually negligible) for
2. Also, the syn-syn mode in complex 3 results in the largest
J value, showing that the syn-syn carboxylate group bridge
is more favorable than the others for transmission of the
magnetic coupling interaction.!!”]

Conclusion

We have obtained three novel manganese(1) polymeric
complexes 1, 2, and 3, variously possessing 1D zigzag chain
and 2D sinuous layer structures, based on maleic acid in
the presence of ancillary o,a’-diimine ligands (1,10-phenan-
roline and 2,2'-bipyridine). Very similar ancillary chelate li-
gands result in different structural topologies, which may
be attributable to the different ring areas of the two delo-
calized aromatic diimine ligands, suggesting that the poly-
meric coordination framework may be designed and synthe-
sized according to the inherent steric constraint and inter-
active information stored in organic ligands and metal
ions,**181 or modified through appropriate ancillary li-
gands. Studies on the magnetic properties of the complexes
revealed weak antiferromagnetic coupling interactions be-
tween the paramagnetic Mn'" sites mediated to different de-
grees by the carboxylate group bridges in syn-syn, anti-anti,

spr-anti

ﬁ \)v W Tk”)m

Mn

Scheme 2. Schematic representations of the coordination modes for the triatomic carboxylate bridge and the overlap of d-p magnetic or-

bitals
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and syn-anti modes. The magnitudes of the J values for the
interactions can be explained in terms of the efficient over-
lap between the magnetic orbitals. Various bridging modes
of the carboxylate groups give the order J (syn-syn) > J
(anti-anti) > J (syn-anti) for the interactions.

Experimental Section

General: All chemicals were of reagent grade and were used as re-
ceived. Elemental analyses were performed with a Vario EL III
CHNOS element analyzer, and the metal analysis was carried out
by standard EDTA titration methods. IR spectra of KBr pellets
(4000—400 cm™") were recorded with a Magna-75-FT-IR spectro-
photometer. Variable-temperature susceptibility was measured with
a model CF-1 superconducting magnetometer with a crystalline
sample kept in a capsule at 4.5—300 K. Diamagnetic corrections
were made with Pascal’s constants for all the constituent atoms of
the determined complexes.

Synthesis of [[Mn(C4H,04)(C;,HgN,)l, (1): A solution of 1,10-
phenanthroline (0.20 g, 1 mmol) in ethanol (10 mL) was added to
a suspension of MnCOj3 (0.12 g, 1 mmol) and maleic acid (0.17 g,
1 mmol) in water (20 mL). The mixture was heated at reflux for 8
d, during which yellow crystals were produced. These were col-
lected to afford 1 (0.08g, yield 22.6% based on Mn).
C6HoMnN,O, (349.20): caled. C 55.03, H 2.89, Mn 15.73, N
8.02; found C 54.76, H 3.07, Mn 15.98, N 8.11. IR: ¥ = 3051 (m),
1633 (m), 1620 (s), 1560 (vs), 1514 (m), 1425 (s), 1402 (w), 1346
(w), 1309 (vs), 1200 (w), 1144 (w), 1101 (w), 1088 (w), 889 (m), 850
(s), 783 (m), 731 (s), 661 (w), 634 (w), 619 (m), 550 (m), 418 (m)
cm L

Synthesis of [Mn(C4H,0,4)(C,,HgN,)|,-nH,0 (2): 1,10-Phenanthro-
line (0.40 g, 2 mmol) in ethanol (5 mL) was added dropwise with
continuous stirring to an EtOH/H,O (ca. 1:2, v/v, 20 mL) solution
of maleic acid (0.34 g, 2 mmol), NaOH (0.16 g, 4 mmol), and
MnSO4-H,0O (0.34 g, 2 mmol). The resulting yellow solution was
stirred for 10 min at room temperature, then filtered. The filtrate

which were collected and air-dried to afford 2 (0.48 g, yield 65.5%
based on Mn). C;sH;»MnN,Os (367.22): calcd. C 52.33, H 3.29,
Mn 14.96, N 7.63; found C 52.56, H 3.13, Mn 15.21, N 7.41. IR:
v = 3450 (br), 3053 (m), 1635 (m), 1616 (s), 1558 (vs), 1516 (m),
1427 (s), 1394 (m), 1346 (m), 1306 (vs), 1200 (m), 1144 (m), 1101
(m), 991 (w), 891 (m), 866 (m), 850 (vs), 779 (m), 729 (s), 667 (W),
638 (w), 621 (m), 550 (m), 418 (m) cm ™.

Synthesis of [Mn(C4H,04)(C1oHgN>)],, (3): The procedure used was
similar to that for the preparation of 2, except that 2,2’-bipyridine
(0.31 g, 2 mmol) was used instead of 1,10-phenanthroline. Yellow
crystals of 3 (0.26 g) were obtained in 40% yield. C,4H;(MnN,O,4
(325.18): caled. C 51.71, H 3.10, Mn 16.89, N 8.61; found C 51.64,
H 2.98, Mn 16.97, N 8.54. IR: v = 3046 (m), 1647 (w), 1595 (w),
1585 (w), 1551 (vs), 1491 (w), 1475 (m), 1429 (s), 1396 (s), 1317
(vs), 1284 (w), 1248 (w), 1217 (m), 1173 (w), 1157 (m), 1101 (w),
1059 (m), 1014 (s), 974 (m), 895 (m), 862 (m), 835 (w), 816 (W),
773 (s), 737 (m), 650 (m), 631 (m), 559 (m), 417 (m) cm ~'.

X-ray Crystallography: Intensity data were collected at 293 K with
a Siemens SMART CCD diffractometer equipped with graphite-
monochromated Mo-K,, radiation (A = 0.71073 A). Data were cor-
rected for LP factors and empirical absorption correction was ap-
plied. The structures were solved by direct methods and refined on
F? by the full-matrix, least-squares technique through use of the
SHELXTL-97 program package.'”! All non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were introduced geo-
metrically, with the exception of the lattice water hydrogen atoms,
which were located from the difference Fourier syntheses. Crystal-
lographic data of 1—3 are outlined in Table 3. CCDC- 201331
to -201333 contain the supplementary crystallographic data for
complexes 1—3. 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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