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Abstract: To study the conformations
of 1,2,3,4,5,6-cyclohexanehexacarboxyl-
ic acid (H¢L), eleven new coordination
polymers have been isolated from hy-
drothermal reactions of different metal
salts with le,2a,3e,4a,5¢,6a-cyclohexane-
hexacarboxylic acid (3e+3a, H¢L") and
characterized. They are [Cd,(us-L™)-
(10" L")3(-H0)4(H,0)]-16.5H,0 (1),
Nap[Cdg(pe L") (- L™):] 27H,0 - (2),
[Cdy (L") (u-H,0)] (3), [Cely (15 L™)-
(2.2-bpy)y(H;0):]2H,0 (@), [Cdy(ur-
L"),(4,4-Hbpy),(4.4-bpy),-

(H,0),]9.5H,0 (5), [Cdy(ueL™)(44-
Hbpy),(H,0)10]-SH,O  (6),  [Cda(pi-
L)(H0)]  (7),  [Ms(po-L")(H,0)q]
(M=Mn (8), Fe (9), and Ni (10)), and
[Niy(OH),(jyo-L") (4,4-bpy)-

(H,0),]-6H,0 (11). Three new confor-
mations of 1,2,3,4,5,6-cyclohexanehexa-
carboxylate, 6e (L™), 4e4+2a (L™) and
5e+1a (LY"), have been derived from
the conformational conversions of L'
and trapped in these complexes by con-
trolling the conditions of the hydro-
thermal systems. Complexes 1 and 2
have three-dimensional (3D) coordina-
tion frameworks with nanoscale cages
and are obtained at relatively low tem-
peratures. A quarter of the L' ligands
undergo a conformational transforma-

tion into L™ while the others are trans-
formed into L™ in the presence of
NaOH in 2, while all of the L' are
transformed into L™ in the absence of
NaOH in 1. Complex 3 has a 3D con-
densed coordination framework, which
was obtained under similar reaction
conditions as 1, but at a higher temper-
ature. The addition of 2,2'-bipyridine
(2,2-bpy) or 4.4'-bipyridine (4,4-bpy)
to the hydrothermal system as an auxil-
iary ligand also induces the conforma-
tional transformation of HL". A new
LY' conformation has been trapped in
complexes 4-7 under different condi-
tions. Complex 4 has a 3D microporous
supramolecular network constructed
from a 2D L™-bridged coordination
layer structure by -t interactions be-
tween the chelating 2,2-bpy ligands.
Complexes 5-7 have different frame-
works with LWLY' conformations,
which were prepared by using different
amounts of 4,4'-bpy under similar syn-
thetic conditions. Both 5 and 7 are 3D
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coordination frameworks involving the
L' ligands, while 6 has a 3D micropo-
rous supramolecular network con-
structed from a 2D L™bridged coordi-
nation layer structure by interlayer
N, 4 smpyHO(L")  hydrogen bonds.
3D coordination frameworks 8-11 have
been obtained from the H(L' ligand
and the paramagnetic metal ions Mn",
Fe", and Ni", and their magnetic prop-
erties have been studied. Of particular
interest to us is that two copper coordi-
nation polymers of the formulae
[{Cu"y(y-L")(H,0),}{Cu’,(4,4-bpy),}]
(12a) and  [Cu"(Hbtc)(4,4-bpy)-
(H,0)]-3H,0 (H;btc=1,3,5-benzene-
tricarboxylic acid) (12f) resulted from
the same one-pot hydrothermal reac-
tion of Cu(NO;),, HL", 4,4-bpy, and
NaOH. The Hbtc*" ligand in 12 was
formed by the in situ decarboxylation
of HgL". The observed decarboxylation
of the H¢L' ligand to Hibtc may serve
as a helpful indicator in studying the
conformational transformation mecha-
nism between HgL' and L™, Trapping
various conformations in metal-organic
structures may be helpful for the stabi-
lization and separation of various con-
formations of the H¢L ligand.
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Introduction

When a substrate (L) coordinates to a metal (M) center, the
properties of the organic ligand, such as electrophilic or nu-
cleophilic character, acidity, and susceptibility to oxidation
or reduction, usually change in tandem with the nature of
the metal ion, leading to the production of thermodynami-
cally or kinetically stable coordination compounds." In
some cases, reactive transition metal ions can catalyze the
oxidation/reduction, rearrangement, or conformational con-
version of organic ligands under mild reaction conditions so
as to form new ligand derivatives.”! Hydro(solvo)thermal
synthesis has been widely used as an advantageous tech-
nique in the preparation of highly stable, infinite metal-
ligand frameworks. Furthermore, many interesting metal/or-
ganic reactions,” such as redox processes of metal ions, and
oxidative coupling, hydrolysis, or substitution of ligands,
have been found under various hydro(solvo)thermal condi-
tions. We and other groups have developed some in situ
ligand syntheses, including copper(II)-mediated oxidative
coupling, hydrolysis, substitution, and alkylation of ligands
in the course of the construction of novel metal-organic
framework materials.”* Such ligand reactions, due to their
complexity in terms of mechanisms and their role as a new
bridge between inorganic and organic chemistry, require fur-
ther understanding and investigation.

In the rational design and synthesis of metal-organic
frameworks,” rigid polycarboxylates, for example benzene-
polycarboxylates and pyridinepolycarboxylates, have been
extensively employed to produce various extended struc-
tures.”) Nevertheless, only a few coordination polymers
based on ligands with flexible conformations have hitherto
been reported. This is probably due to the flexibility of the
ligand backbones, which makes it more difficult to predict
and control their orientation in the final coordination net-
works.[l Many investigations have been focused on the flexi-
ble 1,4- or 1,3-cyclohexanedicarboxylic acids in view of their
cis- and trans- conformations.’s! 1,2,3,4,5,6-Cyclohexanehexa-
carboxylic acid (H¢L), which is characterized by multiple
binding sites and pH-dependent coordination modes and
shows versatility through its flexible conformations, has at-
tracted our great interest in studying its conformational
transformations and use in constructing metal-organic
frameworks.”™ In our recent work on H,L, we have observed
two predominant conformations, L' (3e+3a) at room tem-
perature and L™ (6¢), as well as a less common conforma-

tion L™ (4e4+2a) under hydrothermal conditions
(Scheme 1).¥l Tt should be noted that the starting material
1,2,3,4,5,6-cyclohexanehexacarboxylic acid hydrate

(HL"H,0) adopts the all-cis conformation with multiple
hydrogen bonds, which can be converted in situ to the trans
form or cis,trans-mixed forms under different hydrothermal
conditions. Conformation L' is thermodynamically less
stable than the other conformations,” but it has relatively
low steric hindrance between the carboxylate groups. The
opposing factors of the relative energy and steric hindrance
result in HgL' adopting various compromised conformations
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Scheme 1. Possible conformations (I-VI) of the H¢L ligand.

upon coordinating to metal ions, which gives us the opportu-
nity of trapping the intermediate conformations by tuning
the hydrothermal reaction conditions. In our ongoing inves-
tigation on this interesting metal-HgL system, we have hith-
erto paid much more attention to the trapping of possible
new conformations, for example, 4e+2a and Se+1la. In the
present work, through judicious choice of different hydro-
thermal reaction conditions, we have successfully obtained
seven novel Cd-L coordination frameworks, namely [Cd;,-
(L) (0" L")3(1-H,0)6(H,0)6)- 16.5H,0 - (1), Nay[Cdg(pe-
L") (u-L")3]27H,0 (2), [Cds(mus- L") (u-H,0)] (3), [Cds(us-
L") (2,2"-bpy);(H,0)5]-3.5H,0 (4), [Cdy(u-LY")(4.4-Hbpy),-
(4.4-bpy),(H,0),]9.5H,0  (5),  [Cdy(ps-L")(4,4-Hbpy),-
(H;0),0]5SH,0 (6), and [Cds(w-LY)(H,0)3] (7). Mean-
while, four metal-organic frameworks with paramagnetic
metal ions, [M;(ue-L™)(H,0)s] (M=Mn (8), Fe (9), and Ni
(10)) and [Niy(ps-OH),(juo-L")(4,4"-bpy) (H,0).]-4H,O (11),
have also been synthesized. Moreover, two new copper co-
ordination polymers have been obtained from the same re-
action, green block-shaped crystals of [{Cu",(p,-L")(H,0),}-
{Cu',(4,4-bpy),}] (12a) and green prismatic crystals of [Cu-
(Hbtc)(4,4"-bpy)(H,0)]-3H,O (H;btc=1,3,5-benzenetricar-
boxylic acid) (12p). The Hbtc?™ ligand observed in 12 was
formed in situ from the H¢L ligand, which may help in un-
derstanding the conformational transformations of the HgL'
ligand during its reaction processes.

Results and Discussion

Theoretical calculations on the free H¢L ligand in different
conformations: Table S1 in the Supporting Information
shows that the conformation LY is the most stable among
the six conformations, which can be rationalized in terms of
the formation of a large intramolecular ring of hydrogen
bonds involving five -COOH groups. Conformation L' is
33.5 and 24.6 kJmol ™' less stable than L™ and L™, respec-
tively. Conformation L™ is the second most stable conforma-
tion and conformation L™ is only about 9 kJmol! less
stable than L". Obviously, the transformations from L' to L"
and from L' to L™ should be thermodynamically permitted,
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which is in good agreement with the experimental finding
that complexes of L™ and L™ can be easily obtained at
lower temperature (130°C). Conformation L*! is 13 kJmol™!
more stable than L' and less stable than L" and L™. There-
fore, specific conditions, such as higher temperature (160-
180°C) and the addition of 4,4-bpy, are required to obtain
complexes of conformation LY. Conformation LY is
5 kIJmol ™ higher in energy than L', which indicates that the
transformation from L' to L' is thermodynamically restrict-
ed, and, indeed, complexes of this conformation could not
be obtained from L' experimentally. The reason why no
complex of LY could be obtained from L' may be because
the hydrogen bonds were destroyed and the conformation
was transformed to other forms upon coordination to Cd**.

Description of the crystal structures

2D/3D Cd"-carboxylate metal-organic frameworks 1-7:
Complexes 1 and 2 are composed of 3D metal-organic
frameworks (MOFs) with nanoscale cages, and have been
reported in our previous work.® In the framework of 1, the
L" ligands derived from L' adopt two types of bridging
modes, p-L™ and p,o-L", in a 1:3 ratio (Figure 1a,b). Six py,-
L" and two pe-L™ bridge thirty Cd" atoms to generate a
nanoscale CdsL"; cage of hexagonal prism shape of dimen-
sions 22.96x12.81x12.81 A%, Each cage connects six neigh-
boring ones to generate a novel 3D MOF (Figure 1c). Be-
sides the L" conformation, a new conformation, L™, also de-
rived from LY, is trapped in 2 (Figure 2a,b). This is presuma-
bly because of the introduction of Na' atoms, which are di-
rectly linked to the neighboring carboxylates within the
cages, resulting in different coordination environments of
the Cd" atoms from those found for 1. Both the L" and L™
ligands adopt ps-bridging modes and are present in a 1:3
ratio, connecting the hexagonal prism shaped cages of di-
mensions 13.04x13.04x10.49 A® to form a 3D MOF (Fig-
ure 2c). An analysis using PLATONI suggested that the
total void volumes of 1 and 2 without water guests, V., ac-
counted for 23.9% and 23.1% of the crystal volumes, re-
spectively. The water guests are located in these cages and
interact with the MOF host through multiple hydrogen-
bonding interactions.

At a higher temperature of 180°C, a structurally different
3D framework was formed in 3 without the addition of
NaOH. A single-crystal X-ray diffraction study revealed
that 3 consists of an infinite 3D coordination polymer that
recrystallizes in the space group P1. The asymmetric unit
contains three Cd atoms, one deprotonated L" ligand, and
one coordinated water molecule (Figure 3a). Cd1 adopts a
slightly distorted octahedral geometry, coordinated by four
carboxylate oxygen atoms from different L™ ligands in the
equatorial plane (Cd-O 2.186(5)-2.310(4) A), and one car-
boxylate atom and a bridging water molecule (Cd-O
2.512(4) and 2.568(5) A) in the axial positions. Cd2 also has
a distorted octahedral geometry, being surrounded by five
carboxylate oxygen atoms and a bridging water molecule
(Cd-O 2.165(5)-2.355(5) A). Cd3 adopts a distorted trigo-
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Figure 1. a) ORTEP drawing of the coordination environments of the Cd
atoms with thermal ellipsoids at the 50 % probability level. Perspective
views of b) the coordination mode of the L" ligand, and c) the 3D MOF
with nanoscale cages along the ¢ axis in 1.

nal-bipyrimidal geometry, being coordinated by five carbox-
ylate oxygen atoms (Cd-O 2.174(5)-2.408(4) A). All of the
carboxylate groups of L" lie in the equatorial positions of
the cyclohexane ring, so that the ligand connects thirteen Cd
atoms through its six p-n'm! and p,-n>m? carboxylate groups.
A 3D condensed framework is thus generated by the con-
nection of the p;-L™ ligands and the bridging water mole-
cules through the cadmium ions (Figure 3b).

In the presence of 2,2"-bpy as an auxiliary ligand, complex
4 with a 2D layered structure was isolated and a new confor-
mation, L™, of the ligand L was successfully trapped. X-ray
crystallography showed that there are three crystallographi-
cally independent Cd atoms, one L™ ligand derived from
the L' conformation, three coordinated water molecules,

Chem. Eur. J. 2008, 14, 72187235
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Figure 2. a) ORTEP drawing of the coordination environments of the Cd
atoms with thermal ellipsoids at the 50% probability level. Perspective
views of b) the coordination mode of the L™ and L™ ligands, and c) the
3D MOF with nanoscale cages along the ¢ axis in 2.

and three-and-a-half disordered lattice water molecules in
the structural unit (Figure 4a). Both Cdl and Cd2 are coor-
dinated by three carboxylate oxygen atoms, one water mole-
cule, and two nitrogen atoms in distorted octahedral envi-
ronments (Cd-O 2.173(10)-2.475(11) A, Cd-N 2.302(15)-
2.344(12) A). Cd3 adopts a pentagonal-bipyramidal geome-
try, coordinated by four carboxylate oxygen atoms, one
water molecule, and two nitrogen atoms (Cd-O 2.284(10)—
2.575(10 A, Cd-N 2.327(13) and 2.374(13) A). In the new
conformation L™, the ligand adopts a pg-bridging mode con-
necting six Cd atoms through its one monodentate and four
chelating e-carboxylate groups and one monodentate a-car-
boxylate group. The pg-bridging L™ ligands link the Cd
atoms so as to form 2D porous layers (Figure 4b), which are
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Figure 3. a) ORTEP drawing of the coordination environments of the Cd
atoms and the coordination mode of the L" ligand with thermal ellipsoids
at the 50% probability level. b) Polyhedron view of the 3D condensed
network in 3.

further connected to form a 3D supramolecular porous net-
work occupied by lattice water molecules through 7— inter-
actions (3.6 A) of the 2,2"-bpy ligands and hydrogen bonds
between the water molecules and carboxylate groups (Fig-
ure 4c).

When the auxiliary chelating ligand 2,2’-bpy was replaced
by the divergent bridging ligand 4,4-bpy, three new com-
plexes, §, 6, and 7, were obtained under similar hydrother-
mal conditions (Scheme 2). The reaction of Cd(NO;),-4 H,O,
H¢L"H,0, and 4,4-bpy in a 5:1:5 molar ratio at 160°C re-
sulted in a complicated 3D coordination framework of 5.
The asymmetric unit contains four crystallographically inde-
pendent Cd atoms, two LY ligands, two bridging 4,4'-bpy,

0 4.4'-b
" 130°C PY _
0.1/0.5/0.5
130 °C
NaOH 4.4'-bpy
—P.
5 180 °C 0.1/0.5/0.2
4 175 °C 4. 4'-bpy
2.2"-bpy 0.1/0.5/0.1

Scheme 2. Summary of the hydrothermal conditions in the preparation of
1-7.
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Figure 4. a) ORTEP drawing of the coordination environments of the Cd
atoms and the coordination mode of the L™ ligand with thermal ellip-
soids at the 50% probability level. Polyhedron view of b) the 2D porous
layer, and c) the porous supramolecular network with lattice water mole-
cules in 4.

four monoprotonated 4,4-Hbpy, four coordinated water
molecules, and nine-and-a-half disordered water molecules.
Cdl, Cd2, and Cd3 adopt pentagonal-bipyramidal geome-
tries coordinated by four carboxylate oxygen atoms, one
water molecule, and two nitrogen atoms (Cd-O 2.272(9)-
2.606(11) A, Cd-N 2.296(10)-2.352(10) A). Cd4 is in a dis-
torted octahedral environment surrounded by three carbox-
ylate oxygen atoms, one water molecule, and two nitrogen
atoms (Cd-O 2.199(12)-2.447(9) A, Cd-N 2.326(9) and
2.357(9) A) (Figure 5a). Similar to complex 4 with L™, not
LY in 4, the L' ligands were transformed in situ to the LV'
form, which has two different p,-bridging modes. In the first
w-bridging LY ligand, four of the carboxylate groups adopt
the chelating mode. In the second LY ligand, three of the
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five e-carboxylate groups adopt the chelating mode and the
a-carboxylate group adopts a monodentate mode (Fig-
ure 5b). The p,-L"" ligands connect the Cd atoms to form a
2D porous layer lying in the ac plane, which is further ex-
tended through bridging 4,4’-bpy ligands to form a 3D coor-
dination framework with 1D rectangular channels extending
along the b axis (Figure 5c). It should be noted that the
monodentate protonated 4,4-Hbpy ligands extend into the
rectangular channels and occupy the cavities. Only a little
effective space is available for the lattice water molecules
(Figure 5d).

A different structure, 6, was obtained when the molar
ratio of Cd(NO,),4H,0, H,L“H,O, and 44-bpy was
changed from 5:1:5 to 5:1:2 under similar reaction condi-
tions at 175°C. The L' conformation was converted to the
L" form rather than the L' form as in 5. X-ray crystal struc-
ture analysis showed there to be one crystallographically in-
dependent Cd atom, an L" ligand that lies across a twofold
axis, one monodentate protonated 4,4-Hbpy, and ten disor-
dered water molecules in the structural unit. Cdl is coordi-
nated by four oxygen atoms from the carboxylate groups
and two monodentate monoprotonated 4,4-Hbpy ligands in
a distorted octahedral environment (Figure 6a). The L" Ii-
gands adopt a p4-bridging mode through two monodentate
and four chelating carboxylate groups, connecting the Cd
atoms into a 2D coordination layer that lies in the ac plane
(Figure 6b). To achieve charge balance in such a weakly
acidic environment, the non-coordinated nitrogen atom of
the 4,4'-bpy ligand must be protonated, as is found in many
other compounds."'! The monodentate protonated 4,4-Hbpy
ligands are arranged vertically above and below the layer
and link the adjacent layers into a 3D supramolecular net-
work (Figure 6¢) through hydrogen bonds between the pro-
tonated 4,4-Hbpy and carboxylate groups (N2--O4i
2711 A, N2-H2N--O4i 128°, N2-O5i 2.893A, N2-
H2N--O5i 136°; i: —1/4+x, 1/4—y, 3/4+z). All of the lattice
water molecules are located in the channels along the b axis,
forming multiple hydrogen bonds with the carboxylate
groups.

On further decreasing the amount of the auxiliary ligand
4,4'-bpy, a similar reaction resulted in another new product
complex, 7, at higher temperature. The L' ligand conforma-
tion is transformed to the LY form, similar to that found in
5. To our surprise, no 4,4-bpy was found to be included in
the final structure of 7, neither as a ligand coordinated to
the metal center nor as a guest molecule within the chan-
nels. However, the presence of 4,4-bpy in the reaction
system is essential for the formation of complex 7. Without
4,4'-bpy, only complex 3 was obtained. X-ray crystallography
showed the structure of 7 to be a 3D condensed framework
containing three crystallographically independent Cd atoms,
one L' ligand, and three coordinated water molecules in
the asymmetric unit. Cdl and Cd2 adopt octahedral geome-
tries, being coordinated by five carboxylate oxygen atoms
and one water molecule (Cd-O 2.198(6)-2.460(5) A), while
Cd3 is in a distorted pentagonal-bipyramidal environment
surrounded by six carboxylate oxygen atoms and one water

Chem. Eur. J. 2008, 14, 72187235
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Figure 5. a) ORTEP drawing of the coordination environments of the Cd atoms with thermal ellipsoids at the
50% probability level. Perspective views of b) the coordination mode of the L' ligand, c) the 2D porous layer,
and d) the 3D porous network filled with monodentate Hbpy along the b axis in 5 (some of the Hbpy mole-

cules have been omitted for clarity).

molecule (Cd-O 2.260(5)-2.519(5) A). The ligands in con-
formation L' adopt a p,;-bridging mode, connecting eleven
Cd atoms through five p-n'm', u-n'n% and p-n":n?* e-carbox-
ylate groups and one distinct p;-n'm’ a-carboxylate group
(Figure 7a). A 3D ordered coordination framework is gener-
ated by the connection of p,;-LY" ligands and cadmium ions
(Figure 7b).

3D magnetic metal-organic frameworks 8-11: When the par-
amagnetic metal ions Mn", Fe", and Ni" were used instead
of Cd" ions, three isostructural 3D frameworks, 8, 9, and 10,
were formed under similar reaction conditions. Here, the
structure of 8 is discussed in detail as a representative exam-
ple. X-ray structural analysis revealed that 8 recrystallizes in

Chem. Eur. J. 2008, 14, 7218 -7235
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the trigonal R3 space group.
The asymmetric unit contains
one crystallographically unique
Mn atom in a general position,
one unique L" ligand lying
across a threefold axis, and two
coordinated water molecules.
Each Mn atom is coordinated
in an octahedral geometry by
four carboxylate oxygen atoms
from three L" ligands and two
water molecules (Mn-O
2.153(2)-2.226(2) A). Each L"
ligand connects nine Mn atoms
through its six carboxylate
groups in a syn—anti bridging
mode (Figure 8a). A 3D metal-
organic framework is thereby
generated by the Mn—carboxyl-
ate coordination (Figure 8b).
Moreover, if we neglect the cy-
clohexane rings, from the view-
point of the magnetic superex-
change pathway, each metal
(M=Mn, Fe, Ni) atom is con-
nected by four syn—anti p-car-
boxylate bridges to form a 3D
tetrahedrally connected M-M
net. It should be noted that 8-
10 are isostructural with our re-
cently reported cobalt-L com-
pound.®!

When the auxiliary ligands
22'-bpy or 44’-bpy are intro-
duced into the reaction systems
with Mn" and Fe" ions, the
same phases of 8 and 9 are
always obtained. This is also
the case when 2,2"-bpy is added
to the Ni-L' reaction mixture
and the same phase of 10 is
formed. The 2,2’-bpy seems to
have little influence on the con-
struction of the frameworks in this specific reaction. Howev-
er, when 4,4'-bpy is added to a mixture of nickel acetate and
HL'", a new coordination framework, 11, is formed.

X-ray crystallography has shown that the framework
structure of 11 is constructed from chair-shaped tetranuclear
Ni,(u;-OH), secondary building units (SBUs), each of which
is composed of four octahedral Ni atoms connected by two
w-OH groups (Nil-O 2.055(4) A and Ni2-O 2.040(4) A).
The octahedral coordination geometry of Nil is completed
by three carboxylate oxygen atoms from different L™ li-
gands, one oxygen atom from the p;-OH, and one water
molecule (Ni—O 2.018(4)-2.122(4) A). Ni2 is surrounded by
three carboxylate oxygen atoms from the L" ligands, one ;-
OH, one nitrogen atom from 4,4’-bpy, and one water mole-
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Figure 6. a) ORTEP drawing of the coordination environments of the Cd
atoms and the coordination mode of the L" ligand (with thermal ellip-
soids at the 50% probability level), b) view of the 2D coordination layer,
c) space-filling view of the 3D supramolecular network along the b axis
in 6.

cule (Ni-O 2.040(4)-2.115(4) A, Ni-N=2.060(5) A) (Fig-
ure 9a). The ligand in conformation L™ adopts a p-bridging
mode connecting ten Ni atoms through six u-n'm' and p-
n’:* e-carboxylate groups (Figure 9b). Each Niy(us;-OH),
SBU links four L" ligands and each L™ ligand connects to
four tetranuclear SBUs (Figure 9¢,d), resulting in a (4,4)-
layer if the SBUs and L™ ligand are considered as four-con-
nected nodes (Figure 9e,f). The 4,4'-bpy ligands coordinated
to the Ni2 atoms bridge the layers to form a 3D coordina-
tion framework with 1D channels extending along the ¢ axis
(Figure 9g) and the b axis (Figure 9h). An analysis using
PLATON!" suggested that the channels occupy 44.9% of
the crystal volume for 11. The lattice water molecules are lo-
cated within these channels, forming hydrogen bonds to the
carboxylate groups. The calculated crystal density (in the ab-
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Figure 7. a) ORTEP drawing of the coordination environments of the Cd
atoms and the coordination mode of the L"! ligand with thermal ellip-
soids at the 50% probability level, and b) perspective view of the 3D co-
ordination network along the a axis in 7.

sence of guests) of 1.280 gcm™

found for some low-density porous MOF materials.

From a topological point of view, the 3D framework in 11
is a rare, elegant example of nets with four- and six-connect-
ed nodes. As pointed out by Ohrstréom and Larsson,* nets
with regular four (square-planar, tetrahedral, or trigonal
prismatic)- and six (octahedral)-connected nodes are rare in
the field of molecular-based nets, though the important nets
with tetrahedral and octahedral nodes have long been
known in inorganic-type structures, such as corundum
(A1,05). More particularly, all known MOF nets are based
on more or less distorted tetrahedral and octahedral
nodes.® The network of 11 has an fsc topology,™™ as
shown schematically in Figure 9i). The long topological
(O’Keeffe)  vertex symbol is 4.4.4.4.6,.6, and
4.4.4.4.65.65.65.65.65.65.65.65.%.* % for the square-planar and oc-
tahedral nodes, respectively, giving the short vertex symbol
(4*.6'.8)(4*.6%). To the best of our knowledge, only one ex-
ample of the fsc topology has very recently been observed
by Feng and co-workers in two intriguing isomeric [(Cul);-
(DABCO), 5] (DABCO =1,4-diazabicyclo[2.2.2]octane)
frameworks.'*) What interests us in particular is that the fsc
topology is clearly different from the fsg net.'* The fsg net
is a hypothetical net (of which no real example has yet been
found) that has the same packing of the nodes as the primi-
tive cubic packing (pcu) net but with two links removed per
node in every second layer, which has the long topological

is comparable to those
[12]
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Figure 8. a) ORTEP drawing of the coordination environments of the Mn
atoms and the coordination mode of the L™ ligand (with thermal ellip-
soids at the 50 % probability level), and b) polyhedron view of the 3D co-
ordination network along the ¢ axis in 8.

(O’Keeffe)  vertex symbol of 44.44.6,* and
44.444.444.6.6.6.6.6.*** for the square-planar and octa-
hedral nodes, respectively, giving the short vertex symbol
(4.6%)(4%.67). A related net with tetrahedral and octahedral
nodes has previously been prepared by Batten and co-work-
ers.l14

1D/2D Cu'/Cu" coordination polymers 12« and 12f: When
the relatively active metal ion Cu" was employed in the re-
action system, two different phases, the 1D chain-based
mixed-valence Cu™ complex 12a and the 2D layer-based
porous framework 12§, were obtained at the same time. X-
ray crystal structure analysis of 12a showed there to be two
different parts in the asymmetric unit. One part is the Cu"
unit, which comprises one Cu'" atom, one unique L" ligand
lying across a twofold axis, and two coordinated water mole-
cules. The other is the Cu' unit, which comprises one Cu'
atom and one 4,4-bpy ligand. The Cu" atom adopts a tet-
ragonal-pyramidal geometry, being coordinated by three car-
boxylate oxygen atoms from different L" ligands and two
water molecules (Cu"-O=1.940(2)-2.265(3) A), while the
Cu' atom is in an almost linear geometry, being coordinated
by two nitrogen atoms from the 4,4-bpy ligands (Cu"-N
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1.907(3) and 1.910(3) A) (Figure 10a). Notably, the N-Cu-N
angle of 166.48(12)° is smaller than 180° due to a weak coor-
dinating interaction between the Cu' atom and two carbox-
ylate oxygen atoms of the Cu" unit (Cu~O 2.683 and
2.868 A). The L" ligands derived from L' ligands adopt a -
bridging mode through their monodentate carboxylate
groups, linking the Cu" atoms into a 1D chain that extends
along the a axis (Figure 10b), while the 4,4"-bpy ligands also
connect the Cu' atoms to form a 1D chain along the a axis.
Two Cu'-4,4-bpy chains are arranged on either side of the
Cu"-L chain to form a sandwich-like band structure through
weak coordinating interactions between the Cu' and the car-
boxylate groups (Figure 10c). A 3D supramolecular network
is generated by m—m interactions and hydrogen bonds.

Complex 12§ is a layer-based framework containing one
Cu" atom, one monoprotonated Hbtc*™ ligand generated in
situ from the L' ligand, one 4,4-bpy, and one coordinated
and three lattice water molecules (Figure 11a). The Cu"
atom is coordinated by two carboxylate oxygen atoms from
different Hbtc*~ ligands, two nitrogen atoms from two 4,4'-
bpy ligands, and one aqua ligand in a tetragonal-pyramidal
geometry (Cu'-O 1.957(7)-2.303(8) A, Cu'-N 2.017(8) and
2.039(8) A). The mixed p,-bridging Hbtc?>~ and 4.4'-bpy li-
gands connect the Cu' atoms so as to form a 2D porous
(4,4) grid layer (Figure 11b), which is further linked into a
3D supramolecular framework with two-dimensional chan-
nels extending along the directions of the a and ¢ axes, re-
spectively. These channels are occupied by lattice water mol-
ecules (Figure 11c).

Synthesis and ligand conformational transformation mecha-
nism: In the rational design and synthesis of metal-organic
coordination compounds, several factors should always be
taken into consideration, such as the coordination properties
of the metal ions, the functionality/flexibility/symmetry of
the organic ligands, and the template effect of the structure-
directing agents." Small changes in one or more of these
parameters can have a profound influence on the final prod-
ucts of the reaction. Complexes 1-7 were hydrothermally
synthesized from Cd" salts in the temperature range 130-
180°C under different reaction conditions, as summarized in
Scheme 1. Complexes 1 and 2 are 3D frameworks with
nanoscale cages that were obtained at 130°C.! The ligand
L in 1 undergoes a conformational transformation from I to
II in slightly acidic solution, while it converts from I to II
and II in 2 in basic solution using NaOH to adjust the pH
value. Notably, the same product, 2, could also be obtained
at 150, 160, and 180°C. However, the use of other bases,
such as LiOH, KOH, or E;N, in the above reaction system
does not afford phase 2, suggesting that the Na' cation has
an appropriate radius such that can act as a template in di-
recting the construction of the 3D framework of 2, thereby
stabilizing the new intermediate conformation III. When a
similar reaction was conducted without the addition of
NaOH at a higher temperature of 180°C, a 3D condensed
framework of 3 was obtained, which has the same II confor-
mation as observed in complex 1.
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4, 4'-bpy

L" ligand as
4-connected node

Niy(OH); unit as/
6-connected node

Figure 9. a) ORTEP drawing of the coordination environments of the Ni atoms (with thermal ellipsoids at the 50% probability level). Perspective views
of b) the coordination mode of the L" ligand, c) the 4-connected tetranuclear unit surrounded by four L" ligands, d) the 4-connected L" ligand surround-
ed by four tetranuclear clusters. Top views of e) the 2D coordination layer and f) the (4,4) topological layer. Polyhedron views of the 4,4"-bpy pillared 3D
microporous framework along the g) ¢ axis and h) b axis in 11. i) The rare example of 3D binodal nets with square-planar and octahedral nodes in 11.
The pale-grey spheres represent L" ligands as the 4-connected nodes, while the light-green spheres represent the centers of mass of Ni,(OH), units as
the 6-connected nodes. The 4,4-bpy ligands are represented by light-green bold lines.
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Figure 10. a) ORTEP drawing of the coordination environments of the
Cu atoms and the coordination mode of the L" ligand (with thermal el-
lipsoids at the 50% probability level). Perspective views of b) the 1D
Cu'-L chain, and c) the sandwich chain composed of two Cu'-bpy chains
and one Cu'-L chain along the a axis in 12 a.

The introduction of auxiliary N-donor ligands changes the
coordination behavior of the metal ions towards the carbox-
ylate groups and thus has a subtle influence on both molecu-
lar arrangement and framework packing, and possibly the
ligand conformations as well. When the chelating ligand
2,2'-bpy was added to the reaction system, a 3D supramolec-
ular framework of 4 was obtained, in which the conforma-
tion of L is transformed from I to III (4e+2a). The divergent
bridging ligand 4,4'-bpy apparently has a more profound in-
fluence on the framework construction and ligand confor-
mational conversion. The reactions of Cd(NO;),4H,0,
H¢L"H,O, and 4,4-bpy in molar ratios of 5:1:5, 5:1:2, and
5:1:1 at 160-180°C resulted in different frameworks of 5, 6,
and 7. Interestingly, the addition of different stoichiometries
of 4,4'-bpy leads to different architectures, 3D coordination
framework §, 3D supramolecular framework 6, and 3D con-
densed framework 7. Moreover, in the absence of 4,4'-bpy, it
is not complex 7 with the L' conformation but complex 3
with the L™ conformation that is obtained, illustrating that
the 4,4'-bpy ligand plays an important role in the formation
of 7 and in determining the ligand conformation, even
though it is not incorporated in the final framework. It
should be noted that complexes 4, 5, and 7 with the L™/L""
ligand conformation are obtained in very low yields, which
may be due to the low conformational conversion rate from
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Figure 11. a) ORTEP drawing of the coordination environment of the Cu
atom and the coordination mode of the Hbtc*" ligand (with thermal ellip-
soids at the 50% probability level). Perspective views of b)the 3D
porous framework with lattice water molecules based on a 2D coordina-
tion layer along the a axis, and c) the arrangement of the 2D layers in
AB fashion viewed along the ¢ axis in 12f.

the L" to the L"/LY' forms. It is very difficult to separate
the microcrystal phase from the powder in high yields.
Furthermore, when other metal ions such as Co™,®® Mn".,
Fe", and Ni"' were chosen to react with the ligand L at dif-
ferent temperatures, only the isostructural phases 8, 9, and
10 were obtained, which may be due to their stable con-
densed coordination frameworks. The introduction of the
auxiliary ligand 4,4’-bpy in the reactions has almost negligi-
ble effect on the products obtained with Mn" and Fe", while
a new Ni-L-4,4-bpy coordination framework 11 was ob-
tained when 4,4'-bpy was added to the reaction mixture. No-
tably, all of the ligands L in these four complexes adopt the
L" conformation. Compared with complexes 8-11, the large
atomic radius and versatile coordination geometries of the
Cd" ion in compounds 1-7 may be helpful for the stabiliza-
tion and separation of the various conformations of L.[""
Since so many conformations of the 1,2,3,4,5,6-cyclohexa-
nehexacarboxylate ligands have been trapped in metal-or-
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under hydrothermal conditions,

the question arose as to how H H
this happened and by what re- (R
action mechanism. According
to the literature,’*! the three
conformations of 1,4-cyclohexa-
nedicarboxylic acid (1,4-
H,chdc) can be interconverted
in a reversible equilibrium. This
may be because the a-protons
attached to the 1,4-carbons of
cyclohexane can be easily re-
moved, which will accelerate
the interconversion equilibrium between the different con-
formations."”) However, this is only a hypothetical mecha-
nism. The details of the reaction mechanism and intermedi-
ates need further clarification. It may be possible to trap
and stabilize some of the proposed intermediates in crystal-
line states through coordination to metal ions or other
supramolecular interactions, with appropriate selection and
control of the reaction temperature, time, and medium.!%
Inspired by our previous work,”" we chose the relatively
reactive and catalytically active metal ion Cu',"”! hoping to
trap the intermediates of the conformational transformation
through its coordination. As expected, the reaction of Cu-
(OAc),H,0, H(L"H,0, and 44-bpy in a molar ratio of
5:1:5 resulted in two different crystalline phases, green
block-shaped crystals of 12 and green prismatic crystals of
12f. In 12a, the conformation of the ligand L is trans-
formed from the L' to the L™ form, while in 12 it is oxi-
dized to 1,3,5-benzenetricarboxylate. The successful isola-
tion of complexes 12a and 12 possibly provides some
structural evidence for the proposed conformational trans-
formation mechanism. As far as the conformations of the
cyclohexanehexacarboxylate ligand are concerned, we spec-
ulate that the approach of a metal ion to L can activate the
a-protons on the ligand, leading to their removal, with the
formation a metastable state L*, similar to benzenehexacar-
boxylate, under the hydrothermal conditions (Scheme 3).
The carboxylate groups rapidly adopt their optimal positions
and coordinate to the metal ions. The a-protons return to
their corresponding positions to form the final conformation
of the ligand L in the frameworks. The reaction mechanism
for the formation of 123 may differ from that leading to the
other compounds 1-12a and involve removal of the a-pro-
tons and rapid decarboxylation at the 1,3,5-positions of L*
due to steric hindrance, leading to the formation of benze-
netricarboxylate. Under such circumstances, Cu" acts as an
essential oxidant in the reaction, as illustrated previously.®*

l)aeaeae

(@/0=C007)

thermal conditions.

Thermogravimetric analysis: Thermogravimetric (TG) anal-
yses were carried out to examine the thermal stabilities of
the complexes 1-3 and 8-11. Phase purity of the bulk mate-
rials was confirmed by comparison of their powder diffrac-
tion (XRPD) patterns with those calculated from single-
crystal X-ray diffraction studies (Figure S1 in the Supporting
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Scheme 3. Possible reaction mechanism of the conformational transformation of the H¢L' ligand under hydro-

Information). Samples were heated in air to 600°C. Ther-
mogravimetric analysis (TGA) of 1 showed that the lattice
water molecules are removed in two steps (Figure 12a). The
first weight loss of 5.4 % between 20 and 120°C corresponds
to ten water molecules (calculated: 5.6%), and the second
4.0% weight loss between 120 and 170°C corresponds to
the remaining water molecules (calculated: 3.9%). The
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Figure 12. a) Thermogravimetric analysis (TGA) curves. b) Variable-tem-
perature XRPD measurement of 1.
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twelve coordinated water molecules are gradually removed
up to 400°C (found: 6.5%, calculated: 6.4%). The frame-
work starts to decompose on approaching 400°C. The ther-
mal stability was also confirmed by variable-temperature
XRPD measurements (Figure 12b). Between 70 and 170°C,
the diffraction intensity of most peaks decreases, but the po-
sitions of the peaks remain the same upon gradual release
of the guest water molecules, indicating that the framework
remains intact. In comparison, the TGA curve of 2 (Fig-
ure 13a) indicates that the water molecules coordinated to
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Figure 13. a) Thermogravimetric analysis (TGA) curves. b) Variable-tem-
perature XRPD measurement of 2.

Na' are removed in a stepwise manner at up to 415°C, and
that the MOF begins to decompose beyond 460°C. Varia-
ble-temperature XRPD measurements (Figure 13b) showed
that there is an apparent shift for the sharp diffraction peaks
from 10 to 12° upon the removal of about seven water mole-
cules at 100°C. This may be attributed to a local deforma-
tion of the coordination environments of the Cd atoms as a
result of enhanced Na-carboxylate coordination when the
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water ligands coordinated to Na' are gradually released
from the cages. Most diffraction peaks persisted up to
280°C, after which the mother framework began to collapse.
In contrast to the former two porous complexes, 3 is a
highly stable condensed framework. No coordinated water
molecule was removed up to 350°C, and the framework
began to decompose at around 400°C (Figure 14). Com-
plexes 8-10 have the same framework connectivity and simi-
lar thermal stabilities (Figure 15a—c). Only complex 8 is dis-
cussed here. A rapid weight loss of 14.5% between 155 and
265°C and a slower loss of 2.9% between 265 and 415°C
are in accordance with the loss of six coordinated water
molecules per formula unit (calculated: 17.6 %), while the
ensuing weight loss from 420°C corresponds to the removal
of all of the organic components to yield MnO, (found:
41.3%; calculated: 42.3%). Complex 11 with lattice water
molecules in the porous framework is less stable (Fig-
ure 15d). The first weight loss of 8.3 % between room tem-
perature and 78°C corresponds to the loss of the four lattice
water molecules (calculated: 7.9 % ). Four coordinated water
molecules (calculated: 7.9 %) were gradually removed up to
180°C, accounting for the second weight loss of 8.5%. After
a stable stage in the range 180 to 280°C without any weight
loss, the 3D porous framework decomposed completely
beyond 370°C.

TG/ %
DTG/ %

100 200 300 400 500 600
TI°C

Figure 14. Thermogravimetric analysis (TGA) curve of 3.

Magnetic properties: The magnetic properties of 8-11 were
investigated over the temperature range 2-300K
(Figure 16). For 8, the room temperature 7T value per Mn"
ion is 4.297 cm’mol 'K, which is close to the spin-only
value (4.375 cm®’mol'K). The x(7) data in the range 20-
300 K were fitted to the Curie-Weiss law x(7) = C/(T—86)
with a Weiss constant of §=-9.04 K and a Curie constant
of C=4.48 cm’*mol™'K (Figure 16a), indicating a weak anti-
ferromagnetic coupling between the Mn" S$=5/2 spins
through the syn—anti carboxylate bridges. Based on the 3D
network connectivity (Figure 8b), only one effective magnet-
ic exchange pathway is present within the net through the
syn—anti carboxylate bridges, with the shortest Mn---Mn dis-
tance being 4.90 A.
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Figure 15. Thermogravimetric analysis (TGA) curves of a) 8, b) 9, c) 10,
and d) 11.

For 9, the room temperature y7T value per Fe' ion is
3.654 cm®mol 'K, which is close to the expected spin-only
value (3 cm’mol'K) (Figure 16b). The yx(7) data in the
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Figure 16. Temperature dependence of yy T (left) and y ' (right) for a) 8,
b) 9, and c) 10.

range 10-300 K were fitted to the Curie—-Weiss law 7" = C/
(T—6) with a Weiss constant of 6 = —6.64 K and a Curie
constant of C=3.75cm’mol 'K, indicating a relatively
weak antiferromagnetic coupling between the Fe" §=2
spins through the syn—anti carboxylate bridges, with the
shortest Fe-Fe distance being 5.15 A.

For 10, the room temperature ¥7 value per Ni' ion is
1.43 cm®mol 'K, which is slightly higher than the expected
spin-only value (1 cm’molK) (Figure 16c). As T is low-
ered, yy7 increases continuously to a maximum value of
1.50 cm®mol 'K at 23 K, and then rapidly decreases to a
minimum value of 0.54 cm’mol 'K, indicating weak ferro-
magnetic coupling between the Ni"" S=1 spins through the
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syn—anti carboxylate bridges. The y(7) data in the range 10—
300 K were fitted to the Curie-Weiss law x(7T) = C/(T-0)
with a Curie constant of C=1.42 cm’mol™K and a Weiss
constant of §=0.46 K. There is only one effective magnetic
exchange pathway present within the 3D net through the
syn—anti carboxylate bridges, similar to those found in 8 and
9. However, complex 10 exhibits ferromagnetic exchange,
which differs from complexes 8 and 9, in which there are an-
tiferromagnetic interactions. This may be because the syn—
anti carboxylate bridges can sometimes exchange ferromag-
netic coupling.

Magnetic susceptibility versus temperature data (2-300 K)
were collected at 0.2 T for 11. The y(7) data in the range
50-300 K were fitted to the Curie-Weiss law y(7) = C/(T—06)
with a Weiss constant of §=—-30.36 K and a Curie constant
of C=5.76 cm*mol K. The room temperature yT value per
Ni', unit is 5.24 cm®mol 'K, which is slightly higher than
the expected yT spin-only value (4 cm’mol'K). As T is
lowered, yuT decreases continuously to a value of
0.672 cm*mol 'K, indicating a predominantly antiferromag-
netic coupling in the structure. Notably, besides the p;-OH
bridge, there are two other bridges between the Ni" ions,
the L™ carboxylate groups, and 4,4'-bpy ligands. The shortest
Ni-Ni distance of two adjacent Ni'y units through two car-
boxylate groups of L is 5.59 A, which would be expected to
permit very weak magnetic exchange coupling. The distance
between two Ni", units across the 4,4-bpy ligand is
16.67 A8 Such a long separation precludes an efficient
direct exchange between the Ni" ions. Therefore, the antifer-
romagnetic interaction between Ni" ions is expected to be
through the p;-OH and p,-carboxylate groups within the
chair-shaped tetranuclear Niy(y;-OH), units, with Ni-O-Ni
93.72(14)°, and Ni-OH-Ni 96.60(15), 97.40(15), and
125.65(18)°, respectively, angles that are comparable to
those in other tetranuclear Ni,(u;-OH), complexes.!”

Based on the assumption that magnetic exchange should
be negligibly small through both o-type bonds of 1,2,3,4,5,6-
cyclohexanehexacarboxylic acid and the long 4,4'-bipy
bridge, a spin Hamiltonian was postulated for one tetranu-
clear unit with S;=1 for the Ni" centers bridged by 4,4'-bpy
ligands according to Equation (1):

H:—JI(S1'SZ + S]S'; + Sz'S4

. (1)
+8:5:8)-128,-8; + up Z S; - B-g—zj(S,)r Z S,

where J; denotes the isotropic exchange constant between
the Nil-Ni2 centers, and J, denotes that for the Ni2-Ni3
centers (Figure 17a). The intermolecular interactions among
the Ni, units were treated with the molecular-field parame-
ter zj. The magnetic interactions in the Ni, unit result in 81
magnetic states labeled as |o.SM > calculated in the coupled
basis set using the irreducible tensor operators technique,””
where a denotes the intermediate quantum numbers denot-
ing the coupling path. The thermal average of spin projec-
tion was calculated by an iterative procedure as:
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Figure 17. a) Scheme of the magnetic interactions among magnetic cen-
ters according to the spin Hamiltonian [Eq. (1)] for 11. b) Left: tempera-
ture dependence of the effective magnetic moment (calculated from the
magnetization at B=0.2 T), with the low-temperature region expanded
in the inset; right: field dependence of the magnetization at T=2 K. o:
experimental data, —: calculated data with the spin Hamiltonian and
parameters in the text.

(S)r = > M-exp(—&/kT)/ > exp(—&/kT) 2)
over all spin states and energy levels, resulting in:
& = g;(0S) + upgBM—zj(S,)rM (3)

where the first term corresponds to energy in zero magnetic
field, the second is the Zeeman term, and the last term re-
flects the molecular-field correction. Finally, the molar mag-
netization was calculated according to Equation (4):

Mmol = 7NA;uBg<SZ>T (4)

The best-fit parameters were found to be J;=-11.5cm™},
J,=—163cm™, g=2.41, and zj/lhc=—-0.044 cm™'. The iso-
tropic antiferromagnetic coupling in tetranuclear Ni" unit
adequately describes the magnetic behavior of 11 over the
whole temperature range as well as the isothermal magneti-
zation at T=2K up to B=1T (Figure 17b). Divergence in
high magnetic fields can be ascribed to the polymeric char-
acter of the compound. The reconstructed energy levels are
shown in Figure 18, with the ground state $S=0 and the first
excited state S=1 separated only by 1.9 cm™'. We have tried
to improve the fitting by using 3-/ parameters or adding
ZFS parameters for Ni', but without any significant success.
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Figure 18. Reconstructed zero-field energy levels (left) and splitting of
the energy levels in a magnetic field (right) for 11 using Eq. (1) and the
parameters J;=—11.5cm ™!, /,=—16.3 cm !, g=2.41.

Conclusions

In summary, eleven new coordination polymers with various
architectures have been prepared to trap the intermediate
conformations of the ligand H¢L by tuning the reaction con-
ditions of the hydrothermal synthesis. From the successful
isolation of these complexes with different conformations,
L", L™ or LY. the influence on the conformation of the
ligand L may be summarized as follows: 1) metal ions with
larger ionic radii and versatile coordination environments
have a profound influence on the conformational conver-
sions of H¢L. For example, L™, L™, and LY can be trapped
in Cd complexes, while only L" can be found in the Mn/Fe/
Ni complexes; 2) alkali metal ions with suitable ionic radii
may serve as structure-directing agents in the formation of
metal-organic frameworks; basification of the reaction
medium by the introduction of NaOH helps the conforma-
tional conversions of the organic ligands; and 3) the pres-
ence of the auxiliary ligands 2,2'-bpy/4,4’-bpy not only assists
in the formation of coordination frameworks, but also has
some subtle effects on the pH values of the solutions, which
may accelerate the transformation of H¢L among all the var-
ious possible conformations and stabilize some meso-stable
intermediate conformations. Furthermore, the formation of
copper coordination polymers 12a and 12 may provide
some structural clues to the conformational transformation
mechanism of L involving the removal of the a-protons.
This study not only demonstrates that the variable confor-
mations of the ligand L play an important role in the con-
struction of metal-organic frameworks, but also illustrates
that the hydrothermal systems have a great effect on the
conformational transformation, opening up a new way to
study the variable conformations of flexible organic ligands.
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Experimental Section

Materials and physical measurements: All of the starting materials em-
ployed were commercially available and were used as received without
further purification. C, H, and N microanalyses were carried out with an
Elementar Vario-EL CHNS elemental analyzer. FT-IR spectra were re-
corded in the range 4000—400 cm™' from samples in KBr pellets on a
Bio-Rad FTS-7 spectrometer. X-ray powder diffraction (XRPD) intensi-
ties were measured at 293 K on a Rigaku D/max-IIIA diffractometer
(Cug,. A=1.54056 A) by scanning over the range 5-60° with a step size
of 0.1°s7%. Variable-temperature XRPD measurements were made in the
range 30-500°C. Thermogravimetric (TG) analyses were carried out with
a NETZSCH TG209F3 thermogravimetric analyzer; samples were
heated from 20 to 600°C at a rate of 10°Cmin™".

Hydrothermal synthesis: All compounds were synthesized by a hydro-
thermal method.

[Cdy,(ue-L™) (119-L™)3(u-H,0)4(H,0)]-16.5H,0 (1): A mixture of Cd-
(NO3),4H,0 (0.308 g, 1.0 mmol) and H¢L"“H,O (0.087 g, 0.25 mmol) in
H,O (15 mL) was placed in a 25 mL Teflon reactor, which was sealed and
heated in an oven at 130°C for 60 h. The mixture was then cooled at a
rate of about 5°Ch™' to give colorless block crystals of 1 as a single
phase (in ca. 78 % yield based on HgL"). The crystals were isolated by fil-
tration and washed with water. Elemental analysis caled (%) for
C4Hg 0765Cdy, (1): C 17.84, H 2.53; found: C 1849, H 2.41; IR (KBr,
4000-400 cm™'): 7=3419 (s), 2972 (w), 1608 (vs), 1402 (vs), 1333 (m),
1278 (w), 1204 (w), 1082 (w), 1039 (w), 936 (W), 794 (w), 739 (w), 579
(W), 524 (w), 493 cm ™' (w).

Nap,[Cdg(ue-L") (ng-L™);]-27H,0 (2): Similarly to the synthesis of 1, the
hydrothermal reaction of Cd(NO3),-4H,0 (0.154 g, 0.5 mmol), H,L"H,O
(0.087 g, 0.25 mmol), and NaOH (0.080 g, 2.0 mmol) in water (15 mL)
was performed at 130°C or 180°C for 72 h. Thereafter, the reaction mix-
ture was cooled at a rate of about 5°Ch™! to give colorless prismatic crys-
tals of 2 as a single phase (in ca. 82% yield based on H¢L"). Elemental
analysis caled (%) for CyyH;300575Cd;sNag (2): C 20.55, H 2.80; found: C
20.48, H 2.66; IR (KBr, 4000-400 cm'): #=3415 (s), 1593 (vs), 1399 (vs),
1305 (s), 1221 (w), 1192 (w), 1150 (w), 1073 (w), 1029 (w), 943 (w), 903
(w), 841 (m), 742 (w), 694 (w), 619 (w), 520 (w), 482 cm* (w).
[Cdy(uis-LM(n-H,0)] (3): A mixture of Cd(NO;),4H,0 (0.154 g,
0.50 mmol) and HL“H,O (0.087 g, 0.25 mmol) in H,O (15mL) was
placed in a 25 mL Teflon reactor, which was sealed and heated in an
oven to 180°C for 72 h. The reaction mixture was then cooled at a rate
of about 5°Ch™! to give colorless needle-like crystals of 3 as a pure phase
(in ca. 52% yield based on Cd). The crystals were isolated by filtration
and washed with water. The sample was allowed to dry in air, conditions
under which it proved to be stable indefinitely. Elemental analysis calcd
(%) for C;,HzO;Cd; (3): C 20.67, H 1.16; found: C 20.77, H 1.10; IR
(KBr, 4000400 cm™"): #=3486 (s), 3316 (s), 1607 (vs), 1563 (vs), 1405
(vs), 1331 (s), 1313 (s), 1198 (w), 1103 (w), 1075 (w), 934 (w), 865 (W),
807 (m), 784 (m), 759 (m), 726 (m), 579 (m), 553 (w), 517 cm™" (w).
[Cd3(ue-L™)(2,2"-bpy);(H,0)5]-3.5H,0 (4): A mixture of Cd(NO;),-4 H,0
(0.154 g, 0.50 mmol), H{L"H,0 (0.035g, 0.10 mmol), and 2.2-bpy
(0.076 g, 0.5 mmol) in water (15 mL) was heated at 175°C for 96 h. It was
then cooled at a rate of about 5°Ch™". The resulting yellow lamellar mi-
crocrystals were mechanically separated to give a yield of 4 of about
15% (based on H¢L"). Elemental analysis calcd (%) for C,H,;0155sN¢Cd;
(4): C 39.88, H 3.43, N 6.64; found: C 39.51, H 3.31, N 6.92; IR (KBr,
4000400 cm™"): 7=3390 (s), 1580 (vs), 1475 (w), 1439 (w), 1399 (vs),
1315 (w), 1251 (w), 1156 (w), 1061 (w), 1017 (m), 930 (w), 896 (w), 770
(s), 736 (m), 650 (W), 610 (W), 504 cm™* (w).
[Cd,(n,-LY"),(4,4'-Hbpy),(4,4'-bpy),(H,0),]-9.5H,0 (5): Similarly to the
synthesis of 4, hydrothermal reaction of Cd(NO;),4H,0 (0.154 g,
0.50 mmol), H{L"H,0 (0.035g, 0.10mmol), and 44-bpy (0.078g,
0.5 mmol) in water (15 mL) was performed at 160°C for 72 h. The mix-
ture was then cooled at a rate of about 5°Ch~". The resulting colorless la-
mellar microcrystals were mechanically separated to give a yield of 5 of
about 10% (based on HgL'). Elemental analysis calcd (%) for
CgHg,O375N,,Cd, (5): C 43.52, H 3.96, N 7.25; found C 43.12, H 4.13, N
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7.07; IR (KBr, 4000400 cm™'): #=3391 (s), 2565 (m), 1933 (w), 1711 (s),
1603 (vs), 1490 (w), 1412 (vs), 1322 (m), 1243 (m), 1218 (m), 1149 (w),
1064 (m), 1043 (w), 1005 (m), 926 (w), 858 (w), 811 (s), 727 (w), 678 (W),

629 (s), 601 (w), 464 cm ™' (m).

[Cd,(ne-L")(4,4'-Hbpy),]-10H,0 (6): Similarly to the synthesis of 4, the
hydrothermal reaction of Cd(NO;),4H,0
H,L"H,0 (0.035 g, 0.10 mmol), and 4,4-bpy (0.032 g, 0.2 mmol) in water
(15 mL) was performed at 180°C for 48 h. The mixture was then cooled
at a rate of about 5°Ch™! to give colorless prismatic microcrystals (in ca.
20% yield based on Cd), which were mechanically separated. Elemental
analysis caled (%) for C;,H,O,N,Cd, (6): C 3621, H 4.18, N 5.28;

found: C 36.57, H 4.01, N 5.61; IR
(KBr) (4000-400 cm™): #=3399 (m),
3056 (w), 1600 (s), 1495 (w), 1410 (s),
1322 (m), 1245 (w), 1219 (m), 1071
(w), 1044 (w), 1012 (w), 935 (w), 806
(m), 728 (w), 629 (w), 566 (w),
493 cm™! (w).

[Cd;(uy-LY)(H,0);] (7): Similarly to
the synthesis of 4, the hydrothermal
reaction of Cd(NO;),4H,0 (0.154 g,
0.50 mmol), H,L"“H,0 (0.035 g,
0.10 mmol), and 4,4-bpy (0.032¢g,
0.2 mmol) in water (15mL) was per-
formed at 180°C for 72 h. The mixture
was then cooled at a rate of about
5°Ch™" to give colorless ellipsoidal mi-
crocrystals (in ca. 20% yield based on
HeL"), which were carefully separated
mechanically. Elemental analysis caled
(%) for C,,H;,0,5Cd; (7): C 19.65, H
1.65; found: C 19.47, H 1.58; IR (KBr,
4000-400 cm™"): #=3203 (m), 1627 (s),
1567 (vs), 1409 (vs), 1319 (s), 1279
(m), 1245 (m), 1202 (w), 1067 (w), 932
(w), 800 (m), 754 (w), 724 (w), 674
(w), 633 (m), 566 (w), 503 (m),
442 cm ™ (w).

[M3(uy-L")(H,0)g] (M=Mn (8), Fe
(9), and Ni (10)): A mixture of
MnCl,-4H,0 (0.296 g, 1.50 mmol) (8)
[or FeCl,,4H,O (0.298 g, 1.50 mmol)

9) or NiCl,-6 H,0O (0.356 g,
1.50 mmol) (10)], H,L"H,O (0.174 g,
0.5mmol), and NaOH (0.060 g,

1.5mmol) in water (15mL) was
heated at 175°C for 72 h. After cool-
ing the mixture to room temperature
over a period of approximately 14 h,
colorless lamellar crystals of 8 were
obtained, which were collected by fil-
tration and washed with water (ca.
68% yield based on HgL"). Elemental
analysis caled (%) for C,,H;3O,;sMn;
(8): C 23.43, H 2.95; found: C 23.46, H
2.94; IR (KBr, 4000-400cm™): #=
3494 (s), 3367 (s), 1616 (vs), 1559 (vs),
1410 (vs), 1316 (s), 1103 (w), 1080 (w),
923 (m), 820 (m), 758 (s), 585 (s),
516 cm™" (s). Colorless prismatic crys-
tals of 9 were obtained, collected by
filtration, and washed with water (ca.
70% yield based on HgL"). Elemental
analysis caled (%) for C,,H;3OsFe;
(9): C 23.33, H 2.94; found: C 23.28, H
2.97; IR (KBr, 4000-400 cm™): 7=
3487 (s), 3327 (s), 1614 (vs), 1559 (vs),
1404 (vs), 1315 (s), 1205 (w), 1103 (w),

Chem. Eur. J. 2008, 14, 7218 -7235
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931 (m), 757 (s), 689 (s), 576 (m), 522 cm™' (s). Small green prismatic
crystals of 10 were obtained, collected by filtration, and washed with
water (ca. 46% yield based on HgL"). Elemental analysis calcd (%) for

C,H3015Ni; (10): C 23.01, H 2.91; found: C 22.94, H 2.95; IR (KBr,

Table 1. Crystal data and structure refinement for 1-9, 11, 12.

4000400 cm™"): 7=3470 (s), 3332 (s), 1618 (vs), 1558 (vs), 1408 (vs),
1313 (s), 1198 (w), 1069 (w), 930 (m), 814 (s), 766 (s), 692 (s), 577 (m),
517 cm™ (m).
[Niy(us-OH),(uy-L") (4,4"-bpy) (H,0),]-6 H,0 (11): A mixture of Ni-
(OAc),4H,0 (0.124 g, 0.5 mmol), HL"H,0 (0.035 ¢, 0.1 mmol), and
4,4'-bpy (0.078 g, 0.5 mmol) in water (15 mL) was heated at 160°C for
48 h. After cooling the mixture to room temperature over a period of ap-

1 (293 K) 2 (123K) 3 (293K) 4 (293 K)
formula CysHg Or65Cdy, CysH75075CdgNay, C,Hz0,3Cd, CuHy30155N6Cds
F, 3230.93 2805.38 697.38 1265.02
crystal system trigonal trigonal triclinic triclinic
space group R3 R3c Pi Pl
a [fi] 17.797(1) 26.010(1) 9.4682(8) 11.6554(13)
b [A] 17.797(1) 26.010(1) 9.4906(8) 13.7508(15)
c [/i] 22.961(4) 20.854(2) 10.2626(9) 16.8522(19)
a (] 90 90 111.866(1) 73.634(2)
B 1°] 90 90 105.264(1) 76.216(3)

y [°] 120 120 107.533(1) 85.141(3)
V[A%] 6298.2(12) 12217.9(11) 738.99(11) 2516.4(5)
V4 3 6 2 2

Peatea [gem ™) 2.556 2.288 3.134 1.670

u [mm™] 3.108 1.744 4.359 1.333

R, [I>20(D)]® 0.0615 0.0427 0.0359 0.0854
WR, (all data)" 0.1049 0.1212 0.0884 0.2384

5 (123 K) 6 (293 K) 7 (293 K) 8 (293 K)
formula CgyHy  O375N,Cd,y C3,HyO5N,Cd, C,H,045Cd;s C,Hi3015Mn;
F, 2318.29 1061.51 733.42 615.08
crystal system triclinic orthorhombic orthorhombic trigonal
space group Pl Fdd2 Pbca R3
a [/01] 13.9187(15) 15.918(2) 12.3424(12) 14.557(1)

b [A] 14.5613(15) 50.471(7) 13.2718(14) 14.557(1)
c [/i] 22.182(2) 10.1138(12) 19.268(2) 14.968(2)
a [°] 93.236(2) 90 90 90

B 1°] 91.339(2) 90 90 90

v [°] 91.661(2) 90 90 120
VA 4485.3(8) 8125.4(19) 3156.2(6) 2746.8(4)
V4 2 8 8 6

Peatea [gem ™) 1.717 1.735 3.087 2.231

u [mm™] 1.034 1.137 4.099 2.139

R, [I>20(D)]™ 0.0767 0.0458 0.0427 0.0343
wR, (all data) 0.1869 0.0937 0.0871 0.0836

9 (293 K) 11 (293 K) 12a (293 K) 126 (293 K)
formula C,HisOy5Fe; Cy,H3, 05N, Niy C1sHi505N,Cu, Ci9H04oN,Cu
F, 617.81 911.34 490.38 499.91
crystal system trigonal monoclinic triclinic monoclinic
space group R3 P2//c P1 P2,/n
a [/01] 14.434(1) 14.8156(14) 7.8519(9) 10.6030(5)
b [A] 14.434(1) 11.0770(11) 10.0583(12) 20.0687(8)
c [/i] 14.785(2) 13.4336(13) 11.5646(13) 11.1036(4)
a [°] 90 90 78.173(2) 90
A 1°] 90 99.046(2) 71.787(2) 91.032(3)

v [°] 120 90 73.741(2) 90

VA% 2667.7(5) 2177.2(4) 825.94(17) 2362.33(17)
V4 6 2 2 4

Peatea [gEM ] 2.307 1.390 1.972 1.406

u [mm™] 2.520 1.774 2.628 0.978

R, [I>20(D)]® 0.0343 0.0684 0.0361 0.0799

wR, (all data) 0.0897 0.2037 0.0955 0.2503

a| Ri=%||F,|—|F.||/2|F,]|. WR, =[Xw(F,"—F. ) /Sw(F, .
R F, F.||/Z|F,|. [b] wR F2—F2)YSw(F,)"?
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proximately 14 h, green lamellar crystals of 11 were obtained, which were
collected by filtration and washed with water (ca. 52% yield based on
HeL"). Elemental analysis calcd (%) for C,,H3,0,N,Ni, (11): C 29.00, H
3.54, N 3.07; found: C 28.79, H 3.42, N 3.17; IR (KBr, 4000-400 cm™):
7=3415 (s), 1610 (vs), 1567 (vs), 1399 (vs), 1325 (m), 1263 (w), 1219 (w),
1064 (w), 883 (w), 865 (w), 820 (m), 781 (w), 615 (m), 534 cm™" (w).
[{Cu",(n L") (H,0) J{Cu',(4,4-bpy),}] (120) and [Cu"(Hbtc)(4,4-bpy)-
(H,0)]-3H,0 (128): A mixture of Cu(OAc),H,O (0.100 g, 0.5 mmol),
H,L"“H,O (0.070 g, 0.2 mmol), and 4,4-bpy (0.078 g, 0.5 mmol) in water
(15 mL) was heated at 175°C for 72 h. After cooling to room tempera-
ture over a period of approximately 14 h, green block-shaped crystals of
120 (in ca. 5% yield) and green prismatic crystals of 123 (in ca. 10%
yield) were obtained in two different phases. The crystals were mechani-
cally separated and washed with water. Elemental analysis calcd (%) for
C,HiO,N,Cu (12a): C 50.38, H 3.02, N 8.39; found C 50.27, H 3.15, N
8.35; IR (KBr, 4000-400 cm™') for 120: #=3479 (m), 3388 (m), 1609
(vs), 1542 (vs), 1394 (s), 1330 (w), 1263 (w), 1215 (w), 1096 (w), 928 (w),
872 (w), 820 (m), 766 (w), 721 (w), 617 (m), 555cm™" (w). Elemental
analysis caled (%) for C;oH,,0;(N,Cu (12f): C 45.65, H 4.03, N 5.60;
found C 45.69, H 3.95, N 5.55; IR (KBr, 4000400 cm ') for 12f8: #=
3445 (m), 1704 (m), 1618 (vs), 1562 (m), 1412 (w), 1360 (vs), 1225 (w),
1086 (w), 1015 (w), 924 (w), 868 (w), 818 (m), 731 (m), 635 (m), 550 cm ™'
(W)

X-ray crystallography: Diffraction intensities of 1-12 were collected on a
Bruker Apex CCD area detector diffractometer (Moy,, A=0.71073 A).
Absorption corrections were applied using the multiscan program
SADABS.”!l The structures were solved by direct methods and refined
with a full-matrix least-squares technique using the SHELXTL program
package.”? Anisotropic thermal parameters were applied to all non-hy-
drogen atoms. The organic hydrogen atoms were generated geometrical-
ly; the aqua hydrogen atoms were located from difference maps and re-
fined with isotropic temperature factors. Crystal data as well as details of
the data collection and refinements for 1-9, 11, and 12 are summarized
in Table 1. It should be noted that complex 10 crystallized in very small
crystals, with similar crystal parameters to those of complex 8, which
were too weak to be amenable to data collection on the Bruker Apex
CCD area detector diffractometer. Comparison of the powder diffraction
(XRPD) pattern of 10 with that calculated from the single-crystal study
of 8 (Figure S1 in the Supporting Information) confirmed that these com-
plexes are isostructural.

CCDC-603913 (1), 603914 (2), 679411 (3), 679412 (4), 679413 (5), 679414
(6), 679415 (7), 601818 (8), 601819 (9), 679416 (11), 679417 (120), and
679418 (12f) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational method: All of the structures were optimized using
Becke’s three-parameter hybrid functional (B3LYP) method® ! and the
6-31G(d,p) basis set.” The stable configurations of the compounds were
confirmed by means of frequency analysis, whereby no imaginary fre-
quency was found for any of the configurations at the energy minima.
The sum of the electronic and thermal free energies was used to compare
stability. All of the calculations were performed with the Gaussian 03
program package.””)
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