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The hexanuclear manganese metallamacrocycle [Mng-
(Haahz)g(dmso)g] (1) was prepared by using a new penta-
dentate ligand, N-acetylaminobenzhydrazide (Hjaahz), and
a manganese ion as primary building blocks in dimethyl sulf-
oxide (dmso). Under identical conditions but in the presence
of 1,2-bis(4-pyridyl)ethane (bpea) as an exo-bidentate linker
in dimethylformamide (dmf), the 2D layered metal-organic
framework (MOF) [Mng(Haahz)g(bpea),(dmf),], (2) was ob-
tained, where the hexanuclear manganese metallamacrocy-
cle served as a supramolecular building block. The network
topology of 2, a 3-connected 4.82 topology, is quite different

from those of the MOFs obtained from a similar pentadentate
ligand, N-acylsalicylhydrazide, although the same hexanu-
clear manganese metallamacrocycles were used as supra-
molecular building blocks and bpea was used as the same
linker ligand. Although the layers of 2 are staggered relative
to each other, the network has quite a large solvent cavity
between the layers, because of the corrugated nature of the
layer.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Metal-organic frameworks (MOFs) have attracted the
attention of researchers, because of their potential in vari-
ous applications such as gas storage, separation, and cataly-
sis.'l However, rational design of MOFs is still a difficult
task, because a small change in the primary building blocks
often leads to an MOF of completely different architecture.
The strategy of using secondary building units (SBUs) has
provided a better opportunity for rational design.”! Second-
ary building units that are constructed from a series of pri-
mary building units can afford various isostructural archi-
tectures with variable porosities and functionalities, de-
pending on the primary building units used.[®) The supra-
molecular building block (SBB) approach is another effec-
tive way to construct various MOFs,[“l and the structures
and properties of the final MOFs can be controlled or mod-
ulated at a more predictable supramolecular building block
level rather than at the less predictable primary building
block level.[4"]

Hexanuclear manganese metallamacrocycles have been
prepared by treating a series of pentadentate N-acyl-
salicylhydrazide ligands with manganese(II) acetate tetrahy-
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drate.l! Because each distorted octahedral metal center in
the hexanuclear manganese metallamacrocycle has been co-
ordinated by five donor atoms from two chelating penta-
dentate ligands, the one replaceable solvent site left can be
utilized as a nodal point in framework construction. Hence,
these potential hexatopic metallamacrocycles were used as
SBBs for the construction of three-dimensional (3D) net-
work structures, where the metallamacrocycles have served
either as rectangular tetratopic or octahedral hexatopic
nodes.[©!

We synthesized the new pentadentate ligand N-acetyl-
aminobenzhydrazide (Hjaahz). The hydroxy group of the
phenoxy residue of an N-acylsalicylhydrazide was replaced
by an amino group (Scheme 1), where the N-acylsalicylhyd-
razide is well established as a primary building unit for a
metallamacrocyclic architecture.[”l We investigated a substi-
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Scheme 1. Two similar potential pentadentate ligands, one with a
hydroxy group and the other with an amino group.
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tution effect in a primary building unit on the formation of
the metallamacrocycle and on the subsequent self-assembly
of a MOF based on the metallamacrocycle as an SBB.

Results and Discussion

The new pentadentate ligand, Hyaahz, was prepared by
using a similar method to that used in the preparation of
N-acetylsalicylhydrazide (Hashz), which involved coupling
equivalent amounts of aminobenzhydrazide with acetic an-
hydride in the presence of triethylamine as a base in chloro-
form. A hexanuclear manganese metallamacrocycle can be
synthesized by using Hjaahz and manganese ions as pri-
mary building units in dmso solution (Scheme 2).

NH
NH,HN

Mn(OAc),4H,0 o
S
0 dmso /NsN/)\ MnA/

0 /O
A MnN /\N

Hyaahz N | N7 M
St
[Mng(Haahz)g(dmso)g]

Scheme 2. A hexanuclear manganese metallamacrocyle is self-as-
sembled from six Hyaahz ligands in a trianionic Haahz?~ form, six
manganese ion, and six solvent dmso molecules.

The hexanuclear manganese metallamacrocycle [Mng-
(Haahz)s(dmso)g] (1) (Figure 1) is very similar to the
reported hexanuclear manganese metallamacrocycle
[Mng(ashz)s(dmf)s] obtained by using the Hsashz ligand,
which has a hydroxy phenyl residue.[®!

(b)

Figure 1.
metallamacrocycle 1; (b) side view of 1 in a line drawing, where
the atoms and the bonds in the 18-membered macrocyclic ring are
highlighted in a ball-and-stick drawing.

(a) An ORTEP diagram of hexanuclear manganese

Although the ligand can serve as either a dianionic or
trianionic pentadentate ligand depending on the deproton-
ation status of the amino group, the ligand is in a trianionic
state in the cluster. The deprotonation status of the amino
group is dependent on the pK, of the amino group, which is
influenced by the metal ion used and the solvent molecules
involved.®! In 1, the amino group of the ligand is singly
5466
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deprotonated, and the ligand is in a trianionic state. The
bond between the carbon atom of the aromatic phenyl ring
and the nitrogen atom of the amino group in the nondepro-
tonated state has C-N single-bond character,®°] whereas
the corresponding bond in the singly deprotonated state has
double-bond character (see Table 1).[1°]

Table 1. Selected bond lengths (A) for 1 and 2.

1 2 1 2
Mnl-O1CE  1.9814) 1.977(1) Mnl-O2A  1.949(4)  1.955(1)
Mnl-NIA  1.916(6) 1.908(2) Mnl-N2A 1.958(6) 1.961(2)
Mnl-N3Cl  2.248(6) 2.255(2) Mnl-O3A 2.313(5) 2.333(2)
Mn2-O1A  1.973@) 1.965(1) Mn2-0O2B 1.960(5) 1.944(1)
Mn2-NIB  1.900(6) 1.909(2) Mn2-N2B 1.957(5) 1.952(2)
Mn2-N3A  2.292(6) 2.266(2) Mn2-O3B 2.236(5) 2.323(2)
Mn3-O1B  1.973(5) 1.992(1) Mn3-02C 1.966(5) 1.950(1)
Mn3-NIC  1.898(5) 1.898(2) Mn3-N2C 1.968(5) 1.963(2)
Mn3-N3B  2.267(6) 2.263(2) Mn3-03C 2.256(6) 2.335(2)
NIA-CIA  1.376(9) 1.359(3) NIB-CIB 1.354(10) 1.353(3)
NIC-CIC  1.346(9) 1.353(2)

[a] Symmetry code: —x + 1, -y, —z for 1; —x + 1, =y + 2, —z for 2.

The triply deprotonated ligand Haahz* was able to
bridge the metal ions by using a hydrazide N-N group. The
N-methyl groups of the ligands are directed towards the in-
ner side of the macrocyclic ring, and the phenyl residues
are directed towards the outer side of the macrocyclic ring
(Figure l1a). The Haahz*" ligand serves as a pentadentate
ligand and each manganese(III) center is in a Jahn-Teller
distorted octahedral geometry (Table 1) with tridentate—bi-
dentate chelation modes from two Haahz?~ ligands, and an
additional solvent molecule is ligated in an axial position.
Three solvent molecules coordinated at the alternating
metal centers in 1 are on one face of the complex, and the
other three solvent molecules coordinated at the remaining
metal centers are on the other face of the complex.

The tridentate-bidentate binding mode of the ligand
around the metal center forces the stereochemistry of the
metal ion into a propeller configuration in hexanuclear
manganese metallamacrocycle 1. The chiralities of the
metal centers in the metallamacrocycle alternate between A
and A forms (Figure 2), and this alternation leads to the
hexanuclear manganese metallamacrocycle having two faces
with opposite chiralities. The metal ions in hexanuclear
metallamacrocycle 1 are in a —<(AA),— chiral sequence, as in
the corresponding ashz analogue, the hexanuclear manga-
nese metallamacrocycle [Mng(ashz)s(dmf)g].
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Mn
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Figure 2. Schematic diagram for A/A chiral configurations around
the metal center of the propeller bidentate-tridentate binding mode
observed in 1.
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The 2D layered MOF [Mng(Haahz)e(dmf),(bpea),] (2)
was prepared under identical reaction conditions except for
the presence of the exo-bidentate linker bpea in dmf sol-
vent, where only four of the six solvent sites in the hexanu-
clear manganese metallamacrocyclic building block were
substituted by the bpea ditopic linker (Figure 3 and Fig-
ure S1 in the Supporting Information).

A e e

Figure 3. (a) Top view of a layer of 2D network 2; (b) side view of
the layer of network 2; (c) metallamacrocycles in network 2 were
simplified as green hexagons and bpea linkers as blue sticks; (d)
simplified side view of the layer.

The hexanuclear manganese metallamacrocycle served as
an SBB and the bpea served to interconnect the building
blocks for the formation of 2D layered MOF 2. The MOF
has a 3-connected 4.8% network topology (Figure 3c).['!]
When the SBB was reduced to a planar rectangular 4-con-
nected node, the net could be further simplified to a 4-con-
nected 4* net. Framework 2 has a completely different net-
work topology from that of the MOFs containing N-acyl-
salicylhydrazide as the primary building unit. Although the
hexanuclear metallamacrocycle is similarly used as an SBB
and the same bpea linker is used for substitution, the MOFs
have 3D network topologies.®!! The 2D sheets in network
2 are staggered relative to each other (Figure 4a,b and Fig-
ure S2a in the Supporting Information). However, the net-
work has quite a large solvent cavity, because of the corru-
gated nature of the 2D sheet (Figure 3c,d, Figure 4c,d, and
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Figure S2b in the Supporting Information). The cavity vol-
ume of network 2 was estimated by the PLATON pro-
gram!'?! to be about 5000 A3 per unit cell, which corre-
sponds to about 40% of the unit cell volume.
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Figure 4. Line drawing of two layers of 2D network 2 showing the
staggering of the layers. The two staggered layers are differentiated
by using red and blue: (a) top view; (b) side view; (c) schematic top
view; (d) schematic side view.

Thermogravimetric analysis (TGA) of network 2 shows
a weight loss of about 28.8% below 190 °C, which corre-
sponds to the loss of water and dmf molecules as structural
solvents (calcd. 28.3% for nine dmf molecules and seven
H,O molecules; Figure 5). The decomposition temperature
for the network was observed to be approximately 320 °C.
This result agrees with the elemental analysis result and
suggests that the water molecules from air are probably ab-
sorbed on the surface of the framework.

The powder X-ray diffraction (PXRD) pattern of the
ground bulk crystalline sample of network 2 is slightly dif-
ferent from the simulation from the structure of a single-
crystal X-ray diffraction study (Figure 6). Considering the
homogeneity of the bulk crystals observed by optical micro-
scopy, the observation of identical unit cell parameters for
5467
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Figure 5. TGA of network 2.

several single crystals coated with paratone oil at low tem-
perature, and the partial matches in the peak positions of
the PXRD of the unground bulk crystalline sample of net-
work 2 with the simulated PXRD, we believe that the single
crystal represents the bulk sample. The difference in the
PXRD patterns suggests that the ground bulk crystalline
sample of network 2 loses some of its solvent from the cav-
ity, which causes the deformation of network 2 to an un-
identified structure. However, the amorphous pattern of the
activated sample prepared by soaking the network in
dichloromethane for 5h and vacuum drying it at ambient
temperature suggests that the network has completely col-
lapsed when all of the solvent in the cavity is removed. Not
surprisingly, the N, sorption isotherm of the activated net-
work is a type II isotherm, which is typical for a nonporous
material.

]
\\JJ\JU
(©

(b)

(a)

Relative intensity (arbitrary unit)

L B e A e e o o e T T T

5 10 15 20 25 30 35 40
26(°)

Figure 6. PXRD patterns of network 2: (a) simulated PXRD from
a single-crystal structure of network 2; (b) PXRD of as-synthesized
unground network 2; (¢) PXRD of as-synthesized network 2
ground to a fine powder; (d) PXRD of an activated sample pre-
pared by soaking network 2 in dichloromethane for 5h and vac-
uum drying at ambient temperature.
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Conclusions

We synthesized neutral hexanuclear manganese metalla-
macrocycle 1 by using Hyaahz as a new type of pentadent-
ate ligand, where the hydroxy group of Hsashz is replaced
by an amino group. Although it is possible for Hjaahz to
be in a dianionic Haahz>~ form depending on the metal
ion involved, the ligand is in a trianionic pentadentate
Haahz* form in 1. The metal centers in 1 have alternating
A and A configurations, and this alternation leads to a
macrocyclic system of Sg symmetry. Metallamacrocycle 1
can be utilized as an SBB for the construction of 2D layered
framework 2, where four of the six replaceable solvent sites
are substituted by the exo-bidentate ligand bpea. Even
though a similar hexanuclear metallamacrocycle is used as
an SBB and the method of substitution is similar, the net-
work topology of resulting MOF 2 is quite different from
those of the reported 3D MOFs. MOF 2 has a 3-connected
4.8% network topology and can be further simplified to a
4-connected 4* net when the SBB is treated as a rectangular
tetranode. Although the layers in the 2D layered network
are staggered, the network has a large solvent cavity be-
tween the layers because of their corrugated nature.

Experimental Section

Materials and Instrumentations: The following materials were used
as received with no further purification: 1,2-bis(4-pyridyl)ethane
(bpea), aminobenzhydrazide, acetic anhydride, and triethylamine
from Aldrich, Inc.; manganese(Il) acetate tetrahydrate from Yak-
uri; dimethyl sulfoxide (dmso), N,N-dimethylformamide (dmf), and
chloroform from Junsei Chemical Co., Ltd.

Instrumentation: Elemental analyses (C, H, and N) were performed
at Sogang University. Infrared spectra were recorded in the range
4000-400 cm™! with a BioRad FTS-6000 spectrometer. 'H and '*C
NMR spectra were obtained by using a Varian-300 spectrometer
('H at 300 MHz and '3C at 75 MHz). TGA was performed by using
a SCINCO STA S-1000 in air.

N-Acetylaminobenzhydrazide (Hjaahz): To a solution of amino-
benzhydrazide (0.453 g, 3.00 mmol) dissolved in chloroform
(70 mL) cooled in an ice bath was slowly added acetic anhydride
(0.283 mL, 3.00 mmol), followed by the slow addition of triethyl-
amine (0.418 mL, 3.00 mmol), and the mixture was heated at reflux
for 1 d. A white precipitate was obtained, which was washed with
cold chloroform, water, and ether, and the residue was then dried
in a freeze drier. Yield: 0.438 g (75.6%). M.p. 185-187 °C. 'H
NMR ([Dg]dmso): 6 = 9.95 (br. s, 1| H, NH), 9.76 (br. s, | H, NH),
7.52 (d, 1 H, ArH), 7.19 (t, | H, ArH), 6.71 (d, 1 H, ArH), 6.53
(t, 1 H, ArH), 6.40 (br. s, 2 H, NH,), 1.91 (s, 3 H, CH3) ppm. 3C
NMR ([Dg]dmso): 6 = 168.8, 168.1, 150.0, 132.4, 128.2, 116.5,
114.7, 112.5, 20.7 ppm. IR (ATR): ¥ = 3471 (s), 3353 (s), 3261 (s),
3200 (s), 3019 (s), 2162 (s), 1980 (s), 1685 (m), 1638 (s), 1588 (w),
1541 (m), 1513 (s), 1492 (s), 1429 (m), 1372 (w), 1289 (m), 1251 (s),
1163 (m), 1036 (w), 1005 (w), 900 (m), 763 (s) cm!. CoH;N;0,
(193.20): caled. C 55.95, H 5.74, N 21.75; found C 55.83, H 5.67,
N 21.75.

[Mng(Haahz)s(dmso)s] (1): To a solution of Hjaahz (0.0579 g,
0.300 mmol) dissolved in dmso (20 mL) was added manganese(II)
acetate tetrahydrate (0.0735 g, 0.300 mmol), and the solution was
left to stand in a capped vial. Dark brown crystals were obtained
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after 30 d. The crystals were filtered through a frit and vacuum
dried at ambient temperature. Yield: 0.0638 g (65.8%). IR (ATR):
¥ = 3402 (s), 3250 (s), 2952 (s), 2865 (m), 2162 (w), 1689 (m), 1644
(m), 1608 (m), 1600 (m), 1492 (s), 1448 (m), 1390 (w), 1310 (s),
1230 (s), 1160 (w), 1140 (w), 1033 (m), 1006 (m), 955 (w), 901 (m),
742 (s) eml. MngCgsHosN13015S¢ (1951.58): caled. C 40.62, H
4.96, N 12.92; found C 41.10, H 4.57, N 13.34.

[Mng(Haahz)s(dmf),(bpea),] (2): To a solution of Hyaahz (0.0193 g,
0.100 mmol) dissolved in dmf (20 mL) was added bpea (0.0184 g,
0.100 mmol), followed by the addition of manganese(Il) acetate tet-
rahydrate (0.0245 g, 0.100 mmol), and the solution was left to stand
in a capped vial. Dark brown crystals were obtained after 30 d.
The crystals were filtered through a frit and air dried at ambient
temperature. Yield: 0.0344 g (73.0%). IR (ATR): ¥ = 3404 (s), 3251
(s), 2950 (s), 2864 (m), 1684 (w), 1650 (s), 1601 (s), 1560 (s), 1496
(s), 1448 (w), 1379 (s), 1336 (s), 1253 (s), 1154 (w), 1095 (m), 1063
(w), 1033 (w), 979 (w), 955 (w), 900 (m), 856 (w), 815 (w), 781 (w),
747 (m), 699 (m), 662 (w) cm . MngC 1 H 63N33030 {{Mng(Haahz)e-
(dmf),(bpea),]-9dmf-7H,0, 2769.34}: caled. C 48.14, H 593, N
16.69; found C 47.65, H 5.60, N 17.13.

Crystallographic Data Collection and Refinement of Structures: A
crystal of 1 was coated with paratone oil to prevent loss of crystal-
linity on exposure to air. The data collection was performed at
173K with Mo-K, radiation (4 = 0.71073 A) with a Bruker
SMART CCD equipped with a graphite crystal, incident-beam
monochromator. The SMART and SAINT software packages!'’]
were used for data collection and integration, respectively. The col-
lected data were corrected for absorption by using SADABSI!#
based upon Laue symmetry by using equivalent reflections. A crys-
tal of 2 was also coated with paratone oil, because the crystal loses
its crystallinity on exposure to air. The diffraction data were mea-
sured at 100 K with synchrotron radiation (4 = 0.70000 A) with a
4AMXW ADSC Quantum-210 detector with a Pt-coated Si double
crystal monochromator at the Pohang Accelerator Laboratory,
Korea. The ADSC Quantum-210 ADX program!!> was used for
data collection, and HKL2000 (ver. 0.98.698a)!'°! was used for cell
refinement, reduction, and absorption correction.

Crystal Data for [Mng(Haahz)¢(dmso)e]-12dmso (1):
MngCooH 56N 303085, fiv = 2877.05 gmol ™!, triclinic, space group
PI, a = 13.180(4) A, b = 148044 A, ¢ = 17.739(5 A, a =
70.997(4)°, f = 86.675(5)°, y = 78.248(5)°, V = 3203.7(15) A3, Z =
1, u(Mo-K,,, /. = 0.71073 A) = 0.941 mm !, 15166 reflections were
collected, 10770 were unique (R;,; = 0.0404). The structure was
solved by a direct method and refined by full-matrix least-squares
calculations with the SHELXTL-PLUS software package.!”! Three
manganese atoms, three ligand units, three coordinating dmso
molecules, and six noncoordinating dmso sites were identified as
the asymmetric unit. All non-hydrogen atoms except some of the
disordered dmso molecules were refined anisotropically; all hydro-
gen atoms were assigned isotropic displacement coefficients U(H)
= L.2U(C,N) or 1.5U(Cperny), and their coordinates were allowed
to ride on their respective atoms. The refinement converged to a
final R; = 0.1400, and wR, = 0.3172 for 9010 reflections of
I1>2co(I). Although six noncoordinated lattice solvent sites were
identified, the PLATON SQUEEZE calculation for the disordered
solvent region (1399.7 A3, 43.7% of the crystal volume) showed
there are 478 solvent electrons per unit cell, which approximately
corresponds to 11.4 CH,Cl, molecules per formula.l'?) The struc-
ture refinement after modification of the data for the noncoordi-
nated lattice solvent molecules led to better refinement and data
convergence. Refinement of the structure converged at a final R; =
0.1013, wR, = 0.2675 for 7953 reflections with I>2c(l), R, =
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0.1190, wR, = 0.2784 for all 10770 reflections. The largest differ-
ence peak and hole were 1.708 and —1.089 e A3, respectively. A
summary of the crystal and intensity data is given in Table S1 (Sup-
porting Information).

Crystal Data for [Mng(Haahz)s(dmf),(bpea),|-10dmf (2):
MnC,4H;56N34054, fiv = 2716.37 gmol !, orthorhombic, space
group Pbca, a = 25.354(5) A, b = 14.478(3) A, ¢ = 34.667(T) A, V
=12725(4) A3, Z = 4, u(synchrotron, 4 = 0.70000 A) = 0.659 mm !,
70113 reflections were collected, 19104 were unique (R;,; = 0.0552).
The structures was solved by a direct method and refined by full-
matrix least-squares calculations with the SHELXTL-PLUS soft-
ware package. Three manganese atoms, three ligand units, two bpea
linkers, one coordinating dmf molecule, and five noncoordinating
dmf sites were identified as the asymmetric unit. All non-hydrogen
atoms were refined anisotropically; hydrogen atoms bound to the
amido nitrogen atom were found in difference Fourier maps and
refined with assigned isotropic displacement coefficients U(H) =
1.2U(N), the remaining hydrogen atoms were assigned isotropic
displacement coefficients U(H) = 1.2U(C) or 1.5U(Cyetnyr) and
their coordinates were allowed to ride on their respective atoms.
Some dmf molecules were refined by using disordered models. Re-
finement of the structure converged at a final R; = 0.0473, wR, =
0.1269 for 14630 reflections with />2c(l), R, = 0.0687, wR, =
0.1434 for all 19104 reflections. The largest difference peak and
hole were 0.860 and —0.816 ¢ A3, respectively. A summary of the
crystal and intensity data is given in Table S1 (Supporting Infor-
mation).

CCDC-692747 (for 1) and -692748 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Additional crystal data and structure refinement for 1 and 2;
space-filling diagrams of network 2.
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