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Solvent Directed Synthesis of Molecular Cage and Metal
Organic Framework of Copper(II) Paddlewheel Cluster
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Abstract: A solvothermal reaction of a clip-type dicarboxylic
acid H,DCA [3,3’-((5-nitroisophthaloyl)bis (azanediyl))-diben-
zoic acid] and Cu(NO;), in equimolar ratio in dimethylforma-
mide (DMF) yielded MOF(CuCG1) which was formed by
interlinking [4 + 2] self-assembled polyhedral cages via coor-
dination between amide moiety present in the linker and the
axial position of copper paddlewheel Cu,(CO,),. Upon a

change in the solvent from DMF to DMA [dimethylaceta-
mide] the interlinking among the polyhedra was successfully
terminated to get single crystals of a discrete coordination
cage with DMA bound to axial position of Cu(ll) (CuCG2).
Similar termination of the interlinking was also achieved by a
fast crystallization process to get discrete architecture
CuCG1.
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1. Introduction

Metal-ligand coordination has emerged as an exciting tool to
design and synthesize molecular architectures of various
shapes and sizes constructed by from organic ligands and
metal ions with desired directionality.™! Self-assembly of such
organic/inorganic building blocks may produce either metal-
organic frameworks (polymeric)® or discrete molecular
polyhedron (single entity).”! Chemists mainly interest on these
materials due to the prospect of hosting guest molecules using
supramolecular interaction and carry out diverse applications
e.g. sensing,”! gas storage,” separation, catalysis,"” proton
conductivity,® drug delivery" and trapping transient metasta-
ble state!'” etc. Although, from a design perspective some of
the MOFs can be considered as an assembly of discrete
molecular polyhedron, very few examples are reported in the
literature.""! Stepwise assembly of MOFs by interlinking
discrete polyhedra imposes difficulty as the intermediate
interlinked polyhedra are not always soluble."” Zhou et al.
have used molecular polyhedra designed from a dicarboxylic
acid and a copper(Il) paddlewheel cluster’” and interlinked
them with pyridyl bridging ligands to access metal-organic
framework."'¥ However, introduction of such bridging ligands
may complicate the self-assembly process by interacting with
the molecular polyhedra to disrupt their original shape.

Herein, we report the design and synthesis of a unique
discrete molecular architecture CuCG1 from the self-assem-
bly of an amide-functionalized clip-type donor 3,3’-((5-nitro-
isophthaloyl)bis(azanediyl))-dibenzoic acid (H,DCA) and a
Cu(II) paddlewheel Cu,(CO,), cluster (Scheme 1) in DMF.
Interestingly, the pseudo donor unit (amide group) present into
H,DCA interlinks these polyhedra to produce a 3D metal-
organic framework MOF(CuCG1). However, when the same
reaction was carried out in DMA (DMA = N,N-dimethylaceta-
mide), formation of similar discrete polyhedron CuCG2 was
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observed. Surprisingly, this produced only a discrete architec-
ture and no interlinking among the polyhedra was observed.

2. Result and Discussion

The ligand H,DCA was synthesized following the modified
reported procedure,"* and characterized by '"H NMR and “C
NMR (Figures 1 and SI). All the peaks in the "H NMR spectra
were successfully assigned with the help of 'H-'H COSY
spectrum. The ligand was incorporated with functionality like
nitro and amide which would interact with the solvent
molecules through hydrogen-bonding, to improve the solubil-
ity of the desired molecular architecture. The ligand H,DCA
attains different conformations which would produce various
donor angles, however DFT calculation suggests the presence
of two possible conformers 1 and 2 respectively having an
almost 0° donor angle (Scheme 1). Moreover, the conformer 1
is energetically more favoured having a planar configuration
which would be preferred during the self-assembly process;
whereas, the paddlewheel Cu,(CO,), cluster having a 90° bite
angle can interact with this 0° conformer to produce a [2+4]
self-assembled molecular polyhedron.

Therefore, a self-assembly reaction between
Cu(NOs), - 3H,0 and H,DCA in an equimolar ratio was carried
out in DMF under solvothermal condition for 48 h at 110°C.
The resulting blueish solution indicates the formation of a
discrete molecular architecture CuCG1 which is soluble in
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Scheme 1. Schematic representation of the synthesis of CuCG1 and CuCG2 and the formation of MOF(CuCG1) from CuCG1 by interlinking

through pseudo donor incorporated in the ligand unit.
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Figure 1. "H NMR spectrum of the dicarboxylate linker H,DCA recorded in DMSO-d,.

DMF. Subsequently, slow evaporation of the DMF solution
over a period of 30 days produced block shaped blue crystals
suitable for single crystal XRD analysis. The SC-XRD
analysis revealed the formation of molecular polyhedron
composed of paddlewheel Cu,(CO,), and the ligand H,DCA
as a [244] self-assembly. Surprisingly, formation of a 3D
network MOF(CuCG1) was observed by linking the neigh-
bouring polyhedra through the amide oxygen. Such coordina-
tion of amide group is unprecedented and noteworthy. MOF
(CuCG1) was crystallized in a P-1 space group (Figure 2).
Both the asymmetric unit and the unit cell contain a whole
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unit of the discrete polyhedron. Here, only two of the amide
groups participate in coordination with two different polyhedra
at the opposite end. The exterior axial position of each
paddlewheel units is connected to a labile amide group from a
different polyhedron; whereas, the interior axial position is
occupied by a DMF molecule. Thus, the cavity of the
polyhedron contains two coordinated DMF molecules. More-
over, the self-assembly between paddlewheel Cu,(CO,), and
H,DCA produced the desired discrete molecular architecture,
and over the course of crystallization it slowly interlinked into
a 3D metal-organic framework by the coordination of a pseudo
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Figure 2. (a) Crystal structure of MOF(CuCG1). (CCDC No-1876260) (b) solid-state packing of the MOF(CuCG1) showing the interlinking of
discrete polyhedra through the pseudo donor. (colour code: grey: carbon; red: oxygen; blue: nitrogen and deep-blue: copper; hydrogen atoms

are omitted for clarity).

donor group. So, it was not possible to obtain the discrete
architecture as single crystal.

Careful examination of the crystal structure of MOF
(CuCG1) indicated that the interlinking among the polyhedra
is possible because of a comparable strength in the coordina-
tion of DMF and the amide moiety of the ligand unit.
Therefore, a solvent molecule having a higher donor capacity
than that of DMF, for example DMA (dimethylacetamide)
could be introduced instead of DMF. It was expected that the
DMA molecule would be able to compete with the pseudo
donor sites of the ligand unit and thus can disrupt the
interlinking process to give a discrete molecular architecture.
The similar self-assembly reaction was carried out in DMA,

(a)

which led to the formation of blue solution indicating the
formation of a discrete molecular polyhedron. To check the
behaviour of this solvent, the blue solution was kept for slow
evaporation and formation of blue single crystals suitable for
SC-XRD were obtained after 20 days. The XRD analysis
indeed revealed the formation of discrete molecular architec-
ture CuCG2. CuCG2 has a similar structure to CuCGl1
except the coordination of labile axial position of the
paddlewheel Cu,(CO,),. It was crystallized in P-1 space group.
Significant ;-7 stacking was observed among the phenyl rings
containing the nitro group as well as the phenyl rings
containing the carboxylate group leading to successful crystal
packing (Figure 3). The exterior axial position of the paddle-

Figure 3. (a) Crystal structure of CuCG2. (CCDC No-1876261) (b) solid-state packing of the CuCG2 showing the no interlinking of discrete
polyhedra through the pseudo donor. (colour code: grey: carbon; red: oxygen; blue: nitrogen and deep-blue: copper; hydrogen atoms are

omitted for clarity).
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wheel was coordinated by the DMA molecule as predicted
from the binding capacity of DMA and amide group. This
capping of the exterior axial position by the DMA molecules
disrupts the interlinking process, thus formation of discrete
polyhedron as single crystals was observed. Interestingly, the
interior axial positions of the paddlewheel were occupied by
water molecules. This could be due to the more steric demand
of the bulky DMA molecule.

Although, the formation and crystallization of MOF
(CuCG1l) is the result of interlinking between the amide
moiety and the copper paddlewheel, the process has an
extremely slow kinetics. Therefore, it can be hypothesized that
a fast isolation of CuCG1 as solid form would not allow the
discrete polyhedra to interlink with each other. This idea can
be verified through a fast crystallization process by vapour
diffusion technique using a highly volatile solvent such as
diethyl ether. A solvent diffusion of diethyl ether into the blue
DMF solution of CuCG1 produced blocked shaped blue
coloured crystals. Single crystal XRD analysis of the crystals
unequivocally confirmed the formation of discrete polyhedra
CuCGl1. CuCG1 was crystallized in a P-1 space group. The
unit cell contains two polyhedra. As predicted, absence of any

(a)
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interlinking among the polyhedra was observed. Interestingly,
formation of two different polyhedra were observed, where the
labile axial positions of the copper paddlewheel are occupied
by different solvent molecules. Polyhedra similar to the MOF
(CuCG1), where DMF molecules were coordinated from the
interior axial position of the paddlewheel and a water
molecule coordinates from the exterior axial position of the
paddlewheel. Whereas, the other polyhedron had an opposite
coordination mode of the solvent molecules (Figure 4). These
two polyhedra were connected by H-bonding interaction
between the nitro groups of the ligand and the axially
coordinated water molecule.

The labile axial positions of the copper paddlewheel enable
the self-assembly of polyhedron or MOF in different solvents.
Therefore, it can be assumed that interconversion between
polyhedron to MOF can be achieved by introducing appro-
priate solvent molecules. To verify this, a conversion from
discrete polyhedra [CuCG2] to metal-organic-framework
[MOF(CuCG1)] was attempted by synthesizing CuCG2 in
crystalline form and dissolving it in DMF by heating at 60°C.
However, the resulting DMF solution of CuCG2 crystallized
in a very short period of time to give block shaped blue

Figure 4. Crystal structure of CuCG1 (CCDC No-1876259), (a) where DMF molecule is outside of the cavity and (b) where DMF molecule is
inside of the cavity. (c) solid-state packing of the CuCG1 showing the presence of two different discrete polyhedra. (colour code: grey: carbon;
red: oxygen; blue: nitrogen and deep-blue: copper; hydrogen atoms are omitted for clarity).
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Figure 5. Crystal structure of (a) CuCGla (CCDC No-1882868) and (b) solid-state packing of the CuCGla (colour code: grey: carbon; red:
oxygen; blue: nitrogen and deep-blue: copper; hydrogen atoms are omitted for clarity).

crystals. Interestingly, single crystal XRD analysis showed the
formation of an unexpected discrete polyhedron (CuCGla)
instead of a metal organic framework. The polyhedron
CuCGla contains coordinated DMF molecule to both the
axial position of the copper paddlewheel (Figure 5).

3. Conclusions

In summary, a functionalized dicarboxylate ligand H,DCA
was designed and synthesized to obtain discrete molecular
architecture with Cu(Il) paddlewheel. Formation of a molec-
ular ball CuCG1 soluble in DMF was observed. Crystalliza-
tion by slow evaporation produced an unprecedented interlink-
ing of the cages by the coordination of oxygen atoms of the
amide group to the labile axial position of the paddlewheel
Cu,(CO,), was realized. This interlinking through the axial
position was successfully inhibited by the introduction of a
stronger donating solvent like, DMA, which coordinates
through the axial site to prevent the interlinking to give
crystals of discrete architecture CuCG2.

Experimental Section

Materials and Methods: Reagents used in these experiments
were obtained from commercial sources and used without any
purification. NMR studies were performed using a Bruker-
make 400 MHz spectrometer and the chemical shifts (8) in the
spectra are reported in ppm relative to tetramethylsilane
(Me,Si) as an internal standard (0.0 ppm) or proton resonance
resulting from incomplete deuteration of the solvents (CD;),
SO (2.50 ppm) and CDCl; (7.26 ppm).
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Synthesis of the Ligand H,DCA: The synthesis of the
ligand includes two-step reaction. The first step includes the
treatment of SOCI, (5 mL) with 5 mmol (1.05 g) of 5-nitro-
isophthalic acid under reflux condition followed by vacuum
evaporation of the excess thionyl chloride to give 5-nitro-
isophthaloyl dichloride in quantitative yield. In the second step
the isolated 5-nitroisophthaloyl dichloride was treated with
10 mmol (1.37 g) 3-aminobenzoic acid in 10 mL DMF under
reflux condition for 24 h. The reaction mixture was then
cooled to room temperature and 100 mL of ice water was
added to get white precipitate. The resulting precipitate was
then filtered and washed thoroughly with water followed by
vacuum drying to get white powder of H,DCA in pure form.
Isolated yield: 1.80g (80.03%). 'H-NMR (DMSO-d,) &
(ppm): 10.89 (s, 2H), 9.02 (s, 1H), 9.00 (s, 2H), 8.42 (s, 2H),
8.11 (d, 2H), 7.74 (d, 2H) and 7.54 (t, 2H).

Synthesis of MOF(CuCG1): To a 10 mL cleaned glass
vial containing 2 mL. DMF solution of 0.05 mmol (12.80 mg)
of Cu(NO;),-3H,0, 0.05 mmol (22.8 mg) of H,DCA was
added by stirring the mixture for 10 min to get a bluish
solution. The vial containing the solution was then placed in
an oven and gradually heated to 110°C and continued heating
for 48 h followed by cooling to 25 °C for 10 h which yielded a
deep blue solution. Finally, the solution was kept for slow
evaporation for 30 days to get block shaped blue crystals of
MOF(CuCG1).

Synthesis of CuCG2: To a 10 mL glass vial containing
2mL DMA solution of 0.05mmol (12.8 mg) of
Cu(NOs), -3H,0, 0.05 mmol (22.80 mg) of H,DCA was added
followed by stirring the mixture for 10 mins to get a bluish
colored solution. The vial containing the solution was then
placed in an oven and gradually heated to 110°C and
continued heating for 48 h followed by cooling to 25°C for
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Table 1. Crystallographic Data and Refinement Parameters of MOF(CuCG1), CuCG2, CuCG1 and CuCGla.
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MOF(CuCG1)

CuCG2

CuCG1

CuCGla

empirical formula
Fw
T (K)

CosHesN1,Cu,Os5
2205.81
110(2)

Co3.43H67.42N1451CU,O36. 51
2240.64
110(2)

Co4H7oN1,Cu,O36
2225.84
110(2)

CrooHs0N16CuU4O54
2335.96
110(2)

crystal system triclinic triclinic triclinic triclinic
space group P-1 P-1 P-1 P-1

a/A 19.336(5) 18.5078(9) 16.749(15) 16.489(4)
b/A 19.550(5) 20.9248(10) 18.725(17) 16.956(4)
¢/A 20.050(5) 21.8144(11) 26.76(3) 18.026(4)
o/deg 84.419(5) 83.053(1) 88.75(2) 116.130(7)
B/deg 83.653(5) 74.769(2) 38.86(2) 94.114(7)
v /deg 68.580(5) 74.205(1) 77.06(2) 112.431(7)
V/A? 6999(3) 7832.5(7) 8177(14) 4003.9(16)
V4 2 2 2 1

Peres (8cm™) 1.047 0.950 0.940 0.969

1 (Mo Ka) (mm™) 0.664 0.59 0.570 0.585

/1/A 0.71073 0.71073 0.71073 0.71073

F (000) 2248.0 22842 2272.0 1196.0
collected reflns 183814 187249 94033 67549
unique reflns 18011 21708 9540 14089
GOF (F) 0.946 1.132 1.029 1.075

R? 0.0635 0.0962 0.1157 0.0903
wR, 0.1809 0.3102 0.3205 0.2783

‘Ry=Z ‘ Fo| - ‘ Fc‘ |/Z‘ F, ‘ ’ bWRZZ[E{W(Ff*Fcz)z}/z{w(’roz)z}]vz'

10 h. Finally, the solution was then kept for slow evaporation
for 20 days to get block shaped blue color crystals of CuCG2.

Crystallization of CuCG1: To a 10 mL cleaned glass vial
containing 2 mL. DMF solution of 0.05 mmol (12.80 mg) of
Cu(NO;),-3H,0, 0.05 mmol (22.8 mg) of H,DCA was added
followed by heating at 110 °C for 48 h. The solution was then
cooled at room temperature to get a blue colored solution.
Blocked shaped blue colored crystal of CuCG1 was obtained
by diffusing diethyl ether vapor into the blue DMF solution.

Synthesis of CuCG1la from CuCG2: To a 10 mL cleaned
glass vial containing 2 mL DMF, 5 mg of CuCG2 crystals
were added followed by heating at 60°C for 5 mins. The
solution was then cooled at room temperature to get a blue
solution. Blocked shaped blue crystals of CuCGla were
obtained in overnight.

Single Crystal XRD Structures of MOF(CuCG1)and CuCG2:

Both the MOF(CuCG1) and CuCG2 were crystallized from
the slow evaporation of the DMF solution of the respective
cages. Single crystal X-ray data were collected on a Bruker
SMART APEX (D8 QUEST) CMOS diffractometer using the
SMART/SAINT software. Intensity data were collected using
graphite-monochromatized Mo-Ka radiation (0.71073 A) at
110 K. The structure was solved by intrinsic phasing method
with ShelXT"' and refined by the full-matrix least-squares
method based on F* with all observed reflections using the
Olex2 program."® All non-hydrogen atoms were refined with
anisotropic displacement coefficients. The hydrogen atoms
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bonded to carbon were included in geometric positions and
given thermal parameters equivalent to 1.2 times those of the
atom to which they were attached. In addition, the structure
contains a huge void of disordered solvent molecules there-
fore, solvent mask incorporated in the program was applied to
account for embedded solvent molecules.!"” Crystallographic
data and refinement parameter are given in Table 1.
Computational Studies: Full geometry optimizations and
single-point energy calculations were carried out using
Gaussian 09 package. The hybrid B3LYP functional has been
used in all calculations as implemented in Gaussian 09
package,"® mixing the exact Hartree-Fock-type exchange with
Becke’s expression for the exchange functional and that
proposed by Lee-Yang-Parr for the correlation contribution.
The LanL.2DZ basis set was used for all calculations.
Frequency calculations were carried on the optimized struc-
tures confirmed the absence of any imaginary frequencies.
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