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Abstract

Coordination assemblies containing transition-metal cations with coordinatively unsaturated sites
remain a challenging target in the synthesis of porous molecules. Herein, we report the design,
synthesis, and characterization of three porous hybrid inorganic/organic porous molecular
assemblies based on cobalt(11) and nickel(ll). Precise tuning of ligand functionalization allows for
the isolation of molecular species in addition to two-and three-dimensional metal—organic
frameworks. The cobaltous and nickelous cage compounds display excellent thermal stabilities in
excess of 473 K and Brunauer—-Emmett—Teller surface areas on the order of 200 m2/g. The precise
ligand functionalization utilized here to control phases between discrete molecules and higher-
dimensional solids can potentially further be tuned to optimize the porosity and solubility in future
molecular systems.

Carboxylate-based porous cages are essentially identical with carboxylate-based metal
—organic frameworks (MOFs) in terms of their underlying coordination chemistry. However,
their synthesis, characterization, and gas adsorption properties are rather divergent, and as a
result, the former are relatively underdeveloped. Many of the canonical carboxylate-based
MOF structures have been synthesized for a wide variety of transition-metal cations,
whereas porous cages that are isostructural across a series of metal cations are rare. As an
illustrative example, Cus(btc), (HKUST-1) and Cups(bdc)o4 (btcd™ = 1,3,5-
benzenetricarboxylate; bdc?™ = 1,3-benzenedicarboxylate), a three-dimensional MOF and a
discrete coordination cage,l2 respectively, were reported within 2 years of each other. The
MOF has since been reported for nine transition metals, including every metal in the first
row from Cr2* to Zn2+3-7 For comparison, in terms of first-row metals, the Mo(bdc)4
cuboctahedral structure has only been reported for Cr2* and Cu2* 8-11 In order to tune the
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porosity, stability, and catalytic properties of porous coordination cages, we have great
interest in expanding their synthesis to a wider range of first-row transition-metal cations
because these have been shown to be amenable to incorporation into paddlewheel building
units.

Toward the synthesis of novel porous coordination assemblies, we screened the solvothermal
reaction of a library of first-row transition-metal salts with 5-functionalized 1,3-
benzenedicarboxylic acid and 9-functionalized carbazoledicarboxylic acid (Hocdc).
Particularly in the case of cobalt(ll) and nickel(Il), these reactions afforded a variety of
crystalline products, including three- and two-dimensional MOFs and discrete coordination
cages. The reaction of NiOAc,-4H,0 with Hobdc in A, A-dimethylacetamide (DMA)/
methanol (MeOH) at 100 °C for 14 days affords a three-dimensional material, as shown in
Figure 1. Interestingly, this material features both nickel(I1) paddlewheel units and Ni3O
clusters. The combination of these particular inorganic nodes within MOFs has previously
been observed for cobalt and nickel.1213 The structure reported here features large
hexagonal channels of approximately 18 A in diameter in addition to smaller octahedral
pores. Given the long reaction time and elevated temperatures required for the reaction
coupled with the high Lewis acidity of Ni2*, the nickel cations in the structure feature
dimethylamine ligands from decomposed DMA. Solvent exchange with tetrahydrofuran
followed by activation under a dynamic vacuum at 150 “C for 48 h resulted in a Brunauer
—Emmett-Teller (BET) surface area of 1691 m?/ g. Consistent with previously reported
nickel paddlewheel-based MOFs,14 the material displays only moderate adsorption
enthalpies for a variety of adsorbates.

Given the close proximity of the 5 positions of bdcZ™ in this framework structure (Figure
S1), functionalized ligands afford lower-dimensional materials. For these, the reaction of
NiOAc,- 4H,0 or CoCl,-6H,0 with 5-methylbenzenedicarboxylic acid (HoMe-bdc) in a
DMA/MeOH mixture at 100 °C affords tetragonal crystals. Single-crystal X-ray diffraction
(Figure 2) revealed the materials to be isostructural to the two-dimensional structures
previously reported for a number of copper(11) materials.1> Here bimetallic paddlewheel
units are connected via Me-bdc ligands in two dimensions to form layered structures. The
square windows of these materials, Ni(Me-bdc) and Co(Me-bdc), are lined with the 5-
methyl groups of the bridging ligand, which point to alternating windows in the structure.
The other half of the windows feature the metal-bound solvent, either MeOH or
dimethylamine from decomposed solvent. Similar nickel(Il) paddlewheel-based sheets have
been reported for the reaction of nickel with terephthalic acid (or naphthalene dicarboxylic
acid) where tetragonal sheets are pillared into a three-dimensional MOF via nickel-
coordinated 1,4- diazabicyclo[2.2.2]octane.® Similarly, reaction with 5-ethoxy-
benzenedicarboxylic acid (H,OEt-bdc) affords materials that are isostructural to M(Me-bdc).
These solids, Co(OEt-bdc) and Ni(OEt-bdc), have a similar arrangement of square windows
half-lined with ethoxide groups and half-lined with metal- coordinated solvent. Although the
two-dimensional structure of these four materials is essentially unchanged, there are
significant differences in layer—layer stacking as a result of ligand functionalization with
distances of 7.959, 8.281, 8.401, and 8.690, A for Co(OEt-bdc), Co(Me-bdc), Ni(Me-bdc),
and Ni(OEt-bdc), respectively. In contrast to previously reported materials based on Cu2*:16
we were unable to tune reaction conditions to produce either hexagonal sheets or discrete
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cages. This is likely a result of the relative irreversibility of the M-L bonds for much more
highly Lewis acidic Co?* and Ni2* compared to Cu?™.

To avoid isolation of two-dimensional tetragonal materials, bulkier and/or more solubilizing
functional groups are desirable. This strategy has been employed for the solvent-free
synthesis of porous molecular cages rather than extended materials via mechanochemical
techniques.l’ tert-Butyl functionalization has been utilized for the preparation of molecular
coordination assemblies for chromium,11:18 copper,1® molybdenum,8 ruthenium,® and a
number of heterobimetallic units.20 Further, for paddlewheel building units with this ligand,
higher-dimensional materials have only been reported for copper.2 The reaction of
nickel(l1) or cobalt(l1) salts with H»'Bu-bdc, however, afforded the two-dimensional
hexagonal material for the former and a strictly amorphous material for the latter. Ni(‘Bu-
bdc) is isostructural to the previously reported copper phases and features a hexagonal tiling
of triangular pore windows (Figure 3). This structure is compatible with the presence of
bulky ligand groups as a result of the larger interligand distance at the 5 position of
isophthalic acid of 10.867(8) A compared to 7.294(1) A in the tetragonal phase.

Although ligand functionalization with bulky substituents did not favor the formation of
discrete cages, utilizing an isophthalic acid ligand that was previously shown to afford
highly soluble porous cages ultimately afforded a nickel paddlewheel-based cage. Here, the
reaction of 5-hydroxyisophthalic acid with nickel(Il) acetate in a DMA/MeOH mixture for
14 days at 100 °C yielded Ni»4(OH-bdc),4 cuboctahedral cages in high yield. Here 12
dinickel paddlewheel units coordinate to 24 5- hydroxyisophthalate ligands to form a
polyhedron consisting of 8 triangular faces and 6 square faces. As a result of DMA
decomposition over the course of the reaction, the nickel paddlewheels feature axially bound
dimethylamine on both the interior and exterior sites. The Ni—Ni distance in the paddlewheel
of ~2.65 A is similar to the Cu—Cu distance of 2.63 A in Cu4(OH-bdc),4 and significantly
longer than the Mo—Mo distance of 2.11 A in the quadruply bonded paddlewheel units of
|\/|024(OH-de)24.8

Zhou and co-workers have previously shown that the size and nuclearity of paddlewheel/
dicarboxylic acid-based coordination cages can be judiciously tuned via the utilization of
bridging ligands with varying angles between carboxylic acid groups.22 For structures in
which the relative irreversibility of metal-ligand bond formation hinders isolation of the
crystalline product, this strategy has potential for the synthesis of novel structures. For this,
we utilized Hycdc because the angle between carboxylic acid groups is ~90° and MysL12
cages containing this ligand have previously been reported for Cu2*, Ru2*/3* and Mo2*.9.23
The reaction of cobalt salts with Hocdc, however, results in the formation of a two-
dimensional hexagonal MOF analogous to Ni(*Bu-bdc). This structure similarly features a
hexagonal tiling of triangular pores. To the best of our knowledge, this is the first example of
a two-dimensional MOF based on this ligand. Similar to 5-functionalization of isophthalic
acid, 9-functionalization of Hycdc allows for the tunability of phases within carbazole-based
materials. Here an isopropyl-functionalized ligand was prepared via the alkylation of 9-H-
carbazole with isopropyl iodide. The reaction of 9-isopropylcarbazoledicarboxylic acid
(H,Pr-cdc) with NiOAc,-4H,0 (or CoCly-6H,0) in a DMA/MeOH (DMA/pyridine)
mixture at 100 °C (85 °C) for 14 (1) day(s) affords nickel(l1) and cobalt(11) cages,
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respectively. These octahedral materials, Ni;»(IPr-cdc);, and Coq,(iPr-cdc)q, (Figure 4), are

comprised of six bimetallic paddlewheel units, with metal-metal distances of 2.66 and 2.71

A, respectively, and 12 carbazole ligands. As a result of the lower nuclearity of the structure,
it displays an internal metal-metal distance of approximately 14 A compared to ~16.3 A for
the cuboctahedron despite the use of a longer bridging ligand. These cages are analogous to

previously reported octahedral cavities within MOFs,24-27

All three cages reported herein retain crystallinity upon solvent exchange, and their
thermogravimetric analysis plots indicate moderate porosity. A close investigation of their
crystal structures similarly reveals potential porosity because their three-dimensional
packing results in potentially accessible channels in the structures upon activation.
Accordingly, thorough solvent exchange with amide solvents, followed by replacement with
benzene and subsequent freeze-drying,2® affords porous materials with BET (Langmuir)
surface areas of 126 (283), 238 (491), and 207 (308) m?/g for Coq2(IPr-cdc)q2, Niqo(PPr-
cdc)q2, and Nios(OH-bdc),4, respectively. To the best of porous carboxylate-based nickel
and cobalt cages.2® Although Niss(OH-bdc),4 loses significant porosity upon activation
above 50 °C, likely a result of structural rearrangement because the cages lack three-
dimensional interactions, the carbazole-based materials display excellent thermal stability
under evacuation, maintaining porosity up to activation temperatures of 200 °C.

In conclusion, the foregoing results demonstrate the importance of ligand functionalization
in controlling the phases of cobalt(11) and nickel(1l) paddlewheel-based materials. Here,
ligand modification allowed for the isolation of a high-surface- area MOF, numerous
nonporous two-dimensional MOFs, and three novel porous coordination cages. Although the
surface areas displayed by the cages reported here are modest compared to recently reported
materials, we hope the approach outlined here will inform the synthesis of additional porous
cages and will further allow the tuning of their solubilities, surface areas, and gas adsorption
properties. Future work in this direction will focus on expanding the syntheses outlined here
to additional transition-metal cations.
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Figure 1.
(Top) Effect of ligand functionalization on the resulting phase of nickel- and cobalt-based

materials. (Bottom) Portion of the structure of the nickel framework as determined by
single-crystal X-ray diffraction. Black, gray, and red spheres represent nickel, carbon, and
oxygen, respectively. Hydrogen atoms and nickel-bound solvent molecules have been
omitted. The blue sphere illustrates the smaller of two pores in the structure.

Inorg Chem. Author manuscript; available in PMC 2018 October 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gosselin et al. Page 8

k1

2
e

N

¢
B

%
'Q{'

NN

>

;

1‘_
\"‘
-
o

oot
X

Figure 2.
Portion of the structure of the two-dimensional Ni(Me-bdc) framework viewed down the ¢

(left) and & (right) axes as determined by single-crystal X-ray diffraction. Black, gray, and
red spheres represent nickel, carbon, and oxygen, respectively. The two-dimensional sheets
stack with a layer—layer distance of 8.299(2) A.
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Figure 3.
Portion of the structure of the two-dimensional Ni(‘Bu-bdc) hexagonal framework viewed

down the ¢ (left) and & (right) axes as determined by single-crystal X-ray diffraction. Black,
gray, and red spheres represent nickel, carbon, and oxygen, respectively. The two-
dimensional sheets stack with a layer—layer distance of 11.878(1) A.
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Figure 4. '
Structures of Niy4(OH-bdc),4 (top) and Coqo('Pr-cdc)qo, (bottom). Black, purple, gray, red,

and blue spheres represent nickel, cobalt, carbon, oxygen, and nitrogen, respectively. The
large dark-blue polyhedra represent the potential porosity intrinsic to specific cages.
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