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ARTICLE

Novel syntheses of carbazole-3,6-dicarboxylate ligands and their
utilization for porous coordination cages
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DOI: 10.1039/x0xx00000x The molecular nature, and thus potential solubility, of coordination cages endows them with a number of advantages as
compared to metal-organic frameworks and other extended network solids. However, their lack of three-dimensional
connectivity typically limits their thermal stability as inter-cage interactions in these materials are relatively weak. This is
particularly the case for carbazole-based coordination cages. Here, we report the design and synthesis of a benzyl-
functionalized octahedral coordination cage that displays moderate surface area and increased thermal stability as
compared to its unfunctionalized counterpart. Structural analysis suggests the increased thermal stability is a result of aryl-
aryl interactions between ligand groups on adjacent cages. We have further adapted the ligand synthesis strategy to afford
a novel, high-yielding preparatory route for the isolation of carbazole-3,6-dicarboxylic acid that does not rely on

pyrophoric reagents or transition metal catalysts.

Introduction

Porous metal-organic materials, which can further be
broken down into subclasses of metal-organic frameworks
(MOFs)'¢ and porous coordination cages (PCCs, metal-organic
polyhedra, metal-organic cages),’”!! share the distinguishing
feature in they are comprised of metal nodes linked together
with organic bridging ligands. Similar combinations of metals
and ligands can be used to synthesize both classes of
materials. However, MOFs are extended two- or three-
dimensional materials whereas cages are discrete molecules.
Although the former have been more widely studied in terms
of their porosity, the molecular nature of cages makes them
potentially soluble which can be advantageous in their
synthesis,'? purification,'® characterization,' and utilization.?®
Further, their molecular nature allows for cages to adopt a vast
array of structure types that are predictable based on
molecular-level design parameters.1® For example, Zhou and
coworkers have shown that for a series of dicarboxylate-based
ligands, the ultimate geometry and nuclearity of the cage is
determined by the angle between the metal-bonding groups

on the ligand.'” Similarly, Fujita and coworkers have shown
that the size of pyridyl ligand-based cages is determined by the Fig. 1 An octahedral carbazole-based coordination cage, Cuj(benzyl-cdc);, where

angle between binding groups on the organic ligand.'® Many of  green, grey, red, and blue atoms represent copper, carbon, oxygen, and nitrogen
atoms, respectively. Hydrogen atoms and solvent molecules have been omitted for

the coordination cages that have been prepared have been |
clarity.

based on these two types of organic ligand groups, carboxylic
acids and pyridines.'®2021 However, permanent porosity has

In terms of porous carboxylate-based coordination cages,
the octahedral and cuboctahedral structures utilizing
carbazoledicarboxylic acid (90° ligand angle, Figure 1) and
o Department of Chemistry and Biochemistry, University of Delaware, Newark, isophthalic aCId. (120 Il.gan.d angle), respectively, are the most

Delaware 19716, United States. E-mail: edb@udel.edu common.??2 While the first isophthalate-based cage Cu,4(bdc),s

Electronic Supplementary Information (ESI) available: adsorption isotherms, was Synthesized in 2001’23 porosity for these types of cages
spectroscopic data, crystallographic information. See DOI: 10.1039/x0xx00000x

only been demonstrated for cages based on the former.
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was discovered significantly later with the synthesis of the
functionalized molybdenum-based cage Mo,4(*Bu-bdc),4 (SAger
= 437 m?/g)**. In the time since these original reports,
isophthalate-based cages with Ni,?> Cr,® Ru,?® and Rh?’ have
also been published and shown to be permanently porous. For

a subset of these metals, extensive 5-position ligand
functionalization has been reported including
triisopropylsilylethynyl,?®  sulfonyl,2®> hydroxyl,?® alkoxide,3°

amino,3! and amide groups.3? Ligand functionalization of these
materials endows them with number different properties
including tuneable solubility and enhanced thermal stability.
The non-functionalized isophthalate-based cages are typically
only sparingly soluble in amide solvents such as N,N-
dimethylformamide, whereas hydroxyl and alkoxide
functionalized cages have shown solubility in methanol,
ethanol, tetrahydrofuran, and chloroform. Recently Furukawa,
Maspoch, and coworkers showed that modification of metal-
bound moieties on Rhy(OH-bdc),; (OH-bdc?~ = 5-hydroxy-
isophthalate) had a significant impact on the solubility of the
cage.'* Enhancement of the solubility of these cages is critical
for their incorporation into polymers or other nanoporous
materials. Functionalization has also been shown to increase
olefin/paraffin selectivity for a subset of these cages.’3

Installation of functional groups onto the aforementioned
90° ligand angle 9H-carbazole-3,6-dicarboxylic acid (H,cdc)-
based cages is considerably more challenging and thus these
types of cages have been less widely studied. The first cage of
this series, Cujy(cdc)y,, was synthesized by Zhou and
coworkers in 200933 and consists of 6 dicopper paddlewheels
and 12 9H-carbazole-dicarboxylate ligands. Zhou subsequently
reported the Mo?*, Ru?*, and Ru2?*/3* analogues of this
cage.1726 It was some time later that permanent porosity was
demonstrated for the copper member of this isostructural
family with Cui,(cdc),, displaying a CO, accessible BET surface
area of 341 m?/g.34 We have recently shown with the report of
Cryy(cdc)1, (SAger = 1235 m?/g) that precise solvent exchange
and activation can afford high surface areas for these cages.?®
By employing these practices for the Cujy(cdc);, and
Mo1,(cdc)q, cages, we reported BET surface areas of 1108 and
657 m?/g, respectively. Although these cages display some of
the highest surface areas reported for transition metal-based
molecular species, their lack of ligand functionalization limits
their solubilty in most solvents. Although we reported the
alkylation of the 9-position of carbazoledicarboxylic acid, the
resulting cobalt and nickel cages had limited BET surface areas
of just 126 and 238 m?/g, respectively. These cages did display
significantly increased thermal stability as compared to the
previously reported H,cdc-based cages.?®

Carbazole-based ligands have also been widely utilized in
MOF syntheses, most notably for several members of the PCN-
and DUT-families of frameworks.36-° PCN-80 features an octa-
carboxylate ligand with four carbazole-dicarboxylates bound to
the 3,3’,5,5’ positions of a biphenyl spacer. The ligands for
PCN-81 and -82 are both tetra-carboxylate utilizing a phenyl
spacer between two trans-carbazole moieties. The phenyl
spacer is fully protonated in PCN-81 and decorated with two
trans-methoxy groups in PCN-82. DUT-48 and PCN-81 are
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isomorphous structures utilizing the same ligand however,
DUT-48 is more structurally similar to PCN-82 crystallizing in
the same space group and adopting an isosymmetric
orientation of the carbazole ligands. DUT-46, -49, -50 and -151
are isoreticular to DUT-48 utilizing naphthyl, biphenyl,
terphenyl and tetraphenyl spacers, respectively. DUT-75 and -
76 use a single carbazole-dicarboxylate ligand with 4-
carboxyphenyl (DUT-75) or 4-carboxybiphenyl (DUT-76) N-
functionalization. A subset of these materials, most notably
PCN-81/DUT-48 and DUT-49, have been rigorously
investigated for the promising high-pressure methane storage
properties.3>4142

Although both carbazole-based cages and carbazole-based
MOFs show incredible promise for gas storage applications,
their advancement has been stymied, at least in part, by the
relative difficulty in making ligand on a large scale. As
compared to isophthalic acid ligands, a wide variety of which
are commercially available, there are limited commercial
sources of carbazoledicarboxylic acid molecules. Typical
synthetic routes to the carbazole-3,6-dicarboxylate ligand
include a Friedel-Crafts alkylation type reaction under highly
acidic conditions or lithiation followed by CO, quenching.3334
Both of these synthesis routes require harsh reaction
conditions such as dry HCl (g) or n/t-BulLi which makes scaling
of the ligand somewhat difficult. In 2014, Eddaoudi and
coworkers proposed a catalytic approach for the synthesis of
H,cdc which was found to be reasonably scalable with
excellent yield.*®> Reaction of 3,6-dibromo-9H-carbazole and
Zn(CN), in the presence of catalytic amounts of Zn dust,
Zn(OAc),, Pd,(dba)s, and dppf under an argon atmosphere for
20 h vyielded 9H-carbazole-3,6-dicarbonitrile after workup.
Treatment of the dinitrile with aqueous base in the presence
of Cul for 35 h yields 9H-carbazole-3,6-dicarboxylic acid (H,cdc)
after workup.

In this work we targeted the synthesis of 9H-carbazole-3,6-
dicarboxylic acid under air-stable and transition-metal free
conditions utilizing a protecting group strategy that could also
be used to tune the thermal, solubility, and adsorption
properties of resulting coordination cages. Friedel-Crafts
acylation of 9H-carbazole to afford 3,6-diacetyl-9H-carbazole
proceeds readily at RT in excellent yield. Attempted oxidation
of the acetyl groups to carboxylic acids is low yielding and
intensive workups are required to obtain pure product.
However, installation of a benzyl protecting group to the N-H
position to afford 3,6-diacetyl-9-benzyl-carbazole allows for
the clean and high yielding synthesis of 9-benzyl-carbazole-3,6-
dicarboxylic acid. Deprotection of the benzyl group with free
carboxylates proved low yielding. However, after esterification
of the carboxylates the benzyl group can be cleaved in
moderate to good vyields to afford dimethyl 9H-carbazole-3,6-
dicarboxylate. This synthesis route affords a functionalized
carbazole-dicarboxylate ligand, 9-benzyl-carbazole-3,6-
dicarboxylic acid. The copper cage based on this ligand,
Cuy,(benzyl-cdc),, displays intriguing gas adsorption properties
and thermal stability that is unprecedented for carbazole-
based cages.

This journal is © The Royal Society of Chemistry 20xx
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Experimental Section
Materials and Methods

All reagents were purchased from commercial vendors at 98%
purity or higher and used without further purification.

Ligand Synthesis

3,6-diacetyl-9H-carbazole. AICl; (23.9 g, 179.4 mmol) and acetyl
chloride (21.3 mL, 299 mmol) were suspended in 200 mL DCM and
cooled to 0 °C with stirring. Solid 9H-carbazole (10 g, 59.8 mmol)
was added portion-wise over 0.5 h. The resulting reaction mixture
was warmed to RT and stirred for 3 h. The reaction mixture was
poured into 1 L DI H,0, added to a separatory funnel and the
organic layer collected. The aqueous layer was extracted with DCM
(3 x 50 mL), the organic fractions combined, dried over anhydrous
MgS0,, the solvent removed via rotary evaporation, and the
resulting solid collected. (Yield: 14 g, 93 %) 'H NMR (400 MHz,
DMSO-dg) & = 12.1 (s, 1 H), 9.0 (d, J = 1.6 Hz, 2 H), 8.1 (dd, J = 1.6,
8.8 Hz, 2 H), 7.6 (d, /= 8.4 Hz, 2 H), 2.7 (s, 6H).

3,6-diacetyl-9-benzyl-carbazole. 3,6-diacetyl-9H-carbazole (7 g,
27.8 mmol) was dissolved in 50 mL DMF, to this solution KOH (9.8 g,
174 mmol) was added and the reaction mixture was allowed to stir
at RT for 0.5 h. Benzyl bromide (4.8 mL, 41.7 mmol) was added and
the mixture continued stirring at RT for 12 h. The reaction mixture
was added to 600 mL DI H,0, precipitated solids were collected via
vacuum filtration. (Yield: 8.6 g, 91 %) 'H NMR (400 MHz, DMSO-ds)
6=9.1(d,J=1.4Hz,2H),8.1(dd,J=1.7,8.7 Hz, 2 H), 7.8 (d, /= 8.7
Hz, 2 H), 7.3 (m, 5 H), 5.8 (s, 2 H), 2.7 (s, 6 H).

9-benzyl-carbazole-3,6-dicarboxylic acid. 3,6-diacetyl-9-benzyl-
carbazole (8.7 g, 25.5 mmol) was suspended in 210 mL 1,4-Dioxane.
In a separate flask NaOH (51 g, 1.275 mol) was dissolved in 210 mL
DI H,0 and cooled to 0 °C. The flask containing the cooled NaOH
(aq) solution was fitted with an addition funnel filled with 21 mL
Br,, which was added dropwise over 0.25 h. The resulting NaOBr
(aq) solution was allowed to stir at 0 °C for an additional 0.5 h. The
flask containing the carbazole suspension was fitted with an
addition funnel filled with the prepared NaOBr (aq) solution, which
was added dropwise over 0.5 h. The resulting reaction mixture was
heated to 100 °C for 12 h. After cooling to RT the reaction mixture
was added to 500 mL saturated Na,SOs (aq) solution. This solution
was then acidified to pH = 1, precipitated solids were collected via
vacuum filtration. (Yield: 7.5 g, 85 %) 'H NMR (400 MHz, DMSO-d;)
5=12.7 (b, 2 H), 8.9 (d, J=1.4 Hz, 2 H), 8.1 (dd, J = 1.6, 8.7 Hz, 2 H),
7.8 (d, 8.6 Hz, 2 H), 7.2 (m, 5 H), 5.8 (s, 2 H).

Dimethyl  9-benzyl-carbazole-3,6-dicarboxylate.  9-benzyl-
carbazole-3,6-dicarboxylic acid (2.2 g, 6.5 mmol) and K,CO3 (3.6 g,
26 mmol) were suspended in 50 mL DMF and stirred at RT for 0.5 h.
lodomethane (2 mL, 32.5 mmol) was added and the reaction
mixture heated to 75 °C for 12 h. After cooling to RT the reaction
mixture was added to 500 mL DI H,O, precipitated solids were
collected via vacuum filtration. (Yield: 2.2 g, 92 %) *H NMR (400
MHz, DMSO-dg) & = 9.0 (d, J = 1.6 Hz, 2 H), 8.1 (dd, J = 1.6, 8.6 Hz, 2
H), 7.8 (d,J = 8.7 Hz, 2 H), 7.2 (m, 5 H), 5.8 (s, 2 H), 3.9 (s, 6 H).

Dimethyl 9H-carbazole-3,6-dicarboxylate. Dimethyl 9-benzyl-
carbazole-3,6-dicarboxylate (3.6 g, 9.6 mmol) was dissolved in 200
mL DCM and stirred at RT. To this solution AICl3 (7.7 g, 57.6 mmol)

This journal is © The Royal Society of Chemistry 20xx
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was added and the reaction mixture allowed to stir at RT for 4 h.
The reaction mixture was added to 1 L DI H,0, added to a
separatory funnel and the organic layer collected. The aqueous
layer was extracted with DCM (3 x 150 mL), the organic portions
combined, dried over anhydrous MgSQ,, the solvent removed via
rotary evaporation and the resulting solid collected. (Yield: 1.8 g, 66
%) 'H NMR (400 MHz, DMSO-dg) § = 12.1 (s, 1 H), 8.9 (s, 2 H), 8.1 (d,
J=8.4Hz,2 H),7.6 (d,J=8.0Hz, 2 H),3.9 (s, 6 H).

Cage Synthesis

Cuy,(benzyl-cdc);,. Hybenzyl-cdc (69.1 mg, 0.2 mmol) and
Cu(NO3)-2.5 H,0 (46.5 mg, 0.2 mmol) were placed in 15 mL of DMA
and sonicated until dissolved. The solution was heated at 100 °C for
12 h, over the course of which crystals formed. The reaction was
removed from heat, allowed to cool, the mother liquor decanted,
and the crystals collected. The crystals were washed with MeOH for
12 h, the MeOH was then decanted and replaced for fresh MeOH 5
times after soaking for at least 12 h between solvent exchanges.

Single-crystal X-ray Diffraction

X-ray structural analysis for 3,6-diacetyl-9H-carbazole, 3,6-
diacetyl-9-benzyl-carbazole, = Dimethyl = 9-benzyl-carbazole-3,6-
dicarboxylate and Cuj;(9-benzyl-cdc)y,: Crystals were mounted
using viscous oil onto a plastic mesh and cooled to the data
collection temperature (109 K for Cus,(benzyl-cdc)y,, 110 K for 3,6-
diacetyl-9H-carbazole, and 100 K for 3,6-diacetyl-9-benzyl-carbazole
and Dimethyl 9-benzyl-carbazole-3,6-dicarboxylate). Data were
collected on a Bruker-AXS APEX Il DUO CCD diffractometer with Cu-
Ka radiation (A = 1.54178 A) focused with Goebel mirrors for Cu,(9-
benzyl-cdc),,, 3,6-diacetyl-9H-carbazole, and 3,6-diacetyl-9-benzyl-
carbazole; and with graphite-monochromated, fine focused Mo-Ka
radiation (A = 0.71073 A) for Dimethyl 9-benzyl-carbazole-3,6-
dicarboxylate. Unit cell parameters were obtained from 36 to 48
data frames, 0.5° w, from different sections of the Ewald sphere.
The unit-cell dimensions, equivalent reflections and systematic
absences in the diffraction data are uniquely consistent with P2,/c
for 3,6-diacetyl-9H-carbazole and Dimethyl 9-benzyl-carbazole-3,6-
dicarboxylate. No symmetry higher than triclinic was observed for
Cuyy(9-benzyl-cdc);, and  3,6-diacetyl-9-benzyl-carbazole, and
refinement in the centrosymmetric space group option, P-1, yielded
chemically reasonable and computationally stable results of
refinement. The data were treated with multi-scan absorption
corrections.** Structures were solved using intrinsic phasing
methods*® and refined with full-matrix, least-squares procedures on
F2.46

Two symmetry-unique but chemically identical compound
molecules were found in the asymmetric units of 3,6-diacetyl-9H-
carbazole and 3,6-diacetyl-9-benzyl-carbazole. The compound
molecule in Cu,(9-benzyl-cdc),, was located at an inversion center.
As in similar cages, the formula reported corresponds only to the
atoms that could be reliably located or calculated, in the case of H-
atoms. Thus the sum formula is incomplete and derived quantities
would be unreliable. Residual electron density, solvent molecules
and atoms that cannot be assigned a reasonable model, were
treated as diffused electron density using Squeeze.*” In Cuy,(benzyl-
cdc);, three benzyl groups and two DMA solvent molecules,

J. Name., 2013, 00, 1-3 | 3
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geometrically constrained, were located disordered in two positions
with refined site occupancy ratios of 69.6/30.4, 67.8/32.3,
59.5/40.5, 53.3/46.7 and 52.2/47.8, respectively. Three-dimensional
rigid bond restraints on anisotropic parameters were applied to
Cuyy(benzyl-cdc);,.  Non-hydrogen atoms were refined with
anisotropic displacement parameters. H-atoms in Cuq,(benzyl-
cdc)y,, methyl H-atoms and one aryl H-atom in 3,6-diacetyl-9-
benzyl-carbazole were treated as idealized contributions with
geometrically calculated positions and with U;s, equal to 1.2-1.5 U,
of the attached carbon atom, all other H-atoms were located from
the difference map and refined independently with isotropic
parameters. Atomic scattering factors are contained in the SHELXTL
program library.#¢ The structures have been deposited at the
Cambridge Structural Database under the following CCDC
deposition numbers: 1992063-1992066.

Gas Adsorption

CO, gas adsorption measurements were measured on a
Micromeritics TriStar 3000 Surface Area Analyzer. Prior to
measurements, samples were considered activated when their
outgas rate under static vacuum was < 2 pbar/min. For CO,
degas screening the sample was heated at the specified
temperature under flowing nitrogen. Full BET CO, adsorption
measurements were carried out with a sample (105.3 mg) that
was flow activated at 75 °C.

Results and Discussion

The work reported here was inspired by the ease of
synthesis of N-functionalized carbazole-dicarboxylate ligands
such as N-alkyl and phenyl carbazoles.*®4950 The prototypical
first step in these syntheses is N-position functionalization
followed by Friedel-Crafts acylation. 3,6-diacetyl-9H-carbazole
has been previously synthesized through Friedel-Crafts
acylation of 9H-carbazole. This carbazole moiety is easily
synthesized and scaled to produce mass quantities for further
functionalization. Initial attempts at directly performing a
haloform reaction to the diacetyl derivative using both sodium
hypochlorite and hypobromite to afford H,cdc were
unsuccessful, with a multitude of side products being formed
which required intensive workup to obtain minimal quantities
of carbazole-dicarboxylate.

In most functionalized carbazole derivative syntheses, the
initial step prior to acylation is typically removal of the N-H
proton. We targeted a protecting group strategy to adapt
these syntheses for 9-H carbazole ligands. Typical protecting
groups include esters, acetyls, tosylates and benzyl groups.
Our syntheses required the use of a protecting group that
would tolerate highly alkaline conditions, be easily removed,
and have the potential to
properties if utilized for cage synthesis prior to deprotection.
Both tosylates and benzyl groups would be stable under
refluxing alkaline conditions and could impart interesting
properties such as solubility or the potential for m-mt stacking
which  would improve cage thermal stability. Typical
deprotection of tosylates involves harsh conditions such as n-
or t-butyl lithium,5! Grignard reagents®? or triflic acid.>3

impart tuneable solid-state

4| J. Name., 2012, 00, 1-3

Therefore, we sought to utilize the benzyl protecting group
which could be easily removed with AICl;.>* Deprotonation of
3,6-diacetyl-9H-carbazole and treatment with benzyl bromide
at RT allows for the facile and scalable production of 3,6-
diacetyl-9-benzyl-carbazole. After installation of the benzyl
group the haloform reaction for the synthesis of 9-benzyl-
carbazole-3,6-dicarboxylic acid can be cleanly preformed with
workup requiring quenching of excess hypobromite followed
by acidification. Precipitated solids can be used for further
reaction or for cage synthesis without further purification.

Deprotection of benzyl groups with AICl; typically occurs
rapidly at room temperature at moderate to good yields. Initial
attempts at deprotection with free carboxylic acids present on
the ligand were low yielding and likely due to coordination of
Al(OH)3, which is produced during aqueous workup, to the
carboxylate groups. To mitigate this interaction, the
carboxylates were esterified with iodomethane and after
esterification the deprotection of the benzyl group occurs
rapidly and cleanly to produce dimethyl 9H-carbazole-
dicarboxylate. This ligand can then be used for Ullman
coupling reactions to synthesize the ligands for the PCN- and
DUT- series of frameworks or the esters can be easily
deprotected in base to give free 9H-carbazole-3,6-dicarboxylic
acid to synthesize M,(cdc),, cages.

?

Fig. 2 Packing of ligand precursor molecules in the solid state. The aryl-aryl
interactions in 3,6-diacetyl-9-benzyl-carbazole (top) and dimethyl 9-benzyl-
carbazole-3,6-dicarboxylate (bottom) of 3.45 to 3.80 A are expected to endow
analogous cages with enhanced cage-cage interactions in the solid state.

Given the lack of reported structures of the ligand

intermediates reported here, we sought to characterize the

isolated organic intermediates via single-crystal X-ray
crystallography. 3,6-diacetyl-9H-carbazole is soluble in a
variety of solvents including dichloromethane,
tetrahydrofuran, acetone and N,N-dimethylformamide.

Dissolution in dichloromethane followed by slow evaporation

This journal is © The Royal Society of Chemistry 20xx
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of the solvent gave thin colourless plates. The compound
crystallizes with H-bonding interactions of 1.99 A along the c-
axis between the N-H of one molecule and the acetyl oxygen
of another molecule (see ESI for detailed ligand structure
images). 3,6-diacetyl-9-benzyl-carbazole is also highly soluble
in a variety of organic solvents and through similar dissolution
in dichloromethane followed by slow evaporation of solvent,
large colourless block crystals were obtained. This compound
crystallizes with a number of m- 1t interactions among adjacent
molecules (Figure 2). There are two carbazole moieties which
have benzyl groups in opposing orientations displaying m- 1t
stacking interactions with a distance of 3.77 A through the
carbazole phenyl rings. The benzyl groups of both of these
carbazole units have a second - 1t interaction with a distance
of 4.08 A to the benzyl group of a third and fourth carbazole
molecule. Dimethyl 9-benzyl-carbazole-3,6-dicarboxylate is
again highly soluble in a variety of solvents. Dissolution of this
material in typical solvents such as dichloromethane followed
by solvent evaporation yielded small oily crystals unsuitable
for diffraction studies. However, dissolution in minimal
quantities of N,N-dimethylformamide followed by slow
evaporation of the solvent large colourless block crystals were
obtained. The same interactions between the two carbazole
moieties as seen in the diacetyl derivative occur in the diester
with - m stacking interactions with a distance of 3.58 A
through the carbazole phenyl rings (Figure 2).

Given the ligand-ligand interactions present in the solid
state, coupled with the ease of synthesis of large quantities of
benzyl-functionalized ligand, we screened synthetic conditions
to isolate octahedral copper cages. As compared to other
carboxylate-based ligands, achieving phase purity for these
systems is more straightforward as competing phases,
including three- and two-dimensional metal-organic
frameworks, are rare.?> Similar to MOF syntheses, we typically
screen solvent, co-solvent, reaction temperature, reaction
time, pH, and M:L ratio. From a synthetic standpoint, cages
have the advantage in that their synthesis is not necessarily
coupled to solid crystallization, and more typical molecular
recrystallization strategies can be employed to achieve
crystalline solid. Ultimately, the reaction of copper(ll) nitrate
with Hybenzyl-cdc in N,N-dimethylacetamide at 100 °C for 12 h
afforded the target compound. As compared to some other
functionalized carbazole analogues, H,benzyl-cdc is highly
soluble in amide solvent and rapidly dissolves without heating.
Consistent with cage formation being a separate step from
solid crystallization, the green metal/ligand solution turns a
dark emerald green colour after a few hours of heating with
solid crystallization taking place several hours later. After
approximately 12 hours, thin plates of Cuj,(benzyl-cdc),, are
apparent. The crystals remain diffraction quality on the order
of days while soaking in their mother liquor, however, given
their moderate solubility, they ultimately lose crystallinity if
left in amide solvent for extended periods.

Single-crystal X-ray diffraction experiments confirm the
compound adopts the expected octahedral structure featuring
six dicopper paddlewheel units and 12 carbazole-dicarboxylate
ligands (Figures 1,3). The average Cu-Cu distance in the

This journal is © The Royal Society of Chemistry 20xx
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paddlewheels is 2.64 A and the average cavity distance as
measured across the interior Cu positions of the paddlewheel
is 13.89 A. The triangular windows of the cage have an average
side length of 11.74 A as measured between the centroid of
adjacent copper paddlewheels. The dicarboxylate ligands
bridging the copper paddlewheels flex to form a pinwheel-like
structure when viewing down paddlewheels on opposite sides
of the cage cavity. The packing diagram of the cages also
reveals several - m interactions as were seen in the ligand
structures (Figure 3). Six such interactions occur between
adjacent cages with two interactions between the benzyl
functional groups and a separate two interactions between the
benzyl group of one cage and a carbazole moiety of the
adjacent cage. The benzyl-to-benzyl interactions have a
distance of 3.96 A whereas the benzyl-to-carbazole
interactions have a distance of 3.92 A. Cages which share
benzyl-to-benzyl interactions are 26.18 A apart whereas cages
which share benzyl-to-carbazole interactions are 21.20 A apart
as measured between the centre of adjacent cages.
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Fig. 3 Solid-state structures for Cuy,(benzyl-cdc);, where both benzyl-benzyl (left)
and benzyl-carbazole (right) interactions endow the cage with higher surface
area and thermal stability as compared to the unfunctionalized Cuj,(cdc);,
parent cage.

The structural analysis of Cu;,(benzyl-cdc),, indicated that
the cage may show promise for gas adsorption experiments
given its enhanced presence of inter-cage interactions as
compared to unfunctionalized Cuj,(cdc)s,. In order to optimize
the measured surface area of Cui,(benzyl-cdc),,, we screened
a wide variety of solvent exchange and activation conditions.
That these can have a pronounced effect on porosity is well-
known, particularly in the area of metal-organic frameworks.
However, for cages solvent exchange and activation conditions
are vitally important as their molecular nature can render
them incompatible with more typical MOF protocols. For
example, it is commonplace in the synthesis and activation of
MOFs to perform numerous elevated temperature solvent
exchanges with the solvent that was employed in material
synthesis to remove any unreacted starting materials and/or

J. Name., 2013, 00, 1-3 | 5
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anneal the structure to minimize defects. After this step,
subsequent washes with a more volatile solvent are employed
to facilitate solvent evacuation during the activation step.
Porous molecules are often at least sparingly soluble in their
synthesis solvents, precluding the use of many solvents for
these washes prior to activation. Indeed, for Cuj,(benzyl-
cdc);,, washing with amide solvent led to the isolation of
nonporous samples. To optimize the surface area of this cage,
as synthesized sample was isolated by decanting synthesis
solvent and washing the material with methanol at room
temperature for three days with methanol replaced with fresh
solvent five times. Over the course of these washes, the dark
green cage sample turned to a pale blue-green colour,
indicative of solvent exchange at the copper paddlewheel
sites.

N

54w "
&
E4— . . =
E
2] -
=
5 24
o}
(_)14
T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200
Temperature (°C)
5_
2
_04_ A ‘A‘A
£ " A
£ »
~ A
3 3 -
2 A A
§2 A“A‘
<] AL at
=
€
(]
=
g

o
1

0.0 0.2 04 0.6 0.8
P/P,

Fig. 4 (Top) Degas survey for Cuj,(benzyl-cdc);, where the uptake amount
indicated is the amount of CO, adsorbed at 0.9 bar and 195 K. (Bottom) Full 195
K CO, adsorption isotherm for a sample activated at 348 K.

As compared to metal-organic frameworks, discerning
optimal activation conditions for potentially porous cages is
also challenging as they are particularly susceptible to phase
change as a result of cage rearrangement in the solid state.
Thermogravimetric analysis (TGA) is often used to indicate
possible optimal activation temperatures for MOFs. The
information gleaned from this method, particularly when
additional information from differential scanning calorimetry
(DSC) is missing, is often over-analysed as phase changes are
not apparent with TGA. Accordingly, when targeting optimal
activation conditions for a novel cage material, it is important

to incrementally survey desolvation temperatures. For

6 | J. Name., 2012, 00, 1-3

Cuy,(benzyl-cdc)y,, preliminary activation of a sample with
flowing N, at 25 °C gave an N, accessible Langmuir surface
area of just 44 m?/g. Given the relatively restricted pore
window openings in this structure, it did exhibit a CO,
accessible Langmuir surface area of 611 m2/g and pore volume
of 0.20 cm3/g. Activation temperatures were screened in 25 °C
increments up to 200 °C. Although 77 K N, uptake was
considerably lower than 195 K CO, uptake across the entire
temperature screen, the trends in uptake track fairly well and
indicate an optimal activation temperature of 75 °C which
resulted in a Langmuir surface area of 924 m?/g with a pore
volume of 0.215 cm3/g. Notably, this cage displays CO,
accessible surface area up to an activation temperature of at
least 200 °C, in stark contrast to Cujy(cdc), which is
nonporous at an activation temperature of just 100 °C. It is
likely that the cage-cage interactions present in the solvated
structure of Cujy(benzyl-cdc),, persist, to some extent, upon
material activation.

It should be noted that there is considerable complexity in
the gas adsorption properties of Cuiy(benzyl-cdc);, at some
activation temperatures. Namely, at degas temperatures of 50,
75, and 100 °C, there is a considerable step in the 195 K CO,
uptake. At an activation temperature of 50 °C the amount of
gas adsorbed increases form 2.91 mmol/g at 0.4 bar to 3.57
mmol/g at 0.5 bar. A sample heated to 75 °C similarly has a
step in its 195 K CO, isotherm beginning at 0.4 bar although
the magnitude of the step is increased (2.86 to 4.22 mmol/g).
Finally, the step for a sample activated at 100 °C is
considerably shallower, although the magnitude of the pre- to
post-step uptake is similar. For samples activated at all three
temperatures, there is considerable hysteresis in the
adsorption isotherm that does not close to a desorption
pressure of 0.1 bar. Given the discrepancy between pre- and
post-step uptake, the BET and Langmuir surface areas of a
sample activated at 75 °C are 160 and 712 m?/g respectively.
These surface area values are significantly lower than those
calculated for this structure (1265 m?/g)>> and reflect
significant pore window or surface blockage. It is likely that the
benzyl functional groups on the bridging ligands endow the
cage with gate-opening type behaviour and are responsible for
the step-shaped isotherms. Close inspection of the solvated
crystal structure of this cage indicates that 8 of the 12 ligands
benzyl groups on the cage are engaged in cage-cage
interactions while the remaining four are free to rotate. It is
expected that precise tuning of these interactions in extended
ligand systems or with mixed-ligand cages can be used to
further tailor the uptake properties of these cages for gas
storage and separation applications.

Conclusions

The results presented here demonstrate a novel method for
the synthesis of benzyl-functionalized carbazole ligand
(H,benzyl-cdc) or unfunctionalized ligand (H,cdc), an important
reagent in the synthesis of a promising class of porous
coordination cages. Importantly, our protecting group strategy
can be employed to obtain these ligands without the use of

This journal is © The Royal Society of Chemistry 20xx
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pyrophoric reagents or transition metal-based catalysts. We
have further shown that utilization of the benzyl-protected
ligand affords a new copper-based octahedral cage,
Cuy,(benzyl-cdc),, that displays a moderately high surface area
and enhanced thermal stability as compared to its
unfunctionalized counterpart, Cuy,(cdc)s,. It is our expectation
that extension of this strategy to other protecting
groups/ligand functional groups is expected to afford new
cages with highly tuneable adsorption and thermal properties.
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