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Discrete Triptycene-based Hexakis(metalsalphenes) — Extrinsic
Soluble Porous Molecules of Isostructural Constitution

Dennis Reinhard,® Wen-Shan Zhang,® Frank Rominger, Ronald Curticean, Irene Wacker,"!

Rasmus R. Schroder ¢l and Michael Mastalerz*2b!

Abstract: In 2013 the concept of OMIMs (organic molecules of
intrinsic microporosity) has been introduced by McKeown et al. These
OMIMs are constructed on the basis of rigid molecular cores such as
triptycene, spirobifluorenes and others. Like shape-persistent organic
cages, these are soluble discrete molecules and therefore an
interesting alternative to 3D, insoluble porous materials, such as
metal-organic frameworks, covalent-organic frameworks or zeolites.
OMIMs are chemically and thermally robust because the formation of
strong covalent bonds has been used for their synthesis. Till date a
few OMIMs have been reported, most of them did not contain any
functional unit to enhance gas sorption properties. Here we introduce
an isostructural series of metal-salphene based OMIMs with different
metal ions (Zn%, Ni?*, Cu?, Pd?*, and Pt*) integrated into the
backbone. The influence of the metal centers on interaction with gas
molecules has been investigated by gas sorption experiments.

Introduction

Porous materials with high specific surface areas are interesting
compounds for many potential applications, such as gas sorption,
separation of mixtures, catalysis, sensor applications and many
more.l! There are a number of possibilities to classify porous
materials; one is to distinguish into soluble and insoluble materials.
Soluble porous organic materials are either based on polymers
with a certain degree of stiffness based on kinked units, the so-
called PIMs (polymers of intrinsic microporosity),? or. on
structurally defined discrete molecules.®! These can further be
sub-classified into intrinsic porous molecules (such as shape-
persistent organic cages)* 4 or extrinsically porous (e.g. porous
molecular crystals based on hydrogen-bonding).!
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In 2013, Neil B. McKeown introduced the concepts of OMIMs
(organic molecules of intrinsic microporosity):® stiff molecules
with large intrinsic molecular free volumes (IMFV).['l OMIMs
consist of rigid building blocks, as for instance triptycene,
spirobifluorene or centrohexaindane as central units, which are
connected e.g. to the same bulky molecular construction units or
larger T-planes. In contrast to most cages, which are based on
relatively weak covalent bonds formed by dynamic covalent
chemistry (DCC),’l OMIMs are built on much stronger covalent
bonds and are therefore predominantly chemically and thermally
significantly more robust. Till date, a few examples of OMIMs
have been published, showing that materials with high specific
surface areas of up to 754 m?/g can be achieved.®! Although it
was not named as such, OMIMs have been described before. In
2005, McKeown presented a rigid phthalocyanine-
tetrakisporphyrine hybrid molecule that cannot pack properly with
a measured specific Brunauer-Emmett-Teller (BET) surface area
of 110 m?/g.°d

In 2009 MacLachlan et al. introduced the first triptycene-based
OMIMs with specific BET surface areas of up to 499 m?/g.ll
These triptycene-based OMIMs were synthesized by the
formation of nickel-salphen pockets. Besides characterization of
the pores of the materials by nitrogen sorption, the uptake of
hydrogen gas at 77K was measured. However, in this study
neither other metals have been incorporated into the salphen
pockets nor detailed adsorption studies have been discussed.['%]
Metal-salphens as well as salens are known to be catalytically
active at the metal centers due to free ligation sites.!'yl The
interaction with other small molecules strongly depends on the
nature of the metal ion as well as on the ligand. Metal salphens
and salens have been integrated into MOFsi*2 and porous
organic polymers.[*3 In this respect, our group recently presented
the formation of a metal-assisted salphene organic framework
(MaSOF) based on triptycenehexakissalicylaldehyde 1.4 A clear
dependency of gas-sorption properties related to the incorporated
metal ions was detected. Despite the trend found and the
seemingly isostructural nature of the material, some degree of
uncertainty about defects, polymer-size etc. still remains,** which
influences gas-sorption properties. To avoid or at least minimize
structural uncertainties, we decided to synthesize and study
isostructural metal-salphen based OMIMs, containing the same
substructures as has been assumed for the triptycene-based
MaSOFs, ™ which will be discussed herein.

Results and Discussion
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Me-3: M(OAc),, DMF (dry),
40°C, 4d

Ptg-3:Pt(dmso),Cly, NEt;, DMF (dry)
60°C,6d
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Scheme 1. Synthesis of triptycene-based hexakis metal-salphens Ms-3.
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The whole synthesis is based on hexakissalicylaldehyde 1, which
originally was synthesized in a three-step approach from
hexabromotriptycene in 32% overall yield.[*> 14 We were able to
improve the synthesis (overall yields of 82%) and slightly
shortened it by direct cross-coupling with the p-boronic ester of
salicylaldehyde (for details, see Supporting Information). With the
exception of the platinum-based salphen Pte-3, all other metal-
salphens (Me-3; M = Zn, Ni, Cu, Pd)) were synthesized in one step
by condensing aldehyde 1 and imine 21l in the presence of the
metal(ll) acetate or the corresponding hydrate in dry DMF at
slightly elevated temperature (see Scheme 1), giving the metal-
salphens in yields between 84% and 98%. It is worth mentioning
that all final compounds, except the zinc salphen Zne-3 were
purified by silica column chromatography. For the Pt-salphen Pte-
3 Pt(dmso),Cl,%in combination with EtsN had to be used to give
the product in 30% yield. All compounds were characterized by
NMR, IR, UV/vis, MS and purity approved by elemental analysis
(see Supporting Information).

From Nis-3, Cue-3 and Pds-3 single crystals of decent quality were
obtained for structure analysis by X-ray diffraction (Figure 1). Nie-
3 and Cue-3 are isomorphic and crystallize in the trigonal space
group R-3 with six salphen molecules in the unit cell.

Figure 1. Single-crystal X-ray structures of Nie-3 (a and b) and Pds-3 (c and d). a) and c) represent stick models of the molecules with the metal ions highlighted as
colored balls. b) and d) packing in the unit cell depicted as wire frame models with the metal ions as colored balls. The insets show photographs of light microscopic

images of the crystals. Solvate molecules are ommitted for clarity.
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For the crystals of Nis-3 DMSO solvate molecules could be found
and refined, whereas for the Cus-3 electron-density of disordered
solvate molecules needed to be removed by the SQUEEZE
routine function to solve the structure. The cell parameters of Cuse-
3 (a=b=239.879(3) A and ¢ = 25.5429(18) A) are slightly larger
than those of Nie-3 (a = b = 39.2557(9) A and ¢ = 26.1996(7) A).
For Nie-3 and Cue-3 the molecular structures are Ds-symmetric,
with both enantiomers in the unit cell. The shortest metal to metal
distance for Nie-3 is 11.3 A between two adjacent salphen blades
connected ortho to the triptycene core, followed by 14.9 A of two
salphen units attached at the same side of two triptycene
phenylene rings and 17.8 A, if they are oriented trans to each
other. In the corresponding Cue-3 the distances are 11.1 A, 15.2
A and 17.5 A. Pde-3 is crystallizing in the triclinic space group P-
1 with two molecules in the unit cell. The Pde-3 molecule
crystallized in Ci-symmetry. Here, the metal to metal distances
are with 10.9 A, 15.3 A and 17.2 A comparable to the two other
metal salphens.
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Figure 2. Comparison of N2-sorption data of all Me-3 at 77 K.

All compounds have been investigated by gas sorption analysis.
We started with Pde-3, which was initially investigated in its as-
synthesized state, as received directly as a solid after column
chromatographic workup and removing of the solvent by rotary
evaporation. The film-like compound gave a negligible measured
BET surface area of 3 m?/g after activation at 180 °C in fine
vacuum. Therefore, we changed the protocol to generate the solid
material, simply by precipitation of the compound by pouring the
DCM solution into methanol, getting a voluminous precipitate.
After thermal activation (180 °C, overnight) in fine vacuum, the
compound showed a typical type-I isotherm(!8l for the sorption of
N, at 77 K with a specific BET surface area of 427 m?/g (Figure
2). Therefore, all other salphens Ms-3 have been activated in the
same way, giving all comparable BET surface areas in the range
of 356 to 435 m?/g (Fig. 2). These values are a bit lower than for
the corresponding MaSOFs,[ but in the typical range of other
OMIMsP2 %1 or a number of porous organic cages. ° Pore
analysis by NLDFT (non-local density functional theory) as well
as QSDFT (quench solid density functional theory) methods gave
similar broad peaks between 5.7 and 30 A for all compounds (see
Supporting Information), which suggests that the pores are less
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structured and less unique than found in the MASOFs. By powder
X-ray diffraction investigations, for all salphens Me-3 except Nis-3
a distinct although broad peak in the range of 6.26° to 6.29° is
detected. By light microscopy as well as scanning electron
microscopy some degree of crystallinity of the samples has been
confirmed (see Supporting Information). In case of Zne-3 two
types of crystallites are found. One type are agglomerates of very
small thin crystals and the other are crystals of hexagonal shape
of about 100 nm in size. The sample of Nis-3 shows much larger
crystalline domains of a few micrometers, whereas the
isostructural Cue-3 has formed smaller spherical crystals, in size
comparable to Zne-3. Pde-3 is forming hexagonal rods embedded
in smaller particles and Pts-3 is in shape similar as Cue-3.

The sorption of other gases has been investigated too (see
Supporting Information). The salphens adsorb at 77 K and 1 bar
between 0.6-0.7 wt% H,, which is reasonable lower than found for
the MaSOFs (0.9-1.3 wt%).1*4 At 273 K and 1 bar the compounds
adsorb between 0.4 and 0.5 mmol/g CHa, which correspond to 0.7
to 1.0 wt%. The amount of adsorbed CO; at 273 K and 1 bar is
between 5.0 and 5.8 wt%. Again this is substantially lower than
reported for the corresponding MaSOFs (10.2-15.6 wt%).
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Figure 3. Comparison of heat of adsorption of all Me-3 for CO2 at 273 K.

Although the overall numbers are per se lower than for the
corresponding MASOFs, the big advantage of the molecular
materials is the unity of chemical constitution without having
defects. This is in contrast to the MaSOFs, which are three-
dimensional polymers that contain probably a certain degree of
defect sites such as metal free salphen units, non-reacted amine
or aldehyde functions or benzimidazole or imidazoline units?
which are generated by competing reactions. Therefore, the
impact of the metal salphen units on the heat of adsorption (Qs:)
should be more reliable than it is for MaSOFs. The heat of
adsorption for CO; follows the trend Zns-3 (Qst = 29.1 kJ/mol) >
Pte-3 (Qst = 27.9 kd/mol) > Nie-3 (Qst = 26.9 kJ/mol) > Cue-3 (Qst
= 25.0 kd/mol) > Pde-3 (Qst = 24.4 kJ/mol); see Figure 3. This
order is different from the one found in the corresponding MaSOF-
series (Pt-MaSOF100 (32.2 kJ/mol) ~ Cu-MaSOF100 (32.1 kJ/mol)
> Zn-MaSOF100 (30.3 kJ/mol) > Ni-MaSOF100 (27.8 kJ/mol) > Pd-
MaSOF 100 (27.3 kJ/mol),™4 but the values for the zinc- and nickel-
containing porous materials are comparable. This discrepancy in
the series clearly points out the intrinsic problem with
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interpretation of the data of amorphous network materials due to
their imperfectness. For instance, in the IR-spectra of the Pt- and
Pd-MaSOFs substantial bands of unreacted aldehyde groups
were detected revealing structural defects. Thus, the values
determined for the molecular and structurally perfect Pte-3 and
Pds-3 seem to be more reliable to compare the impact of the metal
salphen unit on gas sorption.

The calculated selectivities of binary gas mixtures (CO,/CH, and
CO4/N) have been analyzed. The Henry selectivities for CO2/CH,
at zero coverage is with Sy = 15 the highest for Zns-3 and higher
than for all the other hexasalphens Me-3, which are between Sy =
8 and 10. This is expected, because Zn-salphens are known to
be much better Lewis acids that can be coordinated by CO, than
the other metal salphens we investigated within this series.? The
same trend is seen for CO2/N,. Here, the Sy = 68 for Zne-3 is
double as high as for all other hexasalphens Me-3 (Sy = 35 and
38).

Table 1. Gas sorption data of all metal-salphens
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The selectivities of binary mixtures of CO,/CH, (1:1) at 273 K have
also been analyzed according to the ideal adsorbed solution
theory (IAST).?? The trend basically follows the one of the Henry
selectivities (see Table 1), again with the zinc salphen Zne-3 being
superior to the others. With Sjast = 7.1 these are a bit lower than
in the corresponding MaSOFs.*¥ We also investigated binary
mixtures of CO,/N. (20/80), which is a typical ratio for a post-
combusting mixture.?!

However, values for all other Ms-3 are in the range between Sjast
= 21 and 26, which are nearly half those of the corresponding
MaSOFs (Sist are between 42 and 56). Unfortunately, gas
sorption parameters of several samples of Zne-3 could neither
accurately be fitted by a Téth or Dual-Langmuir-Freundlich
isotherm to calculate reasonable IAST curves, which could have
completed the comparison of this series.

Me-3 | SAger® gas uptake M Qst [kJ/mol] © Shenry (273 K) SiasT (273 K)
H2(77K) | CHa(273K) CHa4 (263K) | CO2(273K) CO2(263K) | CHa  CO2 CO2/CHs CO2/Nz | COCH4®  CON, !
Zn 411 3.7(0.7) 0.5(0.8) 0.6 (0.9) 1.3 (5.8) 1.6 (6.8) 17.9  29.1 15 68 7.1 -l
Ni 435 36(0.7) 0.4(0.7) 0.6 (0.9) 1.1 (5.0) 1.4 (6.0) 183  26.9 8 35 5.4 24
Cu 414 3.0(0.6) 0.4(0.7) 0.6 (0.9) 1.2 (5.2) 1.4 (6.2) 203 250 9 37 6.0 26
Pd 427 33(0.7) 0.5 (0.8) 0.6 (1.0) 1.3 (5.6) 1.5 (6.6) 201 244 10 36 5.9 21
Pt 356 2.9(0.6) 0.5(0.8) 0.6 (1.0) 1.2 (5.2) 1.4 (6.3) 11.200  27.9 9 38 5.4 22

[a] N2, 77 K, in [m?gY]. [b] Values in [mmol g*] and [wt-%] in parentheses. [c] Isosteric heat of adsorption; values given for zero-coverage. [d] Henry's Law
selectivity of gas A over gas B. [e] IAST selectivity for a simulated CO2/CH4 mixture (0.5:0.5) at 0.1 bar. [f] IAST selectivity for a simulated CO2/N2 mixture
(0.2:0.8) at 0.1 bar. [g] Insufficient parameters for Téth fit. [h] Insufficient parameters for virial fit.

Conclusions

In summary, we have synthesized a series of isostructural metal
ion containing molecular OMIMs Ms-3 varying only in the nature
of the metal ions embedded in the salphen pockets. These
OMIMs can be seen as structural models for MaSOFs based on
the same building block.24 In contrast to the polymeric MaSOFs,
the OMIMs presented here are structurally defined and do not
contain any defects. Therefore, a comparison of the impact of the
metal ion on gas sorption selectivity seems to be more accurate
than in the corresponding MaSOFs, although one needs to keep
in mind that the gas sorption data was collected for amorphous
samples — so the structure-property relationsship is still not
perfect. Indeed, the order of the metal salphens is different than
found in the corresponding MaSOFs. Here the one with Zn?*
shows the highest heat of adsorption (Qs = 29.1 kd/mol) for CO,
where the impact of the metal is closer to the expected value than
found in the MaSOFs. The Henry selectivity Sy = 68 for CO, vs N,
in combination with the high specific surface area of 411 m?/g is
comparable to other molecular porous systems. Nevertheless,

getting highly crystalline (activated) porous materials of those
OMIMs is the final goal, which is more challenging, due to the
prevention of structural collapsing of the crystalline order upon
solvate removal.’& 5 Furthermore, other structurally related
OMIMs will be revisited that before could not be processed to form
porous materials.?4

Experimental Section

For experimental details such as synthetic procedures, characterisation of
all new compounds, NMR and MALDI-TOF MS spectra, crystal structure
data as well as gas sorption data, see Supporting Information.
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