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A Robust Porous Quinoline Cage: Transformation of a [4+6]
Salicylimine Cage by Povarov Cyclization

Pierre-Emmanuel Alexandre, Wen-Shan Zhang, Frank Rominger, Sven M. Elbert,

Rasmus R. Schroder, and Michael Mastalerz*

Abstract: Porous shape-persistent organic cages have become
the object of interest in recent years because they are soluble
and thus processable from solution. A variety of cages can be
achieved by applying dynamic covalent chemistry (DCC), but
they are less chemically stable. Here the transformation of
a salicylimine cage into a quinoline cage by a twelve-fold
Povarov reaction as the key step is described. Besides the
chemical stability of the cage over a broad pH regime, it shows
a unique absorption and emission depending on acid concen-
tration. Furthermore, thin films for the vapor detection of acids
were investigated, showing color switches from pale-yellow to
red, and characteristic emission profiles.

Since the pioneering contributions of the research groups of
Cooper as well as Atwood on permanent porosity of shape-
persistent organic cages,[!! the field has developed tremen-
dously fast.”! Shape-persistent organic cages are synthesized
in a variety of geometries and sizes and many of which were
studied for gas sorption and separation.”** Among those
systems there have been microporous organic cages reported
with very high specific surface areas greater than
1500 m?g ", as well as even mesoporous cages with specific
surface areas of 3758 m’g'F! a value demonstrating that
large cavities can be constructed in a manner so that they will
not collapse upon evacuation.”! The vast majority of shape-
persistent organic cages was synthesized by exploiting the
reversible bond breaking and bond making that dynamic
covalent chemistry (DCC) reactions offer. Most typical DCC
reactions used for cage synthesis are condensation reactions
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such as the formation of imines from aldehydes and amines,”’
or boronic esters from boronic acids and diols.”! By far fewer
examples have been reported to rely on the oxidative
disulfide formation or alkyne metathesis.”'

Especially imine-based cages offer the possibility for post-
synthetic transformation of the imine functional groups by
different reactions. Among them, the most trivial one is the
reduction of imines to amines. Unfortunately, because of the
transformation of sp* into sp’>-hybridized atoms, the overall
scaffold becomes more flexible. As a consequence the cages
lose their shape persistency and thus their porosity.l**!!
Nevertheless, with a follow-up reaction, porosity can be
recovered. This has been exemplified, for example, for
Cooper’s smaller [4+6] amine cages where the reduced
amine cage contains 1,2-diamine units, which form aminals
with aldehydes or ketones.'”! Another similar approach is the
fixation of the corresponding amines of [2+43] salicyl imine
cages'”® as carbamates.'¥ Recently, our group demonstrated
that the twelve imine bonds of a rigid shape-persistent [4+6]
salicylimine cage can be transformed by Pinnick oxidations
into chemically much more robust amide bonds with reten-
tion of the shape persistency.™! Indeed, this amide cage was
stable in a slightly broader pH range (—1 to 14.5) than, for
example, the carbamate cage (—1 to 14)." This unprece-
dented stability opened the possibility for further chemical
derivatization under harsh reaction conditions, such as
selective twelve-fold bromination or nitration, occurring in
yields greater than 80 % . Unfortunately, the Pinnick reaction
does not work in the presence of the phenolic hydroxy group,
so that the six hydroxy groups of the salicylimine cage needed
to be first transformed into methyl ethers.! Despite the
richness in imine chemistry,' these are the only few
examples where transformations have been exploited to
post-stabilize organic cage compounds under the conserva-
tion/retention of porosity.!”1*!

Here we present our results on transforming a [446]
salicylimine cage directly (without the necessity of protecting
the phenolic hydroxy groups) into a quinoline cage by
a twelve-fold Povarov reaction*! with subsequent oxidation
(Scheme 1). The quinoline cage 2 was synthesized by treating
the imine cage 1”7 in neat phenylacetylene as the solvent,
with scandium triflate (3.6 equiv) as the Lewis acid and
chloranil (12 equiv) as the oxidant. After heating at 100°C for
20 hours, and after removal of by-products by column
chromatography the cage was isolated in 25% yield. It is
worth mentioning that this corresponds to 89 % per imine
bond, which is even higher than we were able to realize for the
bisquinoline model compound 3 (here the yield was 35 % and
per imine bond 59 %. For structure see Figure 3. For details,
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Scheme 1. Twelve-fold Povarov reaction of [446] imine cage 1 to the
quinoline cage 2. a) Sc(OTf);, chloranil, phenylacetylene (neat), 100°C,
20 h, 25% yield.

see the Supporting Information). The reaction time plays
a critical role. Before 20 hours, the conversion of all twelve
imine units was not complete. After much more than 20 hours,
further addition of phenylacetylene units to the cage is
observed by mass spectrometry (see the Supporting Informa-
tion). By HR-MALDI mass spectrometry, a single peak for
[M+H]* at m/z=3418.387 (calc. m/z=3418.390) was
detected for 2, having the expected isotope distribution
pattern (Figure 1). The compound 2 is basic because of the
quinoline nitrogen atoms and is easily protonated by traces of
Brgnsted acids, thus the NMR spectra needed to be recorded
with 0.1 mol% d,s-triethylamine to guarantee the high
molecular symmetry of the compound for a simple '"H NMR
spectrum (Figure 2). Characteristic are the two triptycene
bridgehead protons resonating at d=5.54 and 6.31 ppm.
Furthermore, the protons of the quinoline units are found as
singlets at d = 6.62, 7.83, and 7.66 ppm besides a singlet at 6 =
7.67 ppm for the aromatic protons of the phenol units. The
twelve peripheral phenyl units appear as a multiplet between
0 =7.54 and 7.60 ppm. However, the integral of these phenyl
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Figure 1. MALDI-TOF mass spectrum of 2. The inset shows the
isotopic distribution pattern of the molecular ion peak by HR-MALDI
MS.
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Figure 2. "H NMR spectrum (600 MHz, CDCl; + 0.1% d;s-NEt,) of 2.

Figure 3. Molecular structure (a) and X-ray structureP® (b) of the
model compound 3. For details (synthesis and characterization) see
the Supporting Information. Hydrogens are omitted in (b) for clarity.
Ellipsoids are at a 50% probability level.

protons is somewhat too high, suggesting that this has its
origin in their rotational freedom and thus a different
relaxation time than for all the other protons of the rigid
scaffold.?) Indeed the number of aromatic carbon nuclei
found by *C NMR spectroscopy is 17, exactly as expected,
excluding the presence of impurities (such as remaining
phenylacetylene or other by-products). By diffusion-ordered
NMR spectroscopy (DOSY) in CDCl; at room temperature
a diffusion coefficient of D =3.52 10" m?s ™! was measured,
corresponding to a solvodynamic radius of rg=1.14 nm,
which is close to the maximum outer diameter (approx.
2.7nm) found for this structure by X-ray diffraction
(Figure 4). In the IR two characteristic imine peaks are
found 1550 cm™' and 1625 cm™', which are comparable to
those of model compound 3 (1550 cm™' and 1618 cm™).
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Figure 4. X-ray crystal structure of 2.°% a) Molecular structure with
hydrogen atoms omitted for clarity. b) Cubic unit cell with accessible
surface area for a probe of radius 1.62 A, view along cell diagonal.

By diffusion of an ammonia/ethyl acetate mixture into
a solution of 2 in dichloromethane at room temperature
single-crystals of 2 were obtained, which were analyzed by X-
ray diffraction (Figure 4). The compound crystallizes in the
cubic space group P43n with eight molecules in the unit cell.
Electron density of highly disordered solvate molecules
needed to be removed by the SQUEEZE routine function
of PLATON to allow the structure to be solved and refined.””
By the Povarov cyclization the flexibility of the bonds within 2
is substantially reduced in comparison to those in 1. As
a consequence, all nitrogen electron lone-pairs are conforma-
tionally fixed endo to the cavities interior. Therefore, two
nitrogen atoms have to strongly interact with the phenolic
hydroxy groups, leading to a conformationally restricted
repulsion of lone pairs, which is reflected in larger thermal
ellipsoids of these quinoline and phenol atoms, which most
likely rapidly slide back and forth even in the crystalline state.
The distance between the inner triptycene bridgeheads form
an almost regular tetrahedron with edge length of 11.1 A. The
cages are loosely packed by intermolecular forces, such as
week CH-n or m—mt stacking and London dispersion inter-
actions.

The as-synthesized material of 2 has an amorphous but
porous structure (see SEM images and PXRD in the
Supporting Information). The pores were activated by
immersing the material in Et,0 (2x) and n-pentane (5 x)
before thermal treatment at 250°C and vacuum (10~° mbar)
overnight. By nitrogen sorption at 77 K a specific surface area
of 698 m?g ! was measured (Figure 5). The isotherms are best
described as a combination of type I (microporous) and type
I1 (macroporous or nonporous).’® By QS-DFT?* the most
intensive peak is found for a pore-width at 12.6 A besides less
intensive broad peaks at 22.6 and 40 A. The first one is in
good agreement to the minimum inner diameter of the cage
model (15 A). The uptake of other gases was investigated too.
At 273K and 1bar, 2.72mmolg' (12.0wt%) CO,,
1.15 mmolg ' (1.85 wt%) CH,, and 5.17 mmolg " (1.0 wt %)
H, were adsorbed.

The chemical and thermal stability of the compound was
tested. A sample was heated to 350°C and showed, after
cooling to room temperature, no difference in the '"H NMR
spectrum. Still, the MS showed only the peak of the quinoline
cage at m/z = 3418 with its characteristic isotopic distribution
pattern. Neither under very harsh acidic conditions (concen-
trated sulfuric acid, pH —1.9), nor under harsh basic
conditions (concentrated NaOH, pH 15.2) does the com-
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Figure 5. Nitrogen sorption isotherm at 77 K and QS-DFT pore-size
distribution (inset) of 2. Filled symbols: adsorption, open symbols:
desorption.

pound decompose. The nearly quantitative recovered mate-
rial was neutralized and the recorded 'H NMR spectra again
showed no difference to the compound before treatment. This
range is to the best of our knowledge, the largest pH window
in which a shape-persistent organic cage is stable (for
comparison the [4+6] amide cage is pH-stable from —1 to
14.5).51 Tt is worth mentioning that 1 decomposes at pH 3 or
beyond pH 11 (see the Supporting Information).

In contrast to the previously reported [4+6] amide cage,
the extended fused aromatic quinoline units allowed us to
study the acidochromism of this cage. By the naked eye,
a clear color change is detected both in the solid state and in
solution. Under basic or pH neutral conditions the compound
is pale yellow, whereas when acidic it is bright red to orange
(Figure 7). Because 2 is well soluble in CHCl; and CH,Cl,,
(>130 mgmL™") and also in THF or toluene (approx.
30 mgmL™"), the reversible acidochromism was studied in
more detail. By UV/Vis titration of 2 with trifluoroacetic acid
in dichloromethane two pK, values of 9.2 and 13.2 were
determined. These values are comparable but slightly differ-
ent to those of the model compound 3 (pK,; =9.1 and pK,,
13.5).

As mentioned above, 2 shows a pronounced acidochrom-
ism. It is pale-yellow in neutral or basic media and red in
acidic media. Furthermore, 2 shows in the protonated form
a characteristic emission dependency on the acid concentra-
tion (Figure 6). For instance, if trifluoracetic acid is added, the
emission increases up to the point of three equivalents of acid
to show a local maximum at 565 nm. After that, the emission
decreases upon further addition of acid, before getting much
stronger with a slightly bathochromically shifted peak at
575 nm, having an emission maximum at 3 x 10* equivalents
of TFA. In the presence of sulfuric acid, a very similar
behavior can be found, with the same two emission maxima.
In contrast, the much weaker acetic acid (pK,=4.76) is not
able to protonate each bisquinoline unit twice and thus a high
concentration of 10* equivalents is needed to show the first
emission maximum at 565 nm. At higher concentration the
second emission maximum at 575 nm is not observed, clearly
underlining the prior determined pK, values. Those phenol
quinoline units should also be able to act as a ligand for
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Figure 6. Acid concentration dependent emission profiles of a solution
of 2 (¢=2.76x107° molL™") in dichloromethane. a) Acetic acid; b) Sul-
furic acid, c) TFA, and d) BF;-Et,0.

transition metals or “BF,” units to generate boroquinoles.!
Therefore, we tested the emission dependency upon the
addition of BF; etherate. Here we see three emissions:
1) 566 nm at low concentration; 2) 580 nm at higher concen-
tration, comparable to the event with TFA; and 3) at larger
BF;-Et,0 concentration the emission is hypsochromically
shifted towards 483 nm, which is different from the events
observed for Brgnsted acids.

Recently, covalent organic frameworks (COFs) were
described for humidity sensing® and acid sensing,”” showing
detectable color changes by the naked eye. As-synthesized
COFs are usually insoluble solids or powders and to generate
thin-films of those, they need to be grown on the substrate by
distinct protocols. However, COFs are made by reversible
reactions, such as imine condensations, and are therefore,
with a few exceptions, chemically less robust against aqueous
basic or acidic conditions. This lack of robustness may explain
why only pure water, pure organic solvents, or pure acids have
been used for sensing these by COFs. As has been demon-
strated previously by us and others, porous organic cages have
the advantage to be solution processable.* Therefore, thin
films of 2 were made by drop-casting a dioxane solution of 2
onto glass (Figure 7). This thin-film could be switched in color
from pale yellow to bright (fluorescent) red by exposing it to
(diluted) hydrochloric acid vapors or aqueous ammonia
vapors, and it is highly reversible (see the Supporting
Information). After the adsorption of acidic vapors (here
HCI), the film can also be regenerated by heat. Furthermore,
the film-coated glass can be dipped into water, aqueous
solutions of hydrochloride acid, or ammonia and stays fully
intact. MALDI-TOF MS analysis afterwards showed that 2
does not decompose. It is worth mentioning that the imine
cage 1 could also be used to make a thin-film on glass, showing
a comparable switch in color and fluorescence, if treated with
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Figure 7. Acidochromism of 2 in the bulk (a,b), solution (c,d), and as
thin film (e-h). a,c,e) pH neutral or basic. b,d,f) pH acidic. g) Film
under UV (254 nm) held over an open vial containing HCl,,. h) Film
under UV (254 nm) held over an open vial containing NH; .

acidic or basic vapors and is thus comparable to the
aforementioned recently reported COF-films.”™ But as
soon as this film is dipped into acidic or basic aqueous
solutions, the film, as well as 1, are rapidly decomposed by
hydrolysis—something that most likely will also happen to
thin films of imine linked COFs.

To summarize, a chemically and thermally very robust
shape-persistent quinoline cage has been synthesized in 25 %
yield by a twelve-fold Povarov reaction of a [446] salicylimine
cage with phenylacetylene. In contrast to prior post function-
alizations of this and other imine cages,'*>?! this conversion
was achieved in one step. The quinoline cage shows a charac-
teristic acidochromism, which was used in combination with
its solubility to generate thin-films for sensing of either acid or
base vapors.

Experimental Section

For Experimental Details, see the Supporting Information.
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