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ABSTRACT: A new class of macrocycles denoted as “xan-
thene[n]arenes” was synthesized. In contrast to most other macro-
cycles, they feature a rigid bowl-shape, required for the synthesis
of cavitands and for the self-assembly to molecular capsules via
non-covalent interactions. The derivatization potential of the novel
macrocycles was demonstrated on the xanthene[3]arene scaffold.
Beside a deep cavitand, a modified macrocycle was synthesized
that self-assembles into a hydrogen-bonded tetrameric capsule.
Both supramolecular systems display host-guest binding proper-
ties, demonstrating the potential of xanthene[n]arenes as a new set
of macrocyclic building blocks.

Macrocycles have been a cornerstone in supramolecular chemistry
since its beginning, which was marked by the discovery of crown
ethers.! A wide variety of macrocycles featuring different degrees
of rigidity and sizes has been developed and explored intensively
ever since.” An important subset of these macrocycles is comprised
of rigid, bowl-shaped derivatives, which are required for the con-
struction of cavitands® and closed host structures like (hemi)carcer-
ands.” 244 Moreover, the self-assembly of molecular capsules via
non-covalent interactions depends on such bowl-shaped macrocy-
cles.® These macrocycles mainly comprise phenol-based systems
like the calixarene family of compounds (1, Figure 1a),° including
resorcinarene (2)/ pyrogallolarene (3),” and also the cyclotrivera-
trylene (4).® Naturally, it was attempted to broaden this subclass of
macrocycles by replacing the benzene-based building blocks via
larger, for instance naphthalene-derived ones. Unfortunately, all at-
tempts have failed to deliver symmetric, bowl-shaped macrocycles
as of yet.” During the last decade, many new large phenol-based
macrocycles, including 5-10 (Figure 1b)!° have been reported.!!
Importantly, in contrast to 1-4, they do not feature a rigid bowl-like
structure but a flexible, more parallel orientation of the aromatic
rings.

Herein we report the synthesis of new, exceptionally large, rigid,
bowl-shaped macrocycles X-3 and X-4 (Figure 1c), composed of
three or four xanthene units, respectively, and propose the name
“xanthene[n]arenes” (X-n). We demonstrate that they are well
suited for to the construction of deeper cavitands and for the self-
assembly to hydrogen bond-based molecular capsules.

The known xanthene 11 can easily be obtained on the decagram
scale from acetone and resorcinol in the presence of the Lewis acid
ZnClz (Scheme 1).'2 In analogy to the calixarene/resorcinarene syn-
theses, a direct macrocyclization of 11 and different aldehydes un-

der acidic conditions was attempted. However, no traces of xan-
thene[n]arenes were detected via '"H-NMR and ESI-MS analysis.
Therefore, we decided to attempt macrocyclization in a head to tail
manner from the prefunctionalized monomer 17 equipped with the
side chain and the reactive benzylic alcohol moiety. Compound 17
is accessible via a simple four-step procedure. After benzyl protec-
tion in high yield (92%), the selective mono-formylation was
achieved using Vilsmeier-Haack conditions in excellent yield
(96%).
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Figure 1. Xanthene[n]arenes extend the narrow field of rigid,
bowl shaped macrocycles as its largest representative.



Scheme 1. Synthesis of Xanthene[n]arenes 21 - 24.
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Subsequently the benzyl groups were removed using TFA, to de-
liver aldehyde 14 (62%). Finally, Grignard-addition yielded the de-
sired benzylic alcohol 17 (75%). Extensive screening of cyclization
conditions, using different acids, solvents, and concentrations, re-
sulted in very low yields (<5%) of the macrocyclic products in most
cases (see Sl-chapter 6.1). Gratifyingly, under optimized condi-
tions (25 mM 17, 1:9 TFA:CH2Cl, 20 h, 0 °C to rt), the xan-
thene[3]arene 21 was obtained as the major macrocyclic product in
15% isolated yield. The even larger X-4 was only observed in traces
via MALDI-MS. Attempts to increase the amount of X-4 by chang-
ing the reaction conditions failed. We speculated that the product
distribution might be shifted towards the larger X-4 by the installa-
tion of larger R!-groups that might prevent X-3 formation steri-
cally. The ethyl- and n-propyl-xanthenes 12 and 13 were obtained
in gram scale from resorcinol and the corresponding ketone using
hydrochloric acid instead of the zinc chloride utilized for 11. They
were converted to the benzylic alcohols 19 and 20 in good yields
utilizing the chemistry developed for 17. Indeed, utilizing the cy-
clization conditions optimized for the conversion of 17 to 21, con-
version of 19 and 20 led to the tetrameric X-4 structures 23 and 24
as the only defined cyclization product, albeit in very low yields
(<1%). Although the yield was terrible, the selective formation of
X-4 over X-3 was promising. Furthermore, it was found that the
product X-4 decomposes during the extended reaction time (20 h).
After extensive optimizations, shorter and milder reaction condi-
tions were found (85 mM 19/20, 1:9 TFA:DCE, 90 min, 0 °C) that
yielded the X-4-derivatives 23 and 24 in at least useful yields of
7% and 4%, respectively.

All macrocycles synthesized (21, 23 and 24) were characterized by
'H-, 13C- and 2D-NMR spectroscopy as well as ESI-HRMS meas-
urements. Additionally, the crystalline xanthene[3]arene derivative
22, featuring i-Bu instead of n-Dec feet was synthesized via alcohol
18. Single crystals suitable for X-ray crystallography were obtained
by slow evaporation of a solution of 22 in THF. The crystal struc-
ture analysis of 22 (space group: P4/n) confirms the crown confor-
mation (Csv-symmetry, Scheme 1). While the tetrahedral angles
between two adjacent xanthene units remain at 109.4°, interestingly
the dihedral angles between the two aromatic units of each xan-
thene are 16.5°, induced by the strain of the macrocycle.

After having confirmed the structure of the macrocycles, their abil-
ity to self-assemble was explored. Surprisingly, in contrast to re-
sorcinarene (2) and pyrogallolarene (3), neither X-3 nor X-4
formed assemblies in apolar solvents such as chloroform or tolu-
ene. Therefore, the derivatization of 21 was explored.

Like their smaller resorcinarene (2) counterparts, these bowl-
shaped macrocycles are an ideal platform for further modifications.
For instance, quinoxaline walls'® were introduced by nucleophilic
aromatic substitution, to deliver cavitand 25 in reasonable yield
(48%, 88% yield per substitution, Scheme 2). 25 was found to
weakly bind adamantanemethanol (26) in CDCls with a binding
constant Ka 0£23.9 2.6 M-1.

Derivatization at the upper rim of X-3 was conducted in analogy to
a literature procedure on resorcinarene.'* After NBS-bromination
(89%), and subsequent permethylation (88%), the aryl bromides
were converted into phenolic moieties via halogen/lithium ex-
change, followed by quenching with trimethylborate and subse-
quent oxidation. Product 27 was obtained in good yield considering
that six positions were functionalized (27%, 80% yield per func-
tionality). Macrocycle 27 was characterized by 'H-, '3C- and 2D-
NMR spectroscopy as well as ESI-HRMS measurements. In apolar
solvents such as chloroform and toluene, 27 self-assembles to de-
fined larger structures. Whereas the signals of the "H-NMR spectra
are broad at room temperature, the signals sharpen upon cooling
(Figure 2). At 228 K, the phenol signals resonate as sharp peaks at
12.9 and 8.8 ppm, while the signals for the aromatic C-H groups
and the methoxy-groups split into two sharp singlets each. DOSY-
NMR experiments at 298 K in toluene-ds provided a diffusion
value of D = 0.23 x 10 cm?s”!. The geometric requirements of the
C3-symmetric macrocycle 27 would, in principle, enable the self-
assembly to dimeric, tetrameric, and octameric structures. Since the
diffusion value of the self-assembled structure is a little bit higher
than for the hexameric resorcinarene capsule in the same solvent
(D=0.17 x 10° cm?s™"), a tetrameric assembly is the most likely
structure. This conclusion is further supported by guest encapsula-
tion studies (see below). Interestingly, to date, only very few exam-
ples of self-assembled tetrameric capsules are known.!”



Scheme 2. Derivatization of the Xanthene[3]arene scaffold. Molecular models of a) complex 25 c 26. b) Self-assembly of

monomer 27 into tetrameric capsule L.
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Figure 2. "H-NMR spectra of capsule I in toluene-ds (1.25 mM),
ata) 298 K, b) 228 K.

Next, the host-guest properties of the assembly were explored.
With Et4NBr as cationic ammonium guest, the formation of a pre-
cipitate was observed. The precipitate was filtered, washed, dis-
solved in acetone-ds, and analyzed by 'H-NMR measurement. A
2:1 stoichiometry of 27 and EtaNBr was found, which indicated the
precipitation of a dimeric complex (27, € EtsNBr). Dimeric assem-
blies of pyrogallolarene (3) containing ammonium species were
previously observed to form in solid state'® and as precipitates from
solution.!” Interestingly, larger ammonium guests (nBusNBr,
nPenaNBr, NBn3(BnsBu)Br) did not lead to the formation of host-
guest complexes.

Beside ammonium guest, also fullerenes were explored due to their
suitable size and spherical shape. Molecular modeling indicated
that fullerene-Ceso would fit into the cavity, while fullerene-Cro is
slightly too bulky. Indeed, guest uptake of fullerene-C70 was not
observed, while the uptake of fullerene-Cso was confirmed by '3C-
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Figure 3. 3C-NMR spectra in toluene-dg of a) capsule I
(1.25 mM), b) capsule I and fullerene-Cso (both 0.85 mM),
c) fullerene-Ceo (2.50 mM).

NMR. As shown in figure 3, mixing four equivalents of macrocycle
27 with one equivalent of Ceo resulted in almost complete encapsu-
lation of the fullerene. This not only indicates a high binding affin-
ity, but also further supports the previous evidence for a tetrameric
assembly I (see SI-chapter 6.2 for further titration data). DOSY-
NMR experiments furthermore provided a diffusion value of
D =0.24 x 10" cm?s™! for the host-guest complex, confirming the
structural stability of assembly I upon guest uptake.

In summary, we have developed a novel class of exceptionally
large, rigid, bowl-shaped macrocycles denoted xanthene[n]arenes.
The selective synthesis of xanthene[3]arenes or xanthene[4]arenes
was achieved through modulation of the steric hindrance at the
C9-position of the monomer (methyl, ethyl, #n-propyl). The macro-
cycles are amenable to further modifications as demonstrated for
X-3. Cavitand 25 and macrocycle 27, which is able to self-assemble
to a tetrameric capsule, were synthesized in one and three steps,
respectively. Both supramolecular hosts displayed guest binding
properties. Macrocycles with an intrinsic curvature are essential for



the construction of closed container molecules like molecular cap-
sules. Only very few suitable building blocks are available as of
yet. Importantly, all available macrocycles are rather small with a
diameter of approx. 7 A. In contrast, the developed macrocyles X-3
and X-4, feature a diameter of 9.6 and even 14 A, respectively.
Rigid, bowl-shaped macrocycles of this size are unprecedented.
Considering the current interest directed to the synthesis of novel
macrocyclic hosts and self-assembling systems, we are convinced
that they will serve as valuable platforms for the construction of a
wide range of host structures, far beyond the two examples we re-
port in this letter.
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