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§Max-Planck Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Mülheim an der Ruhr, Germany

*S Supporting Information

ABSTRACT: The first shape-persistent macrocycle 1 offering a Brønsted pair functionalized interior is described. Via
postcyclization transformation, this heterosequenced compound can be obtained from its corresponding ester 2. The
macrocycles differ dramatically in their characteristics such as solubility and appearance. Theoretical investigations suggest that
those contrasts might originate from conformational changes due to the formation of a strong O−H−N hydrogen bond in 1.

The design of complex and well-defined, purely organic
architectures is a vital field in modern chemistry. Thereby

structures of different dimensions such as macrocycles,1 cages,2

and periodical covalent organic frameworks have been
developed.3 Some of the structures have been found to be
suitable materials for gas storage,4 as receptors,5 or as catalysts.6

Among them, shape-persistent macrocycles consisting of fully π-
conjugated backbones are a fascinating class of compounds.
Examples are cyclic phenylene macrocycles,7 phenylene−
ethynylene macrocycles,8 heterocycle−ethynylene macrocycles,9
and mixed phenylene−heterocycle−ethynylene macrocycles.10

In particular, their assembly on surfaces,10 their photophysical
properties,11 and host abilities have been studied.12 Most
reported shape-persistent macrocycles are highly symmetrical
compounds that are often synthesized via homocouplings.1 As a
consequence, their interior, which significantly determines their
characteristics, is also symmetrical. The design of hetero-
sequenced interiors may lead to new applications as organo-
catalysts, trans-ligands for transition metals or the selective
encapsulation of polar guest compounds. To date, examples of
shape-persistent macrocyles offering a heterosequenced, less
symmetrical interior are rare.10,13 In this regard also, only a
limited scope of functional groups have yet been employed in
such heterosequenced interiors. In particular, an opposing
functionalized interior is of high interest, as it might offer new
opportunities in encapsulation chemistry and catalysis.
Within the work presented here, we pursue the synthesis of the

conceptually new heterosequenced shape-persistent macrocycle
1 (Scheme 1). Compound 1 offers a bifunctionalized interior that
consists of a Brønsted pair, namely, a carboxylic acid and a

pyridine base moiety. To our knowledge Brønsted pair
functionalized interiors are unprecedented for shape-persistent
macrocycles.
We envisioned that 1 could be obtained via a postcyclization

transformation from ester-functionalized macrocycle 2 (Scheme
1). Terminal dialkyne 3 and diiodide 4 seemed to be promising
substrates for a macrocyclization via a Sonogashira reaction. As
macrocycles 1 and 2 contain mainly arylene and ethynylene
units, self-aggregation via π-stacking might occur.14 Other self-
aggregated shape-persistent macrocycles have shown to be
heterogeneous catalysts.15

The synthesis of building blocks 3 and 4 is depicted in Scheme
2. Compounds 5, 6, and 7 have been synthesized similar to a
protocol described by Höger.8 From 6 and 7, macrocycle
precursors 3 and 4 are obtained via common Sonogashira
reaction and deprotection strategies.
With 3 and 4 in hand the macrocyclization toward the ester

and pyridine functionalized compound 2 via Sonogashira
reaction was explored. An initial experiment was carried out at
40 °C using triethylamine (substrate concentration 0.01 M) as
the solvent. Unfortunately, 4 is badly soluble in triethylamine,
which resulted in a complicated product mixture and ca. 50%
recovered 4. In a second attempt, a NEt3/THF 2:1 solvent
mixture was used. In this case, product formation was observed,
while the yield was rather low (10%). We concluded that slow
addition of a THF solution of 3 and 4 (0.15 mmol solved in 15
mL THF) to a solution of catalysts in NEt3 (20 mL) might
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improve the yield. After filtration of insoluble reaction products
(probably oligomers), extraction with CH2Cl2 and purifying by
column chromatography (eluent CHCl3), 2 could be isolated in
28% yield. Further optimization on the addition rate and a higher
THF/NEt3 ratio prevented formation of insoluble byproducts
and gave 2 in a good yield of 43% (Scheme 3).
Macrocycle 2 has been characterized via high resolution ESI-

MS, elemental analysis, 1H NMR, 13C NMR, DOSY, H,H-
COSY, and IR spectroscopy. The ESI-MS analysis indicated the
formation of 2 by showing a signal at m/z = 1380.5781, which
corresponds to [2 + H+] (theoretical value m/z = 1380.5719).
No signals with higherm/z values have been detected. However,
weak signals corresponding to a double charged species [(2 +
H+)2] were observed.
Figure 1 shows the 1H NMR spectra of 3, 4, and 2 from 9.0 to

3.0 ppm (for full spectra see the Supporting Information). From
the signals around 6.9 and 8.3 ppm in (a) and (c) it can be
concluded that the pyridine moiety is present in 2 and 3. The
characteristic signals of the terminal alkynes around 3.2 ppm
disappeared completely in Figure 1c. The signal in Figure 1b at
around 7.9 ppm corresponds to the proton that is in ortho-
position to the iodine and the alkyne in 4. This signal has
completely disappeared in Figure 1c. The spectrum of 2 shows a
signal around 3.8 ppm that corresponds to the methyl ester
moiety. The 13C NMR spectrum of 2 shows six signals between
90 and 87 ppm corresponding to the three different internal
alkynes (see Supporting Information). Overall, it can be
concluded that 2 is pyridine and carbocyclic ester functionalized
and contains three internal alkynes, while no terminal alkyne or
aryl iodide functionalization is observed. Additional NMR

analysis using DOSY and H,H-COSY techniques further confirm
the successful synthesis and isolation of 2 (see Supporting
Information).
Notably, the signals in Figure 1c are relatively undefined and

broad. The protons in 2 should show up as 25 different signals
that are often overlapping while showing different multiplicity. It
is known that such macrocycles can adapt different conforma-
tions that may lead to more complicated 1H NMR spectra.16 In
addition, it has been shown for related systems that broad signals
can be caused by hindered rotations within the macrocyclic

Scheme 1. Retrosynthetic Analysis of the Shape-Persistent Heterosequenced Macrocycle 1

Scheme 2. Synthesis of Building Blocks 3 and 4

Scheme 3. Synthesis of the Brønsted Pair Functionalized Macrocycle 1 via 2

Figure 1. 1H NMR spectra of (a) 3, (b) 4, (c) 2, (d) 1, and (e) 1 plus 1
equiv of DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) (9.0−3.0 ppm).
Spectra were recorded in CD2Cl2 at 25 °C.
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structures.16 Indeed, when 2 is measured in deuterated 1,2-
dichlorobenzene at 95 °C, signals of the para-substituted
phenylrings belonging to the macrocyclic core are more defined
(see Supporting Information). Broad signals could also be the
result of π-stacking phenomena.17 This is supported by three
observations. Clear CD2Cl2 solutions of 2 form an ordered and
insoluble precipitate during longer NMR measurements. In
addition, ESI-MS shows weak signals of dimeric [(2 + H+)2].
Finally, when a dichloromethane solution of 2 is evaporated, 2 is
obtained in one piece that has the appearance of a yellowish thin
foil (see Supporting Information).
With 2 in hand we investigated its potential for a

postcyclization manipulation to obtain macrocycle 1 that offers
a Brønsted pair functionalized interior. Unfortunately, an initial
approach of basic hydrolysis using aq. NaOH in THF failed.
However, employing aqueous tetrabutylammoniumhydroxide in
THF followed by an acidic workup result in the formation of 1 in
74% yield (Scheme 3). Compound 1 has been characterized by
1H NMR, elemental analysis, IR and ESI-MS measurements. It is
poorly soluble in chlorinated solvents and insoluble in all other
solvents tested (e.g., toluene, cyclohexane, THF, ether,
methanol). Nevertheless we were able to record a 1H NMR
spectrum of 1 in CD2Cl2, which shows no methyl ester signal at
3.8 ppm anymore (Figure 1d); for full spectrum see Supporting
Information). Instead traces of methanol were observed. The
pyridine signals became even broader while also showing a
discrete doublet; this may indicate a partial protonation of the
pyridine nitrogen in solution. Comparing the IR spectra of 2 and
1 shows a small shift of the absorption in the carbonyl region
from 1720 to 1715 cm−1. This can be a further indication for the
successful carboxylic acid formation. However, the IR spectra do
not indicate a protonation of the pyridine moiety in the solid
state. To our delight the ESI-MS showed a signal at m/z =
1366.5596 that corresponds to [1 +H+] (theoretical valuem/z =
1366.5563). Beside this the only signal that is observed abovem/
z = 300 corresponds to 2 and the dimeric forms [(1 + H+)2] and
[(2 + H+)2]. Samples of 1 contain only traces of 2 that may be
easier ionized than 1 as the 1HNMR of 1 shows clearly nomethyl
ester signals. Elemental analysis provides further evidence that 1
has been successfully synthesized as the measured and calculated
values for carbon, hydrogen, and nitrogen match nicely
(measured, C = 91.23%, H = 5.31%, N = 0.95%; calculated, C
= 91.40%, H = 5.24%, N = 1.02%). All attempts to obtain crystals
suitable for X-ray diffraction analysis resulted in the formation of
amorphous solids. To the best of our knowledge, 1 is the first
opposing functionalized shape-persistent macrocycle that offers a
Brønsted pair functionalized interior.
In order to obtain insight into the preferred conformations of 1

and 2, DFT calculations were carried out with the ORCA
program package.18 The geometries of 1 and 2 were optimized
using a computational setup that yielded accurate results in a
large set of benchmark calculations on organic molecules (see

Supporting Information).19 As depicted in Figure 2a the
carboxylic acid and the pyridine in the interior of 1 form a
stable (see below) adduct. The key feature of this adduct is an
almost perfectly linear O−H−N hydrogen bond (∠(OHN) =
178.9°) with an O−H distance of 1.03 Å and a N−H distance of
1.67 Å. Such a N−H interaction could explain the observed
broadened pyridine signal in the 1H NMR spectrum of 1. In
order to provide the linear alignment of the two functional
groups, the arm that bears the pyridine is tilted out of the
molecular plane. As a consequence the entire ring structure of 1
takes a slightly arched form (Figure 2a). However, since the
curvature is small the structure of 1 should still allow for parallel
assembly of multiple molecules chaperoned by π-stacking effects.
Moreover, we would like to note that the ring experiences a
minor ring strain reflected in alkyne bond angles between 176.5°
and 178.0°.
The strength of theO−H−Nhydrogen bond was estimated by

optimizing a second, metastable conformer where the two
functional groups do not form a hydrogen bond (see Supporting
Information). The energy difference between the two con-
formers is calculated to be 30.9 kcal/mol. Although the energy
difference depends on all geometric changes between the two
conformers, we assume that a large fraction of it can be attributed
to breaking the strong hydrogen bond between the carboxylic
acid and the pyridine. In contrast to the observations made for 1
no hydrogen bond can be formed between the pyridine and the
ester in 2. Owing to this lack of a bonding interaction and the
increased steric demand of the methyl group, the two arms of 2
undergo a rather strong tilting movement out of the molecular
plane (Figure 2b,c). Two stable conformers could be optimized
with the two functional groups located on the same side or on
opposite sides of the ring resulting in a boat-like or chair-like
structure, respectively (Figure 2b,c). According to our DFT
calculations, the boat-like structure is by 4.4 kcal/mol more
stable. A relaxed surface scan indicates that the barrier for the
interconversion between both conformers is on the order of ∼3
kcal/mol (see Supporting Information). The lack of a strong O−
H−N hydrogen bond and the concomitant increased accessi-
bility of the functional groups of 2 might be the cause for its
different solubility and macroscopic appearance as compared to
1.
To investigate the bifunctional nature of 1, its behavior toward

DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) as a strong base and
trifluoroacetic acid as a strong acid has been studied. Upon
addition of 1 equiv of DBU to 1, its 1H NMR spectrum changes
dramatically (see Figure 1e). The spectrum depicted in Figure 1e
looks similar to that of 2 (Figure 1c). Comparing those, it appears
that the signal at 7.0 ppm in Figure 1c, which corresponds to the
protons next to the carboxylic ester group, has shifted in Figure
1e and overlaps with the pyridine signal at 6.8 ppm. Furthermore,
due to addition of base, the solubility of 1 increases. The addition
of trifluoroacetic acid also results in a more defined 1H NMR

Figure 2. Preferred conformations of 1 (a) and 2 (b,c) as obtained fromDFT geometry optimizations. In the case of compound 2, two stable conformers
with chair-like (b) and boat-like (c) structures were obtained.
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spectrum (see Supporting Information). However, while base
addition influenced the shifts of protons next to the carboxylic
acid moiety, addition of acid does not result in significant shifts. A
DFT optimization of 1+H+ confirms that it structurally
resembles 1 as it features a N−H−O hydrogen bond and almost
perfectly linearly arranged arms (see Supporting Information). In
contrast to the above described hydrogen bond in 1, the
hydrogen in 1+H+ is located closer to the pyridine moiety than to
the carboxylic oxygen (d(N−H) = 1.05 Å and d(O−H) = 1.68
Å). This arrangement thus corresponds to a protonated pyridine
that is stabilized by the carboxyl group. The arms of 1-H+,
however, are strongly tilted, similar to those of 2, which could
explain the similarity between the spectra in Figure 1c,e.
In conclusion, we synthesized shape-persistent macrocycle 2,

which can be transformed into macrocycle 1. This offers a new
and unsymmetrical functionalized Brønsted pair interior that to
our knowledge is unprecedented. Computational investigations
revealed that 1 features a strong interaction between the
carboxylic acid and the pyridine enforcing an almost planar
structure. Addition of base disturbs this interaction while leading
to conformational changes. We believe that conceptually new
opposing functionalized shape-persistent systems such as the
presented ones can play an important role in material science,
supramolecular chemistry, and catalysis.
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