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Abstract

We report here a fully organic, self-assembled dimeric receptor, constructed from acyclic
naphthyridyl-polypyrrolic building blocks. The cagelike dimer is stable in the solid state, in
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solution, and in gas phase, as inferred from X-ray diffraction and spectroscopic analyses. This
system acts as a receptor for oxalic acid, maleic acid, and malonic acid in the solid state and in
THEF solution. In contrast, acetic acid, propionic acid, adipic acid, and succinic acid, with pK;
values > ca. 2.8, were not bound effectively within the cagelike cavity. It is speculated that oxalic
acid, maleic acid, and malonic acid serve to protonate the naphthyridine moieties of the host,
which then favors binding of the corresponding carboxylate anions via hydrogen-bonding to the
pyrrolic NH protons. The present naphthyridine—polypyrrole dimer is stable under acidic
conditions, including in the presence of 100 equiv trifluoroacetic acid (TFA), p-toluenesulfonic
acid (PTSA), H,SOy4, and HCI. However, disassembly may be achieved by exposure to
tetrabutylammonium fluoride (TBAF). Washing with water then regenerates the cage. This process
of assembly and disassembly could be repeated >20 times with little evidence of degradation. The
reversible nature of the present system, coupled with its dicarboxylic acid recognition features,
leads us to suggest it could have a role to play in effecting the controlled “capture” and “release”
of biologically relevant dicarboxylic acids.
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INTRODUCTION

One of the current challenges in supramolecular chemistry is to create receptors that are
produced from relatively simple components through self-assembly. Recently, considerable
progress has been made in the area of metal-supported cages,~6 many of which display
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features, including recognition3> and catalysis,* that are not replicated in the case of
receptors prepared through more conventional syntheses. In contrast, the corresponding
chemistry in the case of purely organic self-assembled systems is far less well developed.
However, a number of elegant systems have been reported where purely organic precursors
undergo self-assembly via hydrogen- or halogen-bonding interactions to produce
supramolecular receptors for various complementary guests.’~12 Of particular interest are
so-called cages produced through the dimerization of complementary monomers.”:8:12 To
date, self-assembled cages have permitted the effects of solvent-isolated environments to be
explored in detail and a range of “chemistry within a cage” studies to be carried out.13-15
However, at present only a few general classes of cages are known. New cages are thus
needed if the full potential of this approach to self-assembled receptor design is to be
realized. Here we report a 1,8-naphthyridine-based tetrapyrrolic acyclic synthon (7) that is
able to create a cagelike macrocyclic dimer through hydrogen-bond driven self-assembly.
The resulting construct acts as an effective receptor for oxalic acid, maleic acid, and malonic
acid in THF. Selectivity for these biologically relevant dicarboxylic acids is maintained even
when other mono- and dicarboxylic acids are present in excess. The present cage is stable in
the presence of excess mineral acid (e.g., HCI or H,SO,). However, it can be dissociated and
reassembled by treatment with TBAF and washing with water, respectively.

Organic dicarboxylic acids play important roles, both favorable and unfavorable, in human
physiology.16-18 For example, oxalic acid is responsible for joint pain and kidney failure
through precipitation of calcium oxalate.1® This makes these dicarboxylic acids important
targets for supramolecular chemists.2%-21 However, recognition of such species is made
challenging due to their characteristic sizes, shapes, pKj profiles, and slightly hydrophilic
nature. Indeed, there are only a handful of reports of dicarboxylic acid recognition in the
literature.22-27 Exacerbating the problem is the need to account for geometric isomers, e.g.,
maleic acid (Z-isomer) vs fumaric acid (£-isomer). As detailed below, we have prepared a
cagelike supramolecular receptor 7+7 via the self-assembly of 7 (cf. Scheme 1 and Figure 1).
Dimer 7+7 is stabilized by four pyrrole NH-ester oxygen hydrogen-bond interactions. It
retains its integrity in acidic media and is able to bind oxalic acid, malonic acid, and maleic
acid, effectively in THF, but not fumaric acid and others having pKj values > ca. 2.8.
Binding is achieved as the result of proton-coupled anion recognition within the self-
assembled cage. The present supramolecular macrocyclic receptor adds to our understanding
of dicarboxylic acid recognition by providing an easy-to-implement approach that provides
for high reversibility and selectivity.

RESULTS AND DISCUSSION

The monomer 7 used to create cage 7+7 incorporates bulky ethyl groups on the S-positions
of the pyrroles; this creates a sterically crowded environment that enforces an orthogonal
arrangement of the terminal pyrrole moieties relative to the mean plane defined by the three
central heterocyclic molecules. These terminal pyrroles and their ester functionalities, in
turn, promote the formation of the cagelike dimer 7+7, via C=0---HN hydrogen-bonding
interactions involving two neighboring acyclic units of 7. The result is a pseudorectangular
cavity of average inner core diameter of ca. 10 A, which was judged suitable for small
dicarboxylic acid recognition. Support for this latter contention came from solid-state single
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crystal X-ray diffraction analyses along with solution phase *H NMR, UV-vis absorption,
and fluorescence spectroscopic titration studies (vide infra).

Synthetic Route to the Acyclic Polypyrrolic Synthon, 7.

The synthesis of the 1,8-naphthyridine-appended acyclic tetrapyrrolic receptor, 7, is
summarized in Scheme 1. The key precursor, 1, was synthesized in accord with a literature
procedure.?8 Precursor 3 was prepared via a Pd(11)-acetatecatalyzed Suzuki-Miyaura cross-
coupling reaction using commercially available 2,7-dibromo-1,8-naphthyridine, 2, following
a literature report.2 Subjecting 3 to hydrolysis using aqueous NaOH, followed by high
temperature decarboxylation of the resulting intermediate 4, yielded the reactive a-free
dipyrrole 5. lodination of 5 at both terminal a-pyrrolic positions gave 6, which was then
subjected to a Pd(0)-catalyzed Suzuki—-Miyaura cross-coupling reaction to give 7 in overall
good yield.

All new compounds were fully characterized by 1H and 13C NMR spectroscopy, as well as
mass spectrometric analysis. The structure of 7 was confirmed via a single crystal X-ray
diffraction analysis (vide infra); this revealed formation of a self-assembled dimer (7¢7) in
the solid state. Evidence that a dimeric form was retained in solution and in the gas phase
came from an analysis of the ESI-TOF mass spectrum (see Figure S16 in Supporting
Information).

X-ray Diffraction Analyses.

Crystallographic data have been deposited in the Cambridge Crystallographic Data Centre
(CCDC) under reference numbers CCDC-1937460, 1937464, 1951161, 1951162, 1951163,
and 1951164. Single crystals suitable for X-ray diffraction analysis were grown either from
THF or CHClj3 solutions of 7, diffused with hexanes (cf. Supporting Information for further
details). Analysis of the resulting structure revealed that the diethylpyrrole subunits attached
to the central 1,8-naphthyridine are coplanar (cf. Figure 1a). However, the two terminal
diethylpyrrole moieties are almost perpendicular to the mean plane containing the 1,8-
naphthyridine and its two adjacent diethylpyrroles (Figure 1a). This latter distortion is
attributed to the presence of sterically hindered ethyl groups on the B-positions of all four
pyrrole units. In the event, a conformation is established for 7¢7 (Figures 1b,c) that is
preorganized for the formation of a hydrogen-bonded supramolecular cagelike structure.
Analysis of the space filling model of the self-assembled structure, 7¢7, revealed a large
rectangular inner cavity (Figure 1d). The “total potential solvent occupied void volume”
calculated using the PLATON crystallographic software3? was found to be ca. 825 A3 (or ca.
30% of the per unit cell volume of 2692 A3). Meanwhile, the presence of two basic 1,8-
naphthyridine units (pKj;; of 1,8-naphthyridine = 3.39 in aqueous media) within this
supramolecular cavity led us to envision that this self-assembled cage might provide an
environment suitable for acidic substrate recognition, including mono- or dicarboxylic acid
guests.

Diffraction grade single crystals of the key precursor, 3, could also be obtained. In this case,
the resulting structure (Figure 1e) did not reveal a system appropriately oriented for the
formation of a cagelike dimer. Rather, precursor 3 exists in the form of a one-dimensional
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infinite linear/zigzag hydrogen-bonded network(3), in the solid state (cf. Figure 1f). A
comparison of these two solid-state X-ray structures, (3), vs 7¢7, reveals the
preorganizational benefits provided by the two sterically crowded terminal esterified
pyrroles in the case of 7. However, it is important to appreciate that, as crystallized 7+7
encapsulates four CHCI3 solvent molecules as guests (cf. Figure 2a).

Given the above structural insights, an effort was made to test whether 7+7 could act as a
receptor for mono- and dicarboxylic acids of biological and environmental interest.
Specifically, we tested acetic acid (pK; = 4.76 in water), TFA (pK; = 0.23 in water),
propionic acid (pK; = 4.88 in water), oxalic acid (pK31 = 1.24 in water), maleic acid (pKj1 =
1.90 in water), malonic acid (pKj31 = 2.83 in water), fumaric acid (pK31 = 3.03 in water),
succinic acid (pKa1 = 4.20 in water), and adipic acid (pKyy = 4.43 in water). These species
provide a sampling of size, geometries, and pK; values. As detailed below, receptor 7«7 was
found to accommodate small dicarboxylic acids as their monocarboxylate anions (e.g.,
hydrogen oxalate (Hoxalate™), hydrogen maleate (Hmaleate™), and hydrogen malonate
(Hmalonate™), respectively) following proton transfer. As inferred from X-ray structural
analyses and spectroscopic studies, carboxylic acids having pKj; values < ca. 2.8 protonate
the naphthyridine N atoms; this creates a positively charged environment inside the cavity
suitable for carboxylate anion recognition. However, acids having pK; values higher than 2.8
were found not to interact with this receptor. On the basis of a suggestion of a reviewer,
larger acids having pKj values <2.8, e.g., 4,4’ -biphenyldisulfonic acid (BPDSA, pKy; =
-3.0), tetraphenylporphyrin tetrasulfonic acid (TPPTSA, pKj1 = —2.10) were also tested as
potential substrates. Again, a combination of 1H NMR, UV-vis, and fluorescence
spectroscopic analyses revealed evidence of binding (cf. Figures S32, S40, and S45).
Although the specific nature of the resulting complexes could not be determined from these
studies, these findings were taken as evidence that the pKj of the acids plays an important
role in defining the molecular recognition features of 77.

A single crystal X-ray diffraction analysis of 7¢7 cocrystallized with maleic acid revealed
that each naphthyridine unit is singly protonated. A maleate anion interacts with this
protonated naphthyridine unit and benefits from hydrogen bonding interactions involving the
inner pyrrolic NH protons. These combined effects result in encapsulation of two maleate
anions within the cavity of receptor 7+7 (see Figure 2b). Analysis of the crystal packing
diagram reveals a one-dimensional (1D) stacking of the maleic acid guests within an infinite
tunnel created by close-packed hosts (Figure 2e). Similar proton-coupled carboxylate anion
recognition was observed in the case of oxalic acid, pK31 = 1.24 in water (Figure 2c) and
malonic acid, pKy1 = 2.83 in water (Figure 2d). However, in the case of oxalic acid and
malonic acid, two additional THF solvent molecules are found within the cavity; they bridge
between two entrapped oxalic/malonic acids via hydrogen-bonding interactions.
Unfortunately, efforts to grow diffraction-grade single crystals with other mono- and
dicarboxylic acids proved unsuccessful. This was taken as an initial indication that such
species are unable to form stable host—guest complexes with 7+7.

Exposing CH2C2 solutions of the above host—guest complexes to aqueous environments
serves to release the carboxylic acid guests. In the case of oxalic acid, a distinctive visual
color change from deep bluish-violet to canary yellow is seen upon guest release (Figure
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S18). After this aqueous treatment, receptor 77 was recovered from the organic layer as
inferred from H NMR spectroscopic studies (Figure S19c). A similar observation was seen
in the case of PTSA (Figure S20). These findings lead us to suggest that receptor 7¢7 could
capture effectively a target guest molecule in an organic phase and then release it into an
aqueous collection medium. In fact, in the case of oxalic acid this process of guest capture
and release could be carried out for more than 20 cycles without evidence of appreciable
degradation of 7¢7. It is worth noting that both tetrabutylammonium oxalate and
tetrabutylammonium hydrogen sulfate salts are unable to interact with receptor 7+7;
presumably, this reflects an inability of these species to protonate the naphthyridine moieties
(Figure S21a,b).

In an effort to dissociate the self-assembled cage system composed of 7¢7 in THF, the strong
acids PTSA, H,SOy4, and HCI were added in excess. It was noticed that, even in the presence
of 100 equiv of these representative strong acids, the dimeric form of the self-assembled
cage remains intact as inferred from the X-ray structure of receptor 7«7 with H,SO4 (Figure
3). The overall geometry of this host—guest complex mirrors what was observed for cage 7+7
in the presence of other dicarboxylic acids (cf. Figure 2).

IH NMR Spectroscopic Titrations.

To understand the dynamics of host-guest complexation in solution, 1H NMR spectroscopic
titrations and IH DOSY NMR experiments were performed with various mono- and
dicarboxylic acids in THF-ag at 298 K. Upon the incremental addition of 100 equiv of oxalic
acid, maleic acid, and malonic acid to the host solution, a gradual downfield shift in the
inner pyrrolic NH proton signal at 10.55 ppm to ca. 11.82 ppm occurs (A6= 1.27 ppm) (see
Figure S22a-c). This is taken as evidence that significant host—guest interactions between
these dicarboxylic acid substrates and cage 7+7 are being established under the conditions of
these experiments. On the other hand, the terminal pyrrolic NH proton signal at 10.75 ppm
remains unshifted. Therefore, we infer that this particular proton does not play a substantial
role in substrate recognition. Rather, we suggest that it interacts with the ester carbonyl
groups of the other subunit making up the cage. Because these latter hydrogen-bonding
interactions are not perturbed by substrate binding, the terminal NH proton signal remains
relatively unchanged during the course of the titration. This is as expected for a self-
assembled dimer, namely cage 7¢7, that retains its integrity during the course of these
experiments.

Similar changes in the 1H NMR spectral features were seen when receptor 77 was titrated
against TFA (pKj; = 0.23 in water) (cf. Figure S22d). In contrast, the signals at both 10.55
and 10.75 ppm remained unshifted when the host was titrated against fumaric acid, adipic
acid, succinic acid, acetic acid, and propionic acid. We thus infer that no substantial host—
guest complexation is occurring in the latter instances (Figures S23a—d and S24a). This
absence of apparent binding may reflect their larger molecular dimensions and relatively
higher pK; values (>2.8 in water) as compared to oxalic acid, maleic acid, and malonic acid.

When the receptor was titrated against PTSA, a comparatively small shift in the NH signal at
10.75 ppm was seen (AS = 0.2 ppm). However, the inner pyrrolic NH signal at 10.55 ppm
underwent a significant downfield shift to 12.53 ppm (A& = 1.98 ppm) (Figure 4a). This
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mirrors what was seen for oxalic acid, maleic acid, and malonic acid and was likewise taken
as evidence of an appreciable host—guest interaction. Other relatively strong acids, e.g.,
H,SO4 (pK; = —3.0 in water) and HCI (pK; = —6.3 in water) induce similar spectral changes
Figure S25a,b. Specifically, no significant change in the chemical shift of the terminal NH
signal at 10.75 ppm was seen in the presence of 100 equiv of various strong acids. Again,
this was taken as evidence that cage 77 remains largely intact in the presence of these
representative strong acids (cf. Figures S30e, S31a,b, and S32a,b, respectively).

After titrating with various acidic substrates, the pristine dimeric cage 77 can be recovered
by washing with water, as inferred from IH NMR spectroscopic analyses (cf. Figure 4a).
However, the addition of tetrabutylammonium fluoride (TBAF) effectively disintegrates the
cage (Figure 4b). Presumably, this disassembly is driven by strong interactions between the
F~ anion and the pyrrolic NH groups. In the limit, these interactions can lead to
deprotonation of the pyrrolic NH groups with concomitant generation of HF,™ species. Low
temperature 1H NMR spectroscopic experiments carried out in THF-ag revealed the
characteristic HF,™ signal at 15.85 ppm (Figure S27d,e). Subjecting this latter sample to an
aqueous wash led to the regeneration of the dimeric cage, as inferred from the 1H NMR
spectrum (Figure 4b).

A degree of disassembly can also be induced by TBACI but to a far lesser extent on a per
equivalent basis as compared to TBAF (Figure 4c). Again, the induced disassembly
produced by this weaker Lewis basic anion is ascribed to the interaction between the added
CI™ anions and the pyrrolic NH protons, which competes with the dimer-forming
interactions between two molecules of 7. This chemistry stands in contrast to what is seen
for the corresponding acid (i.e., HCI) and reflects the difference in receptor protonation
state. Addition of AgNO3, which presumably serves to remove the chloride anions in the
form of AgCI(s), leads to reformation of the self-assembled dimer (i.e., cage 7+7) (cf. Figure
4c). Therefore, the supramolecular receptor 7+7 can be reversibly disassembled and
reassembled by means of appropriately chosen chemical inputs (addition of F~, CI~, and Ag
+) or through an aqueous wash.

Competition experiments were performed wherein receptor 7+7 was tested for its ability to
complex oxalic acid, in the presence of 100 equiv of either propionic acid or fumaric acid
(Figure S28a,b). In the case of both putative inhibitors, which are taken as being
representative of other biologically relevant mono- and dicarboxylic acids, chemical shifts
were produced that are similar to what were seen when the same titration was carried out
using pristine oxalic acid (Figure S22a). These experiments provide support for the
conclusion that receptor 7+7 binds oxalic acid well, even in the presence of a 100-fold excess
of propionic acid or fumaric acid.

1H DOSY NMR spectroscopic analysis of pristine receptor 7¢7 in THF-dg at 298 K proved
consistent with the presence of a single dominant species (see Figure S34a) with a diffusion
coefficient of ca. 5.98 + 0.1 x 1076 cm? s™1. This allowed an effective solvodynamic radius
of 7.98 + 0.07 A to be calculated.3! This latter value is in agreement with the average radius
for 7+7 determined from the single crystal X-ray structural data (ca. 8.1 A). This
concordance supports the conclusion that receptor 7 exists predominantly in the form of a
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dimeric cage in solution. In the presence of 20 equiv of TBAF, a diffusion coefficient of ca.
452 +0.15 x 1076 cm? 571 is obtained. This value is thought to reflect the presence of
relatively larger species (with an effective radius of ca. 11 A) in the medium. These species
are considered to be fluoride-induced deprotonated forms (i.e., 77, where n=1, 2, 3, etc.;
cf. Figure S27d,e) to which the TBA* counter cations are associated.

In the case of weaker acids, e.g., fumaric acid, no significant change in the diffusion
coefficient value relative to the free host 77 was seen under otherwise identical
experimental conditions (Figure S34b). Such a finding is consistent with the suggestion that
such species do not bind to host 7¢7 and thus do not perturb its effective solvodynamic
radius.

To confirm that the observed spectral changes are directly related to guest binding, a 1H
DOSY NMR titration with PTSA in THF-gg at 298 K was performed as a representative
example (see Figure S36a—e). It was found that upon addition of 1 equiv of PTSA to a 10
mM solution of host 7+7, the diffusion coefficient (5.79 + 0.2 x 1076 cm? s71) proved similar
to that recorded for the pristine host (5.56 + 0.3 x 1076 cm? s71) (see Table S2 for details).
Taken in concert with the TH NMR spectroscopic titration studies discussed above, this
experimental result provides support for the conclusion that the presumed host—guest
interactions take place within the cagelike cavity of 77, as opposed to some other mode,
such as outside binding or a generalized aggregation, which would be expected to lead to
discernible changes in the diffusion coefficients.

UV-vis Spectroscopic Titrations.

To understand the determinants of guest binding, steady-state absorption spectroscopic
titrations were carried out with cage 77 using various mono- and dicarboxylic acids as
potential guests in anhydrous THF at 298 K. Gradual addition of oxalic acid or maleic acid
to the receptor 77 led to modest hypochromic changes in the absorption maxima (Amay =
440 nm) along with the concomitant appearance of a new band centered at 560 nm (Figure
5a,b). The presence of an isosbestic point at ca. 468 nm was also seen. These spectroscopic
changes were correlated with readily observable color changes from light yellow (pristine
host 7+7) to bluish-violet (in the presence of these dicarboxylic acid guests) (cf. Figure 5a,b,
inset). Despite the apparently clean spectral conversion, efforts to fit the changes to simple
binding models failed. Rather, they revealed normalized changes in absorption vs added
guest that varied with wavelength. This reflects the complexity of the overall equilibrium
process that involves both cage protonation and anion binding, as well as possibly
disassociation of hydrogen-bonded dicarboxylic acid dimers and oligomers.

Similar, but discernibly different, photophysical phenomena were observed when receptor
7+7 was titrated with TFA, PTSA, H,SO4, HCI, BPDSA, and TPPTSA (Figures S38-S40).
However, titrations with relatively weaker acids gave rise to much smaller spectroscopic
changes (cf. Figure S41a—d). Finally, distinctive spectral features were observed when the
cagelike receptor 7+7 was titrated with TBAF (Figure 5d). Such a finding provides additional
support for the suggestion initially made on the basis of the 1H NMR spectroscopic studies
that deprotonation of the pyrrolic NH protons takes place; this leads to a new species having
a Amax at 464 nm.
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Fluorescence Spectroscopic Titrations.

In an effort to gain additional insight into the structure—property relationships governing
anion recognition and the effect of guest-binding on host 77, steady-state fluorescence
spectroscopic titrations were performed in anhydrous THF at 298 K. It was observed that the
receptor-based emission intensity (Amax = 516 nm)32:33 was significantly quenched when
cage 77 was titrated against oxalic acid, maleic acid, or malonic acid (Figure 6a—c). This is
presumably due to the photoinduced electron transfer (PET) occurring within these
individual host—guest combinations. Strong acids (e.g., TFA, PTSA, HySOy4, HCI, BPDSA,
and TPPTSA) give rise to similar quenching of the emission intensity when tested under
identical experimental conditions (Figures S43-S45). Likewise, an emission quenching was
observed when the cage was titrated against TBAF (Figure 6d). A much weaker quenching
effect was seen when 77 was titrated against TBACI (Figure S46). No visible change in the
emission intensities was observed when the receptor was titrated against excess (1000 equiv)
of various weak mono- and dicarboxylic acids with pKj values > ca. 2.8 (Figure S47).

The emission quenching data from the fluorescence titration of 77 with oxalic acid could be
fitted to either a standard 1:1 or 1:2 statistical binding equation using the BindFit software.3*
This gave values of K=1.0x 10 M1, K3 =21 x10* M1, and K, = 5.2 x 103 M1,
respectively, with 4.3% fitting errors in both cases (Figure S48a,b). Similar fittings could be
made in the case of maleic acid and sulfuric acid, with the standard 1:1 and statistical 1:2
equations yielding equally good fits in both cases (K= 4.90 x 103 M™1; K3 =9.8 x 103 M1,
K> = 2.4 x 103 M1 (5.8% fitting error) and K=2.6 x 10° M1, K1 =7.0x 10°ML; K, =
1.8 x 10° M1 (6.8% fitting error) for maleic and sulfuric acid, respectively; cf. Figure
S48c—f). However, the complexity of the system, involving a putative combination of
protonation and anion binding effects, as well as break up of possible hydrogen-bonded
dicarboxylate dimers and aggregates in the case of the dicarboxylic acids, precludes
assignment of these numerical K-values to any specific underlying physical model, such as
carboxylic acid disaggregation, cage mono- or diprotonation, or subsequent/concurrent
anion binding.3°

CONCLUSIONS

A new acyclic polypyrrolic system was synthesized that forms a supramolecular cage (7+7)
as the result of quadruple hydrogen-bonding interactions involving the dimerization of two
individual acyclic units of 7. This cage retains its dimeric form in the solid, liquid, and
gaseous states and is stable under acidic condition. Host—guest complexation studies of this
cage using various biologically relevant mono- and dicarboxylic acids revealed selectivity
for oxalic, maleic, and malonic acids in THF relative to weaker organic acids. Evidence for
binding strong mineral acids was also seen. The ability to form these proposed host—guest
complexes in the solid state was confirmed by means of single crystal X-ray structures and
supported by solution-state studies. The reversible formation of receptor 77 and its ability to
form supramolecular complexes that may be disassembled and reassembled via chemical
means (e.g., fluoride anion treatment; aqueous washing) leads us to suggest that the present
all-organic supramolecular cage could potentially be used as a “capture and release” host
system for various biologically relevant small dicarboxylic acids.
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experiments, the 10x difference in concentration, along with complexity of the system under
consideration, precludes a direct numerical comparison between these sets of results.
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(a)

(7°7)y12 v
(e)
(3)n [where n = 1] (3)n [where n = 3]
Figure 1.

Single crystal X-ray structures of the acyclic polypyrrolic synthon (77)4/,, along with its
corresponding supramolecular macrocyclic receptor, 7¢7. (a) Ball and stick model of a single
unit of 7, as present in 7¢7. (b, ¢) Two different views of the hydrogen-bonded
supramolecular dimer 7+7. (d) Space-filling model of the self-assembled cage 7+7 showing
the potential substrate-accessible void. Solvent molecules (CHCI3) are omitted for clarity.
(e) Ball and stick model of a single unit of 3. (f) Truncated view along the crystallographic z
axis of the infinite hydrogen-bonded “zigzag” supramolecular construct formed by 3 in the
solid state, i.e., (3), Green lines denote presumed hydrogen-bond interactions between the
pyrrolic ester groups and the pyrrole NH protons.
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[(7e7H2)2*C (Hmalonate )] [(7e7H2)>*C (Hmaleate )2] |

Figure 2.
Single crystal X-ray structures of the hydrogen-bonded dimeric receptor 77 and its various

host—guest complexes. (a) The illustrative example of host—guest complex between
supramolecular receptor 7¢7 and CHCI3 with empirical chemical formula [7¢7C(CHCI3)4].
(b—d) The host—guest complexes between supramolecular receptor 77 and maleic acid,
oxalic acid, and malonic acid, with empirical chemical formulas [(7+7H,)2*C(Hmaleate™),],
[(7+7,)2*C(Hoxalate™),], and [(7+7H,)2*C(Hmalonate™),], respectively. Encapsulated THF
solvent molecules are omitted for clarity. (e) A representative example of 3D packing of
maleic acid guests within the cavities of 7+7 along the crystallographic x axis. Note: The
entrapped guests within the cavity are shown in space-filling form in (e).
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[(7e7H,)* 'C(HS03),]

Figure 3.
(a, b) Single crystal X-ray structure of the hydrogen-bonded receptor 7+7 with H,SO4,

having the empirical chemical formula [(7+7H5)2*C(H,S047)5]. (c) Space-filling model of
the host—guest complex.
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ppm

(a) Changes in the 1H NMR spectrum (partial views) seen when host 7+7 is subject to
titration with increasing quantities of PTSA (up to 10 equiv) and after aqueous washing. (b)
Changes in the IH NMR spectrum (partial views) seen when host 7¢7 is treated with
increasing quantities of TBAF (up to 20 equiv). (c) Changes in the 1H NMR spectrum
(partial views) seen when host 7¢7 is treated with increasing quantities of TBACI (up to 50
equiv) followed by treatment with AgNO3 (50 equiv). All 1H NMR spectroscopic
experiments were performed at 600 MHz in THF-dg at 298 K under otherwise identical

conditions.

JAm Chem Soc. Author manuscript; available in PMC 2021 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

12

(a)

~—— Host only

e 200 ©q Oxalic acid

e 400 eq oxalic acid
¢ ~——— 600 eq oxalic acid

T

563nm >

o
u

0.3
004, - -
300 400 500 600 700 800
Wavelength (nm)
12
(c) = Host only
~——— 600 eq malonic acid
091
8
c
a 06 \
o
"
¥
<

o
=

00 5% 60
563nm

300

400 500 600 700 800
Wavelength (nm)

Figure 5.

Page 17
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Wavelength (nm)
A (d) —— Host only
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Wavelength (nm)

(a—d) Representative UV-vis spectroscopic titrations showing the changes in the spectral
features observed when receptor 7¢7 is titrated with increasing quantities of (up to 600
equiv) oxalic acid, maleic acid, malonic acid, and TBAF (100 equiv), respectively. All
experiments were carried out with [7¢7] = 1.00 x 107> M in anhydrous THF at 298 K. Insets:

Photographs under ambient light of the initial host solution and the corresponding solutions
obtained after the addition of the indicated titrants.
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Emission spectroscopic titrations of 7+7 (1.00
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x 1076 M in anhydrous THF) involving the

incremental addition of up to 600 equiv of oxalic acid (a), maleic acid (b), and malonic acid
(c), and 100 equiv of TBAF (d) at 298 K. An excitation wavelength (1gx) of 320 nm was
used in all cases. Insets: Photographs of the host-based emission as seen in the presence of
the indicated guests with irradiation provided by a 365 nm UV lamp.
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Scheme 1. Synthesis of the Naphthyridine-Containing Tetrapyrrole 7a

aReagents, conditions, and yields: (a) Pd(OAc),, PPhsz, KoCO3, DMF/H,0, N, reflux, 24 h
(yield: 70%); (b) NaOH, EtOH/H,0, 85 °C, 5 h (yield 95%); (c) ethylene glycol, 185 °C, 50
min (yield: 91%); (d) I5/KI, NaHCO3, CH,Cl»/H,0, rt, 1 h, Na,S,03 (yield: 65%); (e)
Pd(PPhg)s, KoCO3, DMF/H,0, reflux, 16 h (yield: 45%).
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