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KAbstract: N-Alkyl ammonium resorcinarene salts (NARYs, Y=
triflate, picrate, nitrate, trifluoroacetates and NARBr) as tetra-
valent receptors, are shown to have a strong affinity for
chlorides. The high affinity for chlorides was confirmed from
a multitude of exchange experiments in solution (NMR and
UV/Vis), gas phase (mass spectrometry), and solid-state (X-
ray crystallography). A new tetra-iodide resorcinarene salt
(NARI) was isolated and fully characterized from exchange

~

experiments in the solid-state. Competition experiments
with a known monovalent bis-urea receptor (5) with strong
affinity for chloride, reveals these receptors to have a much
higher affinity for the first two chlorides, a similar affinity as
5 for the third chloride, and lower affinity for the fourth
chloride. The receptors affinity toward chloride follows the
trend K,>K,>K;~5>K, with K,=5011m~" for 5 in 9:1
CDCl,/[Dg]DMSO.

3[ 5] /

Introduction

Weak interactions are widely utilized in the design of function-
al assemblies with a multitude of applications. The design
and control of weak interactions is a paramount challenge to
researchers both in the fundamental and application level.”
Given that these interactions form the basis for the molecular
recognition of structurally and chemically different species, it is
of crucial importance that these interactions are well under-
stood. Anions are perhaps the most important biological enti-
ties considering their critical impact on all forms of life.®* Co-
factors, most enzyme substrates, and DNA are anionic in
nature.”! Halides are one of the most abundant anions in living
systems. It is known that chloride is present in high concentra-
tions in extracellular fluids,” iodide is critical for the biosynthe-
sis of hormones by the thyroid gland,” and fluoride is essential
for healthy bone and teeth growth.®

In the past, research has mostly concentrated on cation rec-
ognition, and limited attention has been given to anions.”
This limitation has been, in part, due to the intrinsic and very
challenging properties of anions when compared with their
isoelectric cations. For example, anions have higher sensitivity
to pH, wider range of geometry modulation (spherical, linear,
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tetrahedral, ellipsoidal etc.), and higher free energies of hydra-
tion compared with cations.'” Despite these challenges, re-
search on the recognition and coordination of anions is ongo-
ing. The key factors in the design for anion receptors include
(but are not limited to) electrostatic and hydrogen-bond inter-
action sites in the receptor. This has led to the design of recep-
tors that can bind multiple anions, and these have been used
as sensors and in separations.'"” Positively charged protic
anion receptors have the advantage of having both electro-
static and hydrogen-bonding sites, but they usually suffer from
low solubility in nonpolar media. These issues have meant that
increasing attention is being paid to electroneutral anion re-
ceptors""? that can function in nonpolar media, and thus exhib-
it useful properties for “phase-transfer” applications."" Howev-
er, the development of an anion receptor having both electro-
static and hydrogen-bonding sites that could still function in
nonpolar media, would have outstanding potential as a seques-
tering agent.

The N-alkyl ammonium resorcinarene halides,"? NARXs (X=
Cl, Br, or 1) obtained from ring opening of the corresponding
tetrabenzoxazines"” in the presence of mineral acids under
reflux conditions, are stabilized by a strong circular hydrogen
bonded cation-anion seam (--NR'R"H, "X ), as shown in
Scheme 1.'? These hydrogen bonded analogues of covalent
cavitands are a subset of the resorcinarene family. They pos-
sess four spatially fixed halide anions (Scheme 1) with deep
cavities for guest binding. Reports have shown the N-alkyl am-
monium resorcinarene salts to be suitable receptors for a varie-
ty of neutral guests" and recently anions™ through several
simultaneous weak interactions utilizing the electron-rich re-
sorcinarene cavity and the hydrogen bonded cation-anion
seam. Furthermore, the four spatially fixed anions can act as
halogen-bond acceptors, and, through concerted halogen
bonds, result in molecular architectures with guest binding
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Scheme 1. N-Alkyl ammonium resorcinarene halides (NARXs, X=Cl or Br)
with a strong circular hydrogen-bond seam.

properties such as deep cavity cavitands,'
dumbbell-like dimeric assemblies."®

Small and spherical anions such as chloride or bromide are
strongly bound into the N-alkyl ammonium resorcinarene skel-
eton as a result of their suitable size and strong hydrogen-
bond acceptor character (Figure 1).'” The chloride and bro-
mide anions are optimal in size as seen from the symmetrical
conformations of the X-ray structures of the N-alkyl ammonium
resorcinarene halides (Figure 1a and b)."” Larger and non-
spherical anions such as nitrate (trigonal planar), picrate (aro-
matic planar), and triflate (ellipsoidal), possessing multiple hy-
drogen bond acceptor sites, manifest a complex array of intra-
and intermolecular hydrogen bonds, resulting in less-symmetri-
cal cavitand-like structures (Figure 1c¢ and d)."*) Our hypothe-
sis is that the more suitably sized chloride and bromide will re-
place the larger and spatially ill-fitting nonspherical anions
within the cation-anion seam. Additionally, the stronger hydro-
gen-bonding acceptor character of the chloride anion would
make it the perfect target for anion binding studies. Thus, the
NARYs (Y =triflate, picrate, nitrate and trifluoroacetates) and
NARBr could be utilized as high affinity, tetravalent chloride re-
ceptors. In this contribution, a set of experiments conducted in
solution (NMR and UV/Vis), in the solid-state (X-ray crystallogra-
phy), and in the gas phase (mass spectrometry) were per-
formed to probe the anion-binding properties of the NARYs
1:4Y-4-4Y, and NARBr (Figure 2), with results showing high af-
finity for chloride. The binding stoichiometry was investigated
through Job plot analysis."” During the course of the crystalli-
zation experiments, a new N-alkyl ammonium resorcinarene
halide, the tetra-iodide, NARI, was isolated and fully character-
ized. Competition experiments with a known®” bis-urea based

capsular," and
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Figure 1. CPK plots of A) NARCI, B) NARBr, and two NARYs in which Y is:

Q) nitrate and D) picrate (D). The upper rim groups are omitted to show the
position of the anion in the cation-anion seam, and how it affects the con-
formation of the resorcinarenes."*
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Figure 2. The chemical structures of the NARCIs (1-4Cl and 3-4Cl), NARBr
(1-4Br), and the NARYs (1-4Y-4-4Y in which Y =triflate, picrate, nitrate and
trifluoroacetate), the chloride receptor 5, tetramethyl ammonium (TMA), and
tetrabutyl ammonium (TBA) halides.

chloride receptor 5, that binds chloride with a binding con-
stant of 5x10° (Figure 2) in 9:1 CDCly/[Dg]DMSO, was chal-
lenged against the NARYs to quantify the chloride affinity of
the receptors.

Results and Discussion

The Mannich condensation reaction” between aliphatic

amines and resorcinarenes in the presence of excess formalde-
hyde results in tetrabenzoxazines (Scheme 1)."¥ Ring-opening
of the six-membered tetrabenzoxazine ring in the presence of
an acid (HCI, HBr, picric acid, triflic acid, and trifluoroacetic
acid) under reflux conditions gives NARXs 1:4X-3-4X and
NARYs 1-4Y-4-4Y (Figure 2) in 50-85% yields."? The nitrate
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salt 4-4NO; was obtained through anion exchange between
the chloride salt and silver nitrate.'*?

NMR Analyses

The -OH and -NH, protons are involved in intramolecular hy-
drogen bonding and complete the cation-anion seam
(Scheme 1). Changing the anions will have a direct effect on
the chemical environment of the -OH and -NH, groups. In
a typical exchange experiment in solution, tetrabutyl ammoni-
um halides, TBAXs (X=Cl or Br), were utilized as the halide
source. An increasing amount of TBAX was added to a solution
of NARYs 1-4Y-4-4Y, NARBr, and the resulting 'H NMR spectra
were compared with those of the corresponding NARCI or
NARBr. Taking the exchange experiment between 1-40Tf and
TBACI as an example, the results show that the -OH and -NH,
signals of the 1-40Tf move toward those of the pure 1-4Cl.
This clearly suggests that the triflate anions are being replaced
by the chloride anions (Figure 3, I). After the addition of four
equivalents of chloride, saturation of the -NH, is observed. Ex-
change experiments between 1-4Br and TBACI as well as
1-4 Pic with TBACI show that the chloride will replace the bro-
mide (Figure 3, ll) and picrate anions (see the Supporting Infor-
mation, Figure S1).

Exchange experiments between 1-4Y-4-4Y and TBABr, con-
firm that the receptor binds the bromide anion (Figure 4, | and
Figure S3 in the Supporting Information) when chloride is not
present. Although the hydrogen-bonding affinity of chloride is
higher than that of the bromide anion, crystal structures show
both anions to be of suitable size for a snug fit into the
cation-anion seam. A simple control experiment was per-
formed to further confirm the relative affinities. When TBABr
was used as the bromide source and titrated against 1-4Cl, it
was evident that the bromide could not replace the chloride,
thus confirming the higher affinity of chloride over bromide
(Figure 4, 11).

The 'H NMR spectroscopic exchange experiments presented
above clearly show that NARYs tend to bind chlorides in pref-
erence to any other anions in chloroform. Job plot analysis is
a technique that can be used to determine the binding stoichi-
ometry in host-guest systems."” However, the scope of such

OH NHz 3 H

(e) 0} , AH  (e) AH (I y\sz A
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Figure 3. Selected region of the 'H NMR spectra recorded in CDCl,

(500 MHz, 303 K) after the addition of up to 10 equivalents of TBACI to:

(1) 1-4OTf: a) 0.0, b) 2.0, c) 4.0, d) 10.0 equiv, and e) 1-4Cl; (Il) 1-4Br: a) 0.0,
b) 2.0, ¢) 4.0, d) 10.0 equiv, and e) 1-4Cl. Stars represent the residual CDCl;,
and the dotted lines give an indication of the shift changes.
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Figure 4. Selected region of the "H NMR spectra in CDCl; (500 MHz, 303 K)
after the addition of up to 10 equivalents of TBABr to: (I) 1-4OTf: a) 0.0,

b) 2.0, ¢) 4.0, d) 10.0 equiv, and €) 1-4Br; (Il) 1-4Cl: a) 0.0, b) 2.0, c) 4.0,

d) 10.0 equiv, and e) 1-4Br. The minor changes in the -OH and -NH, signals
result from higher salt concentrations. Stars represent the residual CDCl,,
and the dotted lines give an indication of the shift changes.

analysis can be seriously limited in complex systems with bind-
ing stoichiometry other than 1:1."" Despite this limitation, Job
plot analysis was employed to determine the stoichiometry of
the anion exchange process. Taking the anion exchange be-
tween the receptor 1-40Tf and TBACI under investigation, the
results clearly show the 1:4 binding stoichiometry (Figure 5).

NH2 Signals OH Signals
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< <
w 0.04 w 0.04
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Figure 5. Job plot analysis of a mixture of 1-4OTf and TBACI in CDCl, at
303 K revealing a 1:4 binding stoichiometry.

UV/Vis Analyses

UV/Vis spectroscopic analyses were carried out to gain further
insight into the relative affinities of NARYs toward halides. For
this purpose, absorption spectra of the picrate chromophore
of the corresponding 2-4Pic were monitored during titrations
with TBAX (X=Cl, Br, I). As anticipated, the addition of halides
to 2-4Pic in CHCI; resulted in a bathochromic shift of the pic-
rate absorbance from 334 to 370 nm (Figure 6a), indicating
a transition from TBACI/Br/I to TBA picrate,”"” and formation of
the corresponding NARCI, NARBr, and NARI. The presence of
a clear isosbestic point at 349 nm suggests that the two spe-
cies are in equilibrium. The titration profiles for different hal-
ides clearly demonstrate the highest binding affinity for chlo-
ride, and the lowest for iodide (Figure 6 and Figures S10 and
S11 in the Supporting Information).

Mass Spectrometry

Electrospray ionization (ESI) mass spectrometry is a soft ioniza-
tion technique that has been used extensively for structure de-
terminations and for analyses of complex species in the gas
phase.”” The NARYs and NARBr are held together by several

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) UV/Vis spectra of 2-4Pic (25 um in CHCl;) with increasing con-
centrations of TBACI (12.5 pum steps to 75 um, 25 um steps to 150 um);

b) UV/Vis titration plots for 2-4 Pic (25 um in CHCl;) with different TBA hal-
ides.

weak interactions, emphasized by the many species usually
seen in the mass spectrum.?'¥ The loss of multiple hydrogen
chloride (HCI) molecules from the host is a common phenom-
enon with these large organic salts. Even at soft ionization pa-
rameter values, it is generally observed that these salts will not
survive the high vacuum of a mass spectrometer, and thus
cannot be seen as intact molecular ions. Nonetheless, ESI mass
spectrometry was utilized to study the anion exchange and
the high chloride affinity of the NARYs and NARBr in the gas
phase. In a typical experiment, the ESI mass spectra of 1-4Y-
4-4Y or NARBr was recorded and analyzed. Potassium chloride
(KCl) as a chloride source was added to the sample and the ESI
mass spectrum was recorded again and analyzed. A CHCl;/ace-
tonitrile mixture was used as the spray solvent.

Taking 1-40Tf as an example, in the positive ion mode, pro-
gressive loss of HOTf resulted in signals corresponding to [(1)-
3H1* (m/z 1109), [(1-0TH)—2H]" (m/z 1259), [(1-:20TH—H]" (m/z
1409), [1-30Tf]* (m/z 1559), and the sodium adduct [1-4OTf+
Nal* (m/z 1731) (Figure 7a). Up to five equivalents of KCl were
added to this sample, and the ESI mass spectrum was record-
ed. The results show that the chlorides replace all the triflates.

(b) | w1100
m/z
- [(1+Cl)-2H]*
m/z 1145
[(1+2CI)-H]*
m/z 1181
[1-3CI]*
m/z 1217
[(1+4CI)+H]*
// m/z 1253 [(1+4CIy+K]*
l { l/ m/z 1293
(a) [(1-20Tf)-H]*
m/z 1409
/
[1-30Tf]*
[(1-OTf)-2H]* m/z 1559
m/z 1259
/ [(1-40Tf)+Na]*
ysH \ miz 1731
m/z /
— \l L1 \ e bl .L . J
1200 1400 1600 1800 m/z

Figure 7. Positive ESI mass spectra: a) 1-4OTf and b) after the addition of
KCl. All the triflate anions are replaced by the chloride anions.
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In the spectrum, signals corresponding to [(1)—3H]" (m/z
1109), [(1-C)—2H]" (m/z 1145), [(1-2C)—H]" (m/z 1181),
[1-3C1* (m/z 1217), the protonated [1-4Cl+H]* (m/z 1253),
and the potassium adduct [1-4CI+K]" (m/z 1293) were ob-
served (Figure 7b). The isotope patterns obtained by experi-
ment were consistent with those simulated on the basis of nat-
ural abundances. Similar experiments were performed with
1-4Br and 1-4Pic, with results showing similar patterns, as
shown in Figure 7 (see the Supporting Information, Figures S12
and S13).

X-ray Analyses

The anion exchange processes were also monitored in the
solid-state by conducting numerous crystallization experiments
and detailed X-ray crystallographic analyses. In a typical crystal-
lization experiment, the TBAX (X=Cl, Br, or I) was chosen as
the halide source, and four equivalents of TBAX was added to
a CHCl;/MeOH mixture containing NARYs with different anions,
and the sample was allowed to concentrate by slow evapora-
tion. Crystallization experiments were performed with and
without 1,4-dioxane as a guest molecule at room temperature
to facilitate the crystallization process.

Crystals of 3-4Br were isolated from the crystallization of
3-40Tf and TBABr in CHCl;/MeOH solution in the presence of
1,4-dioxane. As shown in Figure 8, instead of the triflate, four
bromides are present in the structure, and they are tightly
held by -NH-Br and -OH---Br hydrogen bonds. All the bromide
anions in dioxane@3-4Br structure are well ordered, implying
the space between the N-cyclohexyl ammonium rims is very
suitable for bromide anion.

Interestingly, by substituting the triflate anions from 3-4OTf
with TBAI in CHCl;/MeOH mixture, suitable crystals of 3-41
(Figure 9) were obtained. The direct synthesis of 3-41 was
never achieved because of the weakness of HI as an acid. The
opening of the cavity in this CHCl;@3-4] structure is much
larger than that in CHCI;@NARCI," reflecting the significantly
larger N--N distance (6.581 A, Table S2) in the resorcinarene
skeleton when compared with the chloride complex
(6.187 A).l*

In solution, the replacement of bromide by chloride was ob-
served through 'H NMR analysis. We tested this possibility in
the solid-state by mixing 3-4Br and TBACI in CHCl;/MeOH mix-
ture with a few drops of 1,4-dioxane. Fortunately, crystalline

(b)

Figure 8. a) Side view and b) top view of the X-ray structure of 3-4Br with
encapsulated 1,4-dioxane.
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Figure 9. a) Side view and b) top view of the X-ray structure of 3-41 with en-
capsulated CHCl,.

plates were obtained upon slow evaporation. The structural
analysis of the crystals by X-ray crystallography showed similar
unit cell parameters to those in dioxane@3-4 Br. However, care-
ful investigation of the electron densities in the anion positions
indicated some discrepancies, and the positions were better
assigned as mixtures of bromide and chloride (Figure 10). The
refinement obtained by constraining the unit occupancy for
the sum of bromide and chloride gave a ratio of 0.8:0.2 (Br/
CI7). However, the limited quality of the crystal implies that the
refinement results are not fully reliable.

Tetramethyl ammonium halides (TMAXs) were also utilized
as the halide source in exchange crystallization experiments.
Mixing of TMACI and 4-4NOj; in CHCl;/MeOH mixture gave dif-
fraction quality crystals; X-ray analysis of the crystals revealed
the structure to be CH;OH@4-4Cl (Figure 11). The structure

Figure 10. a) Side view and b) top view of the X-ray structure of 3-3.2Br-0.8C|
with encapsulated 1,4-dioxane.

Figure 11. a) Side view and b) top view of the X-ray structure of 4-4Cl with
encapsulated MeOH.
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clearly shows that all four nitrate anions are completely re-
placed by chlorides. The four chloride anions fit well between
the N-cyclohexyl ammonium groups with -NH---Cl and -OH--Cl
hydrogen bonds. Notably, one of the chlorides in this structure
is disordered over two positions.

Competition Experiments and 'H NMR Titrations

NMR Competition Experiments: The results presented above
show the NARYs to have high affinity for spherical halides, es-
pecially chlorides, over large nonspherical anions. The binding
of the chloride anions by the NARY and NARBr receptors is fast
on the NMR timescale. Considering there are four binding sites
for the chloride anions, combined with the fast exchange pro-
cess, quantifying the binding process by measuring association
constants would be extremely difficult. However, utilizing
a known chloride receptor in competition experiments with
the NARY and NARBr receptors could give indirect information
on the comparative binding strength. In the process, a bis-urea
receptor 5 (Figure 2), which is known to have high affinity for
halides, especially chloride,*” was utilized in a series of compe-
tition experiments. Different equivalents of TBACI (200 mm)
were added to a solution (CDCly/[Dg]DMSO, 9:1 v/v) of the
chloride receptor 5 (20 mm), and the 'H NMR spectrum was re-
corded. The solvent system was chosen because of the limited
solubility of 5 in pure chloroform, and to reduce the binding
affinity of 5 toward chloride in more competitive solvent to
obtain a more reliable binding constant. Changes in the signals
of receptor 5, especially the urea protons, clearly show com-
plexation of the chloride upon stepwise addition of TBACI
(Figure 12). In this solvent mixture (CDCl;/[Dg]DMSO, 9:1 v/v)
the addition of TBACI to 1-40Tf-4-4OTf gave similar results to
those measured in pure CDCl; (see the Supporting Information,
Figure S2).

In the competition experiment, different equivalents of
TBACI were added to an equimolar mixture of 5 and 3-4OTf,
and the "H NMR spectrum was recorded. Upon the addition of
up to two equivalents of TBACI, no changes were observed in
the protons of the receptor 5, whereas changes in the -OH
and -NH, signals of 3-4OTf were observed (Figure 13). Changes
in the signals of both receptors 5 and 3-40Tf were observed
from addition of the third equivalent of TBACI, with saturation
of both receptors after addition of the fifth equivalent. These
results unambiguously show receptor 3-40Tf to be a much
stronger receptor for the first two chlorides, and to be of com-
parable strength to 5 for the subsequent chlorides (Figure 13).
Exchange experiments with 1-40Tf gave similar results (see
the Supporting Information, Figure S9).

Other experiments were performed to further probe the
chloride complexation dynamics with both receptors. For ex-
ample, the addition of receptor 5 to 3:4Cl showed changes in
the protons of both receptors, which supports the competition
for the third and fourth chlorides (see the Supporting Informa-
tion, Figure S4). Furthermore, the addition of 1-40Tf to an
equimolar mixture of 5 and TBACI also show that 1-40Tf can
extract chlorides from the CI@5 complex (see the Supporting
Information, Figure S5).
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Figure 12. Selected region of the "H NMR (CDCl;/DMSO, 9:1 v/v, 298 K) spec-
tra observed upon the addition of TBACI (200 mwm) to the receptor 5

(20 mm): a) 0.0, b) 0.5, ¢) 1.0, d) 2.0 and e) 4.0 equiv. Stars represent the resid-
ual CDCl,, and the dotted lines give an indication of the shift changes.
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Figure 13. Selected region of the 'H NMR (CDCly/DMSO, 9:1 v/v, 298 K) spec-
tra observed upon the addition of TBACI (200 mm) to an equimolar mixture
of 5 and 3-4 OTf (10 mm): a) 0.0, b) 0.5, ¢) 1.0, d) 2.0, e) 3.0, f) 4.0, g) 5.0,

h) 6.0, and i) 9.0 equiv. Stars represent the residual CDCl;, and the dotted
lines give an indication of the shift changes.

'H NMR titrations: A series of titration experiments with
3-40Tf and 5 were carried out in 9:1 CDCl;/DMSO solvent mix-
ture to compare the binding efficiency of the two receptors. In
a typical titration experiment, an increasing amount of TBACI
(500 mm) was added to a solution of receptor (10 mm). In a ref-
erence titration, the K, value for CI"@5 (9:1 CDCl,/DMSO) was
measured to be 5011 M~ (Figure 12 and Figure S7 in the Sup-
porting Information), based on a 1:1 binding model, using the
HypNMR2008 computer program utilizing a nonlinear least
square fitting procedure.”® When a sample with equimolar
amounts of 3-40Tf and 5 (10 mm) was titrated with TBACI, the
-OH and -NH, protons of 3-:40Tf showed clear downfield shifts,
supporting the conclusion that hydrogen-bond interactions
form between chlorides and the NARY receptor (Figure 14).
Complexation induced changes of the urea protons H, and H,
of 5 were only observed after the addition of two equivalents
of chloride. These results clearly indicate a stronger interaction
between 3-40Tf and the first two equivalents of the added
chloride. Upon further chloride addition, 3-40Tf and 5 com-
pete for the third chloride, and the reference receptor 5 has
stronger affinity toward the fourth chloride (Figures 13 and
14). From these observations it is clear that the binding con-
stants for 1:1 and 1:2 complex formation between 3:4OTf and
chloride exceeds the binding constant measured for 5, viz.

Chem. Eur. J. 2016, 22, 1355-1361 www.chemeurj.org

1360

CHEMISTRY

A European Journal

Full Paper
0.80 :
0.70 : /-——-Eg;
0.60 : ’
_ ——1(}
e 0.50 : (c)
£ 0.40 @
< 0.30

00 20 40 6.0 80 100 120
[G]/[H]

Figure 14. The chemical shift differences observed after the titration of
TBACI to the reference receptor 5 (H,/H,=a/a’), and to an equimolar mixture
of 5 (H,/H,=b/b’) and 3-40Tf (c=NH,, d=0H).

K,> 5000, and the binding constant of 3-4OTf for the 1:3 com-
plex is in the same range as with the reference receptor 5
(Figure 14). This is logical because the electrostatic repulsions
between the chloride anions in the 3:20Tf-2Cl complex makes
the further binding of chloride thermodynamically unfavorable.
The 3-40Tf also has an entropic advantage because of its pre-
organized nature. Likewise, from a statistical point of view, the
four binding sites have an extra advantage over the single
binding site of receptor 5. The behavior of the -OH and -NH,
protons in the titration experiment is similar to the changes
observed in the titration experiment between 3-40Tf and
TBACI (Figures S2 and S8). From these results, the binding af-
finity of the 3-4OTf toward the four chlorides can be ordered:
K, > K,>K;~5>K,, with K,=5011m"" for 5.

Conclusion

The present work describes the binding properties of anions
by the N-alkyl ammonium resorcinarene salts, NARYs. The re-
sults of a series of exchange experiments show the NARYs and
NARBr to have a particularly high affinity for chloride. Electro-
static interactions and hydrogen bonds are the main interac-
tions involved in the binding process. The high affinity for
chloride can be attributed to its spherical shape, suitable size,
and strong hydrogen-bond acceptor nature, with a perfect fit
between the spatially separated -NH,"-R groups. The anion ex-
change processes were confirmed in solution at the micromo-
lar and millimolar concentration range through UV/Vis and
NMR spectroscopic studies, respectively. Despite the harsh con-
ditions and general instability of salts in the high vacuum of
a mass spectrometer, gas-phase studies also revealed strong
affinity of the NARYs and NARBr toward chloride anions. Sever-
al single-crystal X-ray structures were obtained from the anion
exchange and competition experiments, which further estab-
lished the high affinity for chloride over other anions. In the
process, the first tetraiodide salt 3-41, NARI, was obtained and
analyzed, revealing a striking similarity to the tetrabromide
salt. Competition experiments in solution were conducted with
a known bis-urea receptor, having high affinity for chloride, to
give an estimation of the binding affinity of the NARYs toward
chloride. These results show the NARYs to have higher affinity
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for the first two chloride anions, comparable affinity with 5 for
the third chloride, and lower affinity for the fourth chloride in
the order of K;>K,>K;~5>K, We have shown that NARYs
and NARBr, which incorporate both electrostatic and hydrogen
bond interactions, work efficiently in nonpolar media, and act
as robust chloride receptors. The covalently bound -NH,"-R
groups at the upper rim of the resorcinarene skeleton are spa-
tially perfectly oriented to form a strong circular cation-anion
seam through hydrogen bonding, providing four pockets for
the perfectly sized anion (chloride). This work highlights the
benefits of utilizing the strengths of different weak interactions
working cooperatively, incorporated in a single receptor to ef-
fectively target a substrate. Such a receptor could be useful for
“phase-transfer” applications.

Experimental Section

The tetramethylammonium salts, tetrabutylammonium salts, and
potassium chloride were purchased and used as received. N-Alkyl
ammonium resorcinarene chlorides 1-4Cl, 3-4Cl and other salts,
NARYs, 1-4 Y-4-4 Y, and the reference receptor 5 were synthesized
according to reported procedures.™'*? NMR measurements were
performed with a Bruker Avance 500 MHz spectrometer. Mass
spectrometric experiments were performed with a micromass LCT
ESI-TOF instrument equipped with a Z geometry ion source. Details
of the NMR, UV/Vis, and mass spectrometric measurements are
presented in the Supporting Information. For X-ray crystallographic
analysis, the data were collected with an Agilent Super-Nova dif-
fractometer with mirror-monochromatized Mo-Ka (1=0.71073 A)
radiation. Details of data collection and reduction, as well as struc-
ture solution and refinement are given in the Supporting Informa-
tion. CCDC 1429821 (dioxane@3-4Br), 1429822 (3-4Br),
1429823 (3-41), and 1429824 (CH;OH@4-4Cl) contain the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre.

Acknowledgements

The authors gratefully acknowledge the Academy of Finland
(NKB: grant no. 258653, KR: grant no. 265328 and 263256),
Aalto University and the University of Jyvdskyla for financial
support.

Keywords: anions - chlorine -
noncovalent interactions - receptors

host-guest  systems -

[11 J.W. Steed and J.L. Atwood in Supramolecular Chemistry, Wiley, Chi-
chester, 2009, pp. 591-706.

[2] Special issue: 35 Years of Synthetic Anion Receptor Chemistry 1968-
2003: P. A. Gale, Coord. Chem. Rev. 2003, 240, 17 -55.

[3]1 a) Supramolecular Chemistry of Anions (Eds.: A. Bianchi, K. Bowman-

James, E. Garcia-Espafa), Wiley-VCH, New York, 1997;b)F. P. Schmidt-

chen, M. Berger, Chem. Rev. 1997, 97, 1609-1646; c)P.D. Beer, P. A.

Gale, Angew. Chem. Int. Ed. 2001, 40, 486-516; Angew. Chem. 2001, 113,

502-532; d) P. A. Gale, Coord. Chem. Rev. 2003, 240, 191-221.

A few biologically active natural products show anion recognition prop-

erties, examples being the vancomycin group of antibiotics (carboxylate

recognition: see; D. H. Williams, B. Bardsley, Angew. Chem. Int. Ed. 1999,

[4

Chem. Eur. J. 2016, 22, 1355-1361 www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

38, 1172-1193; Angew. Chem. 1999, 111, 1264-1286), the prodigiosins
(HCI transporters: see; A. Furstner, Angew. Chem. Int. Ed. 2003, 42,
3582-3603; Angew. Chem. 2003, 115, 3706 -3728), and the pamamycins
(anionophores: see; E.J. Jeong, E.J. Kang, L. T. Sung, S: K. Hong, E. J.
Lee, J. Am. Chem. Soc. 2002, 124, 14655 - 14662).

[5] S. M. Rowe, S. Miller, E.J. Sorscher, N. Engl. J. Med. 2005, 352, 1992 -
2001.

[6] N.H. Evans, P.D. Beer, Angew. Chem. Int. Ed. 2014, 53, 11716-11754;
Angew. Chem. 2014, 126, 11908 - 11948.

[7] F. Delange, Thyroid 1994, 4, 107 -1128.

[8] a) M. Cametti, K. Rissanen, Chem. Commun. 2009, 2809 -2829; b) M. Ca-
metti, K. Rissanen, Chem. Soc. Rev. 2013, 42, 2016-2038.

[9] a)C.J. Pedersen, Angew. Chem. Int. Ed. Engl. 1988, 27, 1021-1027;
Angew. Chem. 1988, 100, 1053-1059; b) J.-M. Lehn, Angew. Chem. Int.
Ed. Engl. 1988, 27, 89-112; Angew. Chem. 1988, 100, 91-116; ¢) D. J.
Cram, Angew. Chem. Int. Ed. Engl. 1988, 27, 1009-1020; Angew. Chem.
1988, 100, 1041-1052.

[10] a)J. L. Sessler, P.1. Sansom, A. Andrievsky, V. Kral in Supramolecular
Chemistry of Anions (Eds.: A. Bianchi, K. Bowman-James, E. Garcia-
Espana), Wiley-VCH, New York, 1997, pp. 355-421; b) X. Yang, C. B. Kno-
bler, M. F. Hawthorne, Angew. Chem. Int. Ed. Engl. 1991, 30, 1507 -1508;
Angew. Chem. 1991, 103, 1519-1521; c) P. Bose, R. Dutta, S. Santra, B.
Chowdhury, P. Ghosh, Eur. J. Inorg. Chem. 2012, 5791-5801; d) A.J.
Lowe, B. M. Long, F. M. Pfeffer, J. Org. Chem. 2012, 77, 8507-8517; F. M.
Pfeffer, J. Org. Chem. 2012, 77, 8507 -8517.

[11] S-K. Ko, S.K. Kim, A. Share, V.M. Lynch, J. Park, W. Namkung, W.V.
Rossom, N. Busschaert, P. A. Gale, J. L. Sessler, I. Shin, Nat. Chem. 2014,
6, 885-892.

[12] a) A. Shivanyuk, T.P. Spaniol, K. Rissanen, E. Kolehmainen, V. Bchmer,
Angew. Chem. Int. Ed. 2000, 39, 3497 -3500; Angew. Chem. 2000, 112,
3640-3643; b) N. K. Beyeh, M. Cetina, M. L6fman, M. Luostarinen, A.
Shivanyuk, K. Rissanen, Supramol. Chem. 2010, 22, 737-750; c)N.K.
Beyeh, M. Cetina, K. Rissanen, Cryst. Growth Des. 2012, 12, 4919-4926.

[13] a) K. Airola, V. Bohmer, E. F. Paulus, K. Rissanen, C. Schmidt, I. Thondorf,
W. Vogt, Tetrahedron 1997, 53, 10709-10724; b) C. Schmidst, I. Thondorf,
E. Kolehmainen, V. Bohmer, W. Vogt, K. Rissanen, Tetrahedron Lett. 1998,
39, 8833-8836; ¢) A. Shivanyuk, E.F. Paulus, K. Rissanen, E. Kolehmai-
nen, V. Bohmer, Chem. Eur. J. 2001, 7, 1944-1951; d) N. K. Beyeh, A. Val-
konen, K. Rissanen, Org. Lett. 2010, 12, 1392-1395.

[14] a) N. K. Beyeh, A. Ala-Korpi, M. Cetina, A. Valkonen, K. Rissanen, Chem.
Eur. J. 2014, 20, 15144-15150; b) N. K. Beyeh, A. Ala-Korpi, F. Pan, H. Jo,
E. V. Anslyn, K. Rissanen, Chem. Eur. J. 2015, 21, 9556 - 9562.

[15] F. Pan, N. K. Beyeh, K. Rissanen, RSC Adv. 2015, 5, 57912-57916.

[16] a)N. Kodiah Beyeh, M. Cetina, K. Rissanen, Chem. Commun. 2014, 50,
1959-1961; b) N. K. Beyeh, A. Valkonen, S. Bhowmik, F. Pan, K. Rissanen,
Org. Chem. Front. 2015, 2, 340-345.

[17] N.K. Beyeh, F. Pan, K. Rissanen, Angew. Chem. Int. Ed. 2015, 54, 7303 -
7307; Angew. Chem. 2015, 127, 7411 -7415.

[18] F. Pan, N.K. Beyeh, K. Rissanen, J. Am. Chem. Soc. 2015, 137, 10406 -
10413.

[19] a) K. A. Connors, Binding Constants: The Measurement of Molecular Com-
plex Stability, John Wiley & Sons, New York, 1987, p. 432; b) K. Hirose in
Analytical Methods in Supramolecular Chemistry (Ed.: C.A. Schalley),
Wiley-VCH, Weinheim, 2012, pp.27-66; c)P. Thordarson, Chem. Soc.
Rev. 2011, 40, 1305-1323.

[20] S.J. Brooks, P.R. Edwards, P. A. Gale, M. E. Light, New J. Chem. 2006, 30,
65-70.

[21] a) P. D. Beer, K. P. Hopkins, D. J. McKinney, Chem. Commun. 1999, 1253 -
1254; b)K.H. Wong, M. Bourgoin, J. Smid, J. Chem. Soc. Chem.
Commun. 1974, 715-716.

[22] a) M. Przybylski, M. O. Glocker, Angew. Chem. Int. Ed. Engl. 1996, 35,
806-826; Angew. Chem. 1996, 108, 878-899; b) C. A. Schalley, Mass
Spectrom. Rev. 2001, 20, 253 -309.

[23] C. Frassineti, S. Ghelli, P. Gans, A. Sabatini, M. S. Moruzzi, A. Vacca, Anal.
Biochem. 1995, 231, 374-382.

1361

Received: November 11, 2015
Published online on December 16, 2015

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.201504514
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://dx.doi.org/10.1021/cr9603845
http://dx.doi.org/10.1021/cr9603845
http://dx.doi.org/10.1021/cr9603845
http://dx.doi.org/10.1002/1521-3773(20010202)40:3%3C486::AID-ANIE486%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20010202)40:3%3C486::AID-ANIE486%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20010202)40:3%3C486::AID-ANIE486%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3757(20010202)113:3%3C502::AID-ANGE502%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20010202)113:3%3C502::AID-ANGE502%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20010202)113:3%3C502::AID-ANGE502%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20010202)113:3%3C502::AID-ANGE502%3E3.0.CO;2-A
http://dx.doi.org/10.1016/S0010-8545(02)00258-8
http://dx.doi.org/10.1016/S0010-8545(02)00258-8
http://dx.doi.org/10.1016/S0010-8545(02)00258-8
http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1172::AID-ANIE1172%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1172::AID-ANIE1172%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1172::AID-ANIE1172%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1172::AID-ANIE1172%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1264::AID-ANGE1264%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1264::AID-ANGE1264%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1264::AID-ANGE1264%3E3.0.CO;2-3
http://dx.doi.org/10.1002/anie.200300582
http://dx.doi.org/10.1002/anie.200300582
http://dx.doi.org/10.1002/anie.200300582
http://dx.doi.org/10.1002/anie.200300582
http://dx.doi.org/10.1002/ange.200300582
http://dx.doi.org/10.1002/ange.200300582
http://dx.doi.org/10.1002/ange.200300582
http://dx.doi.org/10.1021/ja0279646
http://dx.doi.org/10.1021/ja0279646
http://dx.doi.org/10.1021/ja0279646
http://dx.doi.org/10.1056/NEJMra043184
http://dx.doi.org/10.1056/NEJMra043184
http://dx.doi.org/10.1056/NEJMra043184
http://dx.doi.org/10.1002/anie.201309937
http://dx.doi.org/10.1002/anie.201309937
http://dx.doi.org/10.1002/anie.201309937
http://dx.doi.org/10.1002/ange.201309937
http://dx.doi.org/10.1002/ange.201309937
http://dx.doi.org/10.1002/ange.201309937
http://dx.doi.org/10.1089/thy.1994.4.107
http://dx.doi.org/10.1089/thy.1994.4.107
http://dx.doi.org/10.1089/thy.1994.4.107
http://dx.doi.org/10.1039/b902069a
http://dx.doi.org/10.1039/b902069a
http://dx.doi.org/10.1039/b902069a
http://dx.doi.org/10.1039/C2CS35439J
http://dx.doi.org/10.1039/C2CS35439J
http://dx.doi.org/10.1039/C2CS35439J
http://dx.doi.org/10.1002/anie.198810211
http://dx.doi.org/10.1002/anie.198810211
http://dx.doi.org/10.1002/anie.198810211
http://dx.doi.org/10.1002/ange.19881000805
http://dx.doi.org/10.1002/ange.19881000805
http://dx.doi.org/10.1002/ange.19881000805
http://dx.doi.org/10.1002/anie.198800891
http://dx.doi.org/10.1002/anie.198800891
http://dx.doi.org/10.1002/anie.198800891
http://dx.doi.org/10.1002/anie.198800891
http://dx.doi.org/10.1002/ange.19881000110
http://dx.doi.org/10.1002/ange.19881000110
http://dx.doi.org/10.1002/ange.19881000110
http://dx.doi.org/10.1002/anie.198810093
http://dx.doi.org/10.1002/anie.198810093
http://dx.doi.org/10.1002/anie.198810093
http://dx.doi.org/10.1002/ange.19881000804
http://dx.doi.org/10.1002/ange.19881000804
http://dx.doi.org/10.1002/ange.19881000804
http://dx.doi.org/10.1002/ange.19881000804
http://dx.doi.org/10.1002/anie.199115071
http://dx.doi.org/10.1002/anie.199115071
http://dx.doi.org/10.1002/anie.199115071
http://dx.doi.org/10.1002/ange.19911031125
http://dx.doi.org/10.1002/ange.19911031125
http://dx.doi.org/10.1002/ange.19911031125
http://dx.doi.org/10.1002/ejic.201200776
http://dx.doi.org/10.1002/ejic.201200776
http://dx.doi.org/10.1002/ejic.201200776
http://dx.doi.org/10.1021/jo301450b
http://dx.doi.org/10.1021/jo301450b
http://dx.doi.org/10.1021/jo301450b
http://dx.doi.org/10.1038/nchem.2021
http://dx.doi.org/10.1038/nchem.2021
http://dx.doi.org/10.1038/nchem.2021
http://dx.doi.org/10.1038/nchem.2021
http://dx.doi.org/10.1002/1521-3773(20001002)39:19%3C3497::AID-ANIE3497%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3773(20001002)39:19%3C3497::AID-ANIE3497%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3773(20001002)39:19%3C3497::AID-ANIE3497%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3757(20001002)112:19%3C3640::AID-ANGE3640%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3757(20001002)112:19%3C3640::AID-ANGE3640%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3757(20001002)112:19%3C3640::AID-ANGE3640%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3757(20001002)112:19%3C3640::AID-ANGE3640%3E3.0.CO;2-7
http://dx.doi.org/10.1080/10610278.2010.506543
http://dx.doi.org/10.1080/10610278.2010.506543
http://dx.doi.org/10.1080/10610278.2010.506543
http://dx.doi.org/10.1021/cg3008409
http://dx.doi.org/10.1021/cg3008409
http://dx.doi.org/10.1021/cg3008409
http://dx.doi.org/10.1016/S0040-4020(97)00685-6
http://dx.doi.org/10.1016/S0040-4020(97)00685-6
http://dx.doi.org/10.1016/S0040-4020(97)00685-6
http://dx.doi.org/10.1016/S0040-4039(98)02046-2
http://dx.doi.org/10.1016/S0040-4039(98)02046-2
http://dx.doi.org/10.1016/S0040-4039(98)02046-2
http://dx.doi.org/10.1016/S0040-4039(98)02046-2
http://dx.doi.org/10.1002/1521-3765(20010504)7:9%3C1944::AID-CHEM1944%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3765(20010504)7:9%3C1944::AID-CHEM1944%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3765(20010504)7:9%3C1944::AID-CHEM1944%3E3.0.CO;2-2
http://dx.doi.org/10.1021/ol100407f
http://dx.doi.org/10.1021/ol100407f
http://dx.doi.org/10.1021/ol100407f
http://dx.doi.org/10.1002/chem.201402533
http://dx.doi.org/10.1002/chem.201402533
http://dx.doi.org/10.1002/chem.201402533
http://dx.doi.org/10.1002/chem.201402533
http://dx.doi.org/10.1002/chem.201406504
http://dx.doi.org/10.1002/chem.201406504
http://dx.doi.org/10.1002/chem.201406504
http://dx.doi.org/10.1039/C5RA11905G
http://dx.doi.org/10.1039/C5RA11905G
http://dx.doi.org/10.1039/C5RA11905G
http://dx.doi.org/10.1039/c3cc49010f
http://dx.doi.org/10.1039/c3cc49010f
http://dx.doi.org/10.1039/c3cc49010f
http://dx.doi.org/10.1039/c3cc49010f
http://dx.doi.org/10.1039/C4QO00326H
http://dx.doi.org/10.1039/C4QO00326H
http://dx.doi.org/10.1039/C4QO00326H
http://dx.doi.org/10.1002/anie.201501855
http://dx.doi.org/10.1002/anie.201501855
http://dx.doi.org/10.1002/anie.201501855
http://dx.doi.org/10.1002/ange.201501855
http://dx.doi.org/10.1002/ange.201501855
http://dx.doi.org/10.1002/ange.201501855
http://dx.doi.org/10.1021/jacs.5b06590
http://dx.doi.org/10.1021/jacs.5b06590
http://dx.doi.org/10.1021/jacs.5b06590
http://dx.doi.org/10.1039/C0CS00062K
http://dx.doi.org/10.1039/C0CS00062K
http://dx.doi.org/10.1039/C0CS00062K
http://dx.doi.org/10.1039/C0CS00062K
http://dx.doi.org/10.1039/B511963D
http://dx.doi.org/10.1039/B511963D
http://dx.doi.org/10.1039/B511963D
http://dx.doi.org/10.1039/B511963D
http://dx.doi.org/10.1039/a903440d
http://dx.doi.org/10.1039/a903440d
http://dx.doi.org/10.1039/a903440d
http://dx.doi.org/10.1039/c39740000715
http://dx.doi.org/10.1039/c39740000715
http://dx.doi.org/10.1039/c39740000715
http://dx.doi.org/10.1039/c39740000715
http://dx.doi.org/10.1002/anie.199608061
http://dx.doi.org/10.1002/anie.199608061
http://dx.doi.org/10.1002/anie.199608061
http://dx.doi.org/10.1002/anie.199608061
http://dx.doi.org/10.1002/ange.19961080804
http://dx.doi.org/10.1002/ange.19961080804
http://dx.doi.org/10.1002/ange.19961080804
http://dx.doi.org/10.1002/mas.10009
http://dx.doi.org/10.1002/mas.10009
http://dx.doi.org/10.1002/mas.10009
http://dx.doi.org/10.1002/mas.10009
http://dx.doi.org/10.1006/abio.1995.9984
http://dx.doi.org/10.1006/abio.1995.9984
http://dx.doi.org/10.1006/abio.1995.9984
http://dx.doi.org/10.1006/abio.1995.9984
http://www.chemeurj.org

