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Anion Recognition by Neutral Macrocyclic Amides
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Abstract: Although amides often serve
as anchoring groups in natural and syn-
thetic anion receptors, the structure—af-
finity relationship studies of amide-
based macrocyclic receptors are still
very limited. Therefore, we decided to
investigate the influence of the size of
the macroring on the strength and se-
lectivity of anion binding by un-
charged, amide-based receptors. With
this aim, we synthesized a series of
macrocyclic tetraamides derived from
2,6-pyridinedicarboxylic acid and ali-
phatic  a,w-diamines of different
lengths. X-ray analysis shows that all li-
gands studied adopt expanded confor-

effect of the ring size on the stability
constants of anion complexes; the 20-
membered macrocyclic tetraamide 2 is
a better anion receptor than its both
18- and 24-membered analogues. This
effect cannot be interpreted exclusively
in terms of matching between anion di-
ameter and the size of macrocyclic
cavity, because 2 forms the most stable
complexes with all anions studied, irre-
spective of their sizes. However, geo-
metric complementarity manifests in
extraordinarily high affinity of 2 to-
wards the chloride anion. The results
obtained for solutions were interpreted
in the light of solid-state structural

studies. Taken together, these data sug-
gest that anion binding by this family
of macrocycles is governed by competi-
tive interplay between their ability to
adjust to a guest, requiring longer ali-
phatic spacers, and preorganization,
calling for shorter spacers. The 20-
membered receptor 2 is a good com-
promise between these factors and,
therefore, it was selected as a promis-
ing leading structure for further devel-
opment of anion receptors. Further-
more, the study of an open chain ana-
logue of 2 revealed a substantial mac-
rocyclic effect. X-ray structure of the
acyclic model 14 suggests that this may

mations in the solid state with the con-
vergent arrangement of all four hydro-
gen-bond donors. 'H NMR titrations in
DMSO solution revealed a significant

Introduction

Non-covalent interactions with negatively charged species
play an important role in many essential chemical and bio-
logical processes. Although first studies on anion coordina-
tion began as early as in the late 1960s,!! the real explosion
of interest in the field took place in the last decade.” This
long “induction period” was due to the difficulties arising
from inherent properties of anions such as low charge densi-
ty, coordinative saturation and high solvation energies that
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be due to its ill-preorganized confor-
mation, stabilized by two intramolecu-
lar hydrogen bonds.

make their interactions with receptors relatively weak and a
solvent replacement difficult.

The design of anion receptors based solely on hydrogen
bonding seems to be particularly challenging,®! because a
typical, single hydrogen-bonding interaction of non-activat-
ed amide or alcohol with anion is weak,” and the receptors
must rely on the concerted action of many such donors.
Nevertheless, the interest in this area is rapidly expanding,
stimulated by its direct relevance to anion recognition by
natural receptors® and by the perspective of achieving a
good selectivity using interactions that strongly depend on
the direction and distance. However, the directionality cre-
ates an additional challenge for the researchers, because it is
necessary to arrange the hydrogen-bond donors in a very
precise manner within a host structure in order to achieve a
perfect complementarity to the guest. Despite this sensitivity
to geometric constraints, the systematic studies on the struc-
ture—affinity relationship in uncharged anion receptors are
scarce. Instead, a variety of very different structures was de-
scribed.
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Although it is clear that a convergent displacement of
many hydrogen bonds would be beneficial for strong anion
binding, it is still far from being obvious how to arrange
donors in an optimal, complementary fashion and what se-
lectivity can be achieved this way. Moreover, the following
difficulties have to be faced:

e majority of hydrogen-bond donating groups are also hy-
drogen bond acceptors, creating problems with compet-
ing intra- and intermolecular hydrogen bonds.

e majority of hydrogen bond donating groups are large
and rigid, what makes it problematic to place them cor-
rectly and causes additional synthetic problems.

Nevertheless, a continuous progress in the construction of
neutral, hydrogen-bonding receptors is taking place, which
is reflected, for example, in the growing popularity of
strongly competitive solvents used to evaluate anion bind-
ing: DMSO became popular and there were also precedents
of significant binding in protic media such as DMSO/water
mixtures,’®’ methanol” and even water.’) Examples of natu-
ral receptors” that strongly bind phosphate or sulfate
anions in water displaying at the same time excellent selec-
tivity indicate that there is still much room for improve-
ment. Amide groups play an important role in anion binding
by these receptors and consequently the study of amide-
based receptors appears particularly interesting. Therefore,
we focused our attention on macrocyclic amides and re-
solved to investigate the influence of their structure on the
affinity towards anions.

2,6-Pyridinediamides are well known for their strong pref-
erence for syn—syn conformation of both amide NHs, stem-
ming from hydrogen bonding with the pyridine nitrogen
atom and lone pair repulsion in alternative conformations
(Figure 1).'%" As a result, the whole 2,6-bis(carbamoyl)pyr-
idine fragment is rigid, planar, exhibits a well-defined U-
shape and displays two hydrogen bond donating groups in a
convergent manner.

X X X
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syn - syn syn - anti anti - anti
most stable
Figure 1.

It is therefore an attractive building block for the con-
struction of supramolecular architectures and was frequently
used, for example, to control the three-dimensional folding
of molecular strands,">¥ to induce a turn in the polypeptide
chain,™ in the construction of rotaxanes!'” catenanes,"”
macrocyclic receptors,'*1#2  self-assembled macrocyclic
boxes,”! and conformationally-restricted dendrons.’? Crab-
tree and co-workers,®? showed that even very simple 2,6-
pyridinediamides bound anions strongly and selectively (al-
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though in dichloromethane, a particularly undemanding sol-
vent). This discovery encouraged the others to utilize the
2,6-bis(carbamoyl)pyridine unit as an anion binding site for
the construction of acyclic fluorescent,”?! luminescent,?”!
and chromogenic®! anion sensors. Macrocyclic,”* and
macrobicyclic,,*>* anion receptors having two and three
such units were also described.

Our effort to develop efficient anion receptors began with
the synthesis of 18-membered macrocyclic tetraamide 1
(Figure 2).*7 Excellent anion-binding properties of this pro-
totype receptor prompted us to study the influence of the
size of macrocyclic tetraamide
on its anion binding properties.

. o) o)
Therefore, we decided to study NQVAN
a series of receptors consisting = " Ho A
. . \ N N
of two 2,6-bis(carbamoyl)pyri- ‘o b=
dine moieties linked with ali- N N
, . : MY
phatic chains of different 1 =0
lengths (Figure 2). Here we 2:n=1
[38] 3:n=2
present a full account"® on the 4 n=3
5 n=4

structure and anion binding

properties of these receptors. Figure 2.

Results and Discussion

Synthesis of macrocycles: To synthesize the model receptors,
the method of macrocyclization consisting in the reaction of
o,w-diamines with a,m-dicarboxylates was chosen. The
scope and limitations of this method were thoroughly stud-
ied in our laboratories.”” The method allows to obtain mac-
rocyclic diamides via the one-to-one ([1+1]) reaction of
a,w-diamine with methyl dicarboxylate in methanol. The
yields were particularly high when both the amine and ester
components had oxygen or nitrogen atoms 3 to the reacting
groups, like is for example in amino ethers. The method was
therefore ideally suited for the synthesis of diaza crowns, an
important class of cation receptors. Attempts to use this
method for the synthesis of anion receptors required moving
beyond its scope: the macrocyclic tetraamides result from a
four-component [242] reaction, instead of [1+1] and are
derived from purely aliphatic amines instead of amino
ethers. It was therefore not surprising that the yields were
low, ranging around 10% (in case of 3, 5 and larger tetra-
amides derived from the amines with an even number of
carbon atoms).*”! However, the desired products are usually
less soluble than oligomeric by-products and precipitate
from the reaction mixture in an almost pure form. This al-
lowed us for a very simple preparation of these tetraamides:
it is sufficient to dissolve an equimolar mixture of the suita-
ble amine and dimethyl 2,6-pyridinedicarboxylate in metha-
nol, leave it at ambient temperature for one week and filter
off the desired product. The simplicity of the synthesis
makes up for the low yields and renders it an attractive
method, especially in the case of 18-membered tetraamide 1
derived from 1,2-diaminoethane, that could be obtained in
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up to 50% yield.F"! In order to obtain the missing 20-mem-
bered macrocycle 2 and 24-membered 4, we have conducted
analogous reactions with the amines having odd number of
carbon atoms, 1,3-diaminopropane and 1,5-diaminopentane,
respectively (Scheme 1). As previously, the precipitate

B
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H H
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Scheme 1. Synthesis of macrocyclic tetraamides, hexaamides and octa-
amides.

formed also in the reaction with 1,3-diaminopropane; this
time, however, it contained mainly 30-membered hexaamide
6 (7.7% yield) and 40-membered macrocyclic octaamide 9
(6.2% yield). For macrocycles of this size, there is always an
uncertainty concerning their structures: is it a single macro-
cycle or maybe a catenane from two tetraamides? These
doubts were dispelled by an X-ray single crystal analysis of
the chloride complex of 9. It revealed that 9 is indeed a 40-
membered octaamide and that there are two chloride anions
inside its huge cavity. Simultaneous binding of two anions
was previously observed by us for its 36-membered analogue
8.1 This extraordinary phenomenon will be described in
detail in a separate paper. Also the compound 6 is a poten-
tially interesting anion receptor: a similar hexaamide of the
same ring size has been shown to bind CaCl;™ anions in the
solid state.*”! The one-pot synthesis described here opens an
easy access to these interesting receptors. Extensive chroma-
tography of the filtrate from the same reaction afforded the
desired macrocyclic tetraamide 2, although in low yield
(5.6%).

Analogous products were also obtained by the reaction of
dimethyl 2,6-pyridinedicarboxylate with 1,5-diaminopen-
tane: 24-membered tetraamide 4 (7.5 % ), 36-membered hexa-
amide 7 (6.4%) and 48-membered octaamide 10 (2.4%).
They are more soluble than their analogues 2, 6 and 9, and,
consequently, the precipitate that forms in the reaction mix-
ture consists only of unidentified, probably polymeric, prod-
ucts.
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Summing up, in the case of a,w-diamines having odd
numbers of methylene units, our synthetic procedure for
macrocyclic tetraamides met severe problems concerning
separation of the desired tetraamides from the larger macro-
cyclic products. However, these difficulties, as well as low
yields, were compensated by the fact that every such reac-
tion afforded three interesting macrocycles, being potential
anion receptors: a tetraamide (2: 5.6%, 4: 7.5%), a hexa-
amide (6: 7.7%, 7: 6.4%) and an octaamide (9: 6.2%, 10:
2.3%). Taking into account the low cost of substrates, it ap-
pears that the major drawback of the method is not its low
yield, but rather a cumbersome separation of the reaction
products. This difficulty may be overcome by separating the
synthesis into two steps (Scheme 2). In the first step, 1,3-dia-
minopropane reacts with four equivalents of dimethyl 2,6-
pyridinedicarboxylate affording several linear oligomeric

four equivalents
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Scheme 2. Stepwise synthesis of the macrocyclic tetraamide 2.

amidoesters, that can be easily separated by column chroma-
tography ([2+1] product 11, 46 % yield based on 1,3-diami-
nopropane). In the second step, amidoester 11 reacts with
one equivalent of amine in a [1+ 1] fashion giving consider-
ably higher yields of the desired macrocyclic products: tet-
raamide 2 (21 %) and octaamide 9 (17 % ). Moreover, sepa-
ration of the reaction mixture is easier, because some mac-
rocyclic products, for example hexaamide, are absent. Ac-
cordingly, octaamide 9 precipitates directly from the reac-
tion mixture in an almost pure form. This stepwise approach
allows for the synthesis of unsymmetrical macrocycles de-
rived from two different amines.

X-ray studies of ligands: Receptors 1, 3 and S have been al-
ready characterized structurally.?”*!! To complete the struc-
tural analysis of the whole series of “homologous” macrocy-
cles 1-5, we performed the X-ray crystal structure determi-
nation for 2 and 4.

Diffraction-grade single crystals of 2 were obtained by
slow diffusion of Et,O into a solution of 2 in CH,Cl,/
CH;OH 9:1. Single crystals of 4 grew during our efforts to
obtain cyanide complex, after slow evaporation of the etha-
nolic solution of the ligand and tetrabutylammonium cya-
nide. All five macrorings adopt very similar, centrosymmet-
ric, expanded, stair-like conformation (Figure 3). The pyri-

Chem. Eur. J. 2005, 11, 6080-6094


www.chemeurj.org

Anion Recognition FU L L PAP E R

18-membered 1

&;r c6 {
A cs—Rci2
103 ’ﬁqucn%—@
Ny caB—gloo
Lo

20-membered 2

22-membered 3

24-membered 4

26-membered 5

Figure 3. Comparison of the X-ray structures of macrocyclic receptors 1-5. (ORTEP plots, displacement ellipsoids scaled to 50 % probability level).
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dine rings of each receptor are antiparallel to each other
and the distance /& between their planes (the height of the
stairs) is given in Table 1. The amide hydrogens are ar-

Table 1. Distances characterizing the cavity sizes of receptors 1-5.

Receptor h[A] Diagonals [A]
1 1.47 5.45x5.50
2 2.15 5.18x6.82
3 2.85 6.72x6.73
4 3.14 6.37x9.18
5 3.69 8.12x9.19

ranged in a convergent manner by intramolecular
NH,pmiqe"Npy interactions and the amide groups are almost
coplanar with adjacent pyridine rings (dihedral angles vary
from 2.8 to 12.3°). Aliphatic chains linking two such rigid
2,6-bis(carbamoyl)pyridine planes are in an extended, un-
strained conformation, with most torsion angles close to op-
timal antiperiplanar or synclinal conformations. Exceptions
are found in linkers having odd number of methylene
groups (2 and 4) where one of torsion angles is deviated by
about 30° from the ideal value. The cavity dimensions, ap-
proximated by the distances between symmetrically related
amide nitrogen atoms (diagonals of parallelogram), are col-
lected in Table 1.

In each ligand structure, each pair of the amide hydrogen
atoms binds one oxygen acceptor: hydroxy group of metha-
nol molecule (in the crystal of 1) or carbonyl oxygen of
neighboring molecule (all other examples). Noteworthy, due
to the stair-like conformation of the molecule, two pairs of
the amide hydrogens interact with two different acceptors.
This leads to a similar packing mode for compounds 2-5:
each macrocycle is surrounded
by four perpendicular, symme-
try related ones, being hydro-

gen bonded to them. Two of [DsJDMSO at 298 K.\

Ad/ ppm

T T T T
0 1 2 3 4 5 6 7
number of anion equivalents

Figure 4. '"HNMR titration curves of ligand 2 with various anions; x
PhCOO™, o H,PO,~, o AcO™, 0 Cl™, 4+ Br, v CN7, * HSO,".

Standard nonlinear analysis of the data thus obtained af-
forded 1:1 stability constants of receptors 1, 2 and 4, collect-
ed in Table 2."! The solubility of receptor 3 in DMSO was
too low to allow for determination of its stability constants.

The selectivity trends displayed by the three receptors are
similar and common for hydrogen-bonding receptors: hydro-
gen phosphate, acetate and benzoate are most strongly
bound, whereas cyanide, bromide, p-nitrophenolate and hy-
drogen sulfate anions form weak complexes. Noteworthy,
there is no correlation in our data between the basicity of
anions (expressed in terms of pK, measured in DMSO) and
the stability constants of their complexes.[*” For example,
the weakest base, bromide ion, forms a stronger complex
with 2 than p-nitrophenolate does, in spite of basicity
weaker by ten orders of magnitude. Similarly, 2 prefers

Table 2. Binding constants [M '] for the formation of 1:1 complexes of 1, 2, and 4 with various anions in

these neighbors (from above _ Z ‘
and below) act as hydrogen ° \/ \ 0w s \ o N 0
bond acceptors, while the re- . N N NH HN

s Anion NH HN NH HN pK. Gas-
maining two as donors (from y HX in phase AGOL
both sides). DMSO®  basicity!!  [kJmol™]

N HN NH  HN [kImol ']
o Ny N NH HN
Anion binding in solution: The | o © N

.\ . . Z / o T ©°
addition of anions, in the form ; _
of tetrabutylammonium (TBA) 2 4
salts, to the DMSO solutions of —

h d sionifi Cl 65'¢) 1930 18 1.8 1373 29
eac rfaceptorh caused signi 1cgnt Br- -5 150 <5 0.9 133 0
downfield shifts of amide sig- ¢N- 52 349 51 12.9 1438 34
nals in '"HNMR spectra, indi- PhCOO~ 202 2283 301 11.1 1394 39
cating N-H-~A~ hydrogen- AcO- 26401 3240 310 12.6 1427 32
bonding interactions and also 2P0+ 1680 7410 450 - 1351 32

g mic p-O,N-Ph-O~ 671 123 <5 10.8 1343 25
fast equilibrium between com- 50, <5 75 <5 _ 1251 25

plexed and free forms of li-
gands. Typical titration curves
are shown in Figure 4.
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[a] Errors are estimated to be < 10%. Tetrabutylammonium salts were used as anion sources. [b] Taken from
ref. [2h]. [c] Standard free enthalpy of protonation in the gas phase, taken from ref. [44]. [d] Standard free en-
thalpy of the gas phase reaction: X~ + H,0 = [X-H,O]. Values from ref. [2h]. [e] Values from ref. [37].
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weakly basic chloride over strongly basic cyanide or p-nitro-
phenolate. Since the differences of the solvation energies of
X~ and HX may limit the adequacy of pK, values as a mea-
sure of hydrogen bond acceptor strengths, gas phase basici-
ties or the free energies of anion hydration by single water
molecule (AG]),) were put forward as a better measure of
intrinsic anion properties.[46] Here, however, the correlations
are also very poor, what is not surprising considering solva-
tion effects and the possible influence of host—guest geomet-
ric complementarity on the complex stability.

The above-mentioned geometric complementarity is most
probably responsible for the striking effect of the receptor
size on affinity towards CI : enlargement of the macrocycle
from the 18-membered ring in 1 to the 20-membered ring in
2, resulted in a 30-fold increase in the respective binding
constant, whereas further enlargement by four methylene
units (in 4) causes reduction of affinity towards CI~ by two
orders of magnitude. Remarkably, the 20-membered recep-
tor 2 binds Cl~ almost as strongly as benzoate anion.

Similar but smaller effects can be seen for other anions
(Figure 5); as a result, receptor 2 is the best receptor for all
anions under the study. This in turn implies that the size
match between anion and cavity of the receptor does not ac-
count solely for the observed selectivity. For instance, the
cavity of the largest receptor 4 matches the size of hydrogen
phosphate and carboxylate anions better than receptor 2,
but respective complexes are weaker. Apparently, anion
binding ability of our receptors results from their intrinsic
proprieties, most probably flexibility and rigidity. Whereas
the smallest receptor 1 has too short aliphatic linkers to
allow for comfortable adjustment to all anionic guests
except fluoride, the largest receptor 4 is too floppy and pre-
sumably pays large entropic penalty for complexation. Evi-
dently, the three methylene groups in the aliphatic linkers of
receptor 2 are a good compromise between contradictory re-
quirements of adaptability and preorganization.

log K

0 1 2 3
size of macroring / n

Figure 5. Plot of the logarithm of the association constant versus the size
of receptor’s cavity; v H,PO,”, * AcO™, g PhCOO™, ¢ CI".

The picture emerging from the above data is strikingly
similar to what is well-known for simple crown ethers and
alkali metal cations, where K% is preferred over all other
cations by a range of crowns irrespective of ring size, and

Chem. Eur. J. 2005, 11, 6080-6094
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the strongest binding of all cations is observed for
[18]crown-6 irrespective of cation size.!*’)

To test the importance of size complementarity in anion
recognition by our receptors, it would be valuable to com-
pare affinity of 1 and 2 towards fluoride and chloride
anions. Previous structural studies®” have shown that 18-
membered cavity of receptor 1 was too small to accommo-
date Cl™, whereas F~ fitted well. Accordingly, F~ is bound
more strongly than chloride. In this case, however, geomet-
ric fit and hydrogen bond accepting ability work in concert
and it is impossible to judge their relative importance. More
significant would be the comparison of K(F~) and K(Cl")
for 2, but unfortunately K(F~) is not an easily accessible
value. First of all, it is difficult to prepare fluoride solution
of exactly known concentration. Commercially available tet-
rabutylammonium fluoride is a hydrate having an unspeci-
fied water content, and drying it results in decomposition by
Hoffman elimination.*®) Our attempts to dissolve weighed
amounts of potassium or sodium fluoride in DMSO with the
aid of [2.2.2]cryptate were unsuccessful, although the
method worked well in acetonitrile.” Finally, we performed
NMR titrations of ligands 1, 2 and 4 using the solution of
tetrabutylammonium fluoride hydrate and estimated its con-
centration by integration of NMR spectra with respect to li-
gands. At the beginning of each titration, the amide NH sig-
nals broadened significantly, but narrowed again as the
amount of F~ approached two equivalents. Near this point,
the NH signals of 1 and 2 split into doublets (/ ~ 43 Hz) as
a result of H-F coupling, and stopped shifting. The tentative

Ad / ppm
4.0 A

3.0 A

2.0 ° o P

00 H =

T T T T T T T T T T 1

0 1 2 3 4 5
number of F~ equivalents

Figure 6. '"H NMR titration curves of ligands 1 (), 2 (0) and 4 (e) with
fluoride anion.

assignment of the positions of these broad signals led to S-
shaped titration curves shown in the Figure 6.

Such a shape suggests multiple equilibria resulting from
formation of complexes of different stoichiometries. In this
case, however, this was simply due to partial coalescence of
the NH signals of free and complexed ligands. Using higher
field spectrometer (400 instead of 200 MHz), we were able
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Figure 7. a) '"H NMR and b) F NMR spectra of ligand 2 with nBu,N*F~
recorded at different F~ to ligand ratio in [D4]DMSO.

to separate these signals in the case of 2 (Figure 7a), partly
in 1, but still not 4. Unfortunately, broadening of NH signals
and progressing deuterium exchange precluded quantitative
determination of binding constants.

F NMR spectra recorded at different F~ to ligand ratio
provided direct insight into the solution structures of species
involved, owing to 'H-F couplings through hydrogen
bondsP (Figure 7b).

The signal of the free fluoride anion at —97.0 ppm disap-
pears after addition of one equivalent of the ligand, and the
signal of complexed fluoride appears at —92.2 ppm for 1-F~,
—107.6 ppm for 2-F~, and —108.0 ppm for 4F~. At 2:1 F -
to-ligand ratio, separate signals of free and complexed fluo-
ride are visible, indicating slow exchange; furthermore, in
the case of 1-F~ and 2-F the signal of encapsulated F~ is a
well-resolved quintet (J/~43 Hz); this indicates coupling of
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the fluoride nucleus with all four NH protons of each
ligand. Moreover, four new signals are also apparent: quar-
tet, triplet, doublet and singlet, with the same coupling con-
stants. These originate from fluoride encapsulated within
partially deuterated ligands, lacking one, two, three or all
four protons, respectively (*H-"F coupling constants are
about seven times smaller than '"H-"F and could not be ob-
served in these relatively broad multiplets). The shift of
fluoride signal caused by each proton-to-deuterium ex-
change is similar and large enough (0.55ppm in 1 and
0.59 ppm in 2) that these multiplets do not overlap. These
spectra constitute a direct evidence that, in the DMSO solu-
tions, the fluoride anion is encapsulated inside the macrocy-
clic cavities of tetraamides 1 and 2 by four NH--F~ hydro-
gen bonds. Furthermore, the observation of separate signals
only from F~ and 1:1 complexes strongly suggests that other
complexes are not present in detectable amounts under
these conditions. This is a non-trivial information, because
the reverse might be expected from the inspection of the ti-
tration curves from Figure 6, where the saturation point is
reached after addition of nearly two equivalents of fluoride
and also because multiplets in fluorine spectra appear only
in the presence of excess of fluoride. Perhaps the stability
constants of fluoride complexes are not large enough and
therefore the excess of the anion is required to achieve
100 % complexation of receptors.

Larger excess of fluoride (4:1 anion-to-ligand ratio) re-
sults in significant deprotonation of all ligands with concom-
itant formation of bifluoride anions HF,” and DF,”, evi-
denced by a characteristic triplet in '"H NMR spectra (HF, :
t, 16.14 ppm, /=120 Hz) and doublet or triplet, respectively,
in ’F NMR spectra (HF, : d, —142.2 ppm, /=120 Hz, DF,:
t, —142.7 ppm, J=18 Hz)."Y Consequently, deuterium ex-
change with the [D¢]DMSO solvent speeds up and multip-
lets in fluorine spectra gradually disappear.

Similar observations made re-
cently by Bowman-James and
co-workers®  for hexaamide

X
cryptands 12 and 13 (Figure 8) OJ)YO
allow for interesting compari- NH X\ HN
son. First, 'H-"F coupling con- (O | & Oj
stants measured for bicyclic re- <SUNH - HNRS
ceptors (27 Hz for 12 and 14 Hz o
for 13) were smaller than for NH HN
our tetraamides (43 Hz) suggest- o7y XS0
ing weaker N-H--F~ hydrogen Z
bonds. This decrease in the Figure 8. Bicyclic receptors

strength of each single hydrogen
bond is clearly related to the in-
creasing total number of hydro-
gen bonds, rising from four for
our tetraamides, to six in 12, and 9 in 13 (including three C-
H-F~ hydrogen bonds). Second, deuterium exchange is
much slower in bicyclic receptors 12 and 13, achieving equi-
librium requires heating to 150°C for 1 h, whereas monocy-
clic tetraamides 1, 2 and 4 are deuterated after a few hours
at room temperature. The chemical structure of these two

studied by Bowman-James and
co-workers.*)
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types of receptors is similar and suggests similar thermody-
namic acidity, therefore we ascribe their different behavior
to different topologies: proton abstraction from the cage
compounds 12 and 13 is apparently slower.

However, a large excess of fluoride was able to deproto-
nate our ligands to a significant extent, as judged by the in-
crease of bifluoride signal in '’F NMR spectra, whereas no
such observation was mentioned by Bowman-James and co-
workers.* So, the question whether the difference in the
rate of fluoride-facilitated deuterium exchange between
macrocyclic and macrobicyclic receptors is purely kinetic or
has also some thermodynamic origin requires further inves-
tigation.[*J

X-ray studies of anion complexes of macrocyclic receptors:
Structural studies of anion complexes in the solid state pro-
vide a valuable insight into binding modes and coordination
geometries, that may help in

the interpretation of the solu- a)
tion-phase results. Therefore,

we have made a considerable

effort to obtain crystals of

anion complexes of 2 and 4
suitable for X-ray analysis.

Complexes of 20-membered
ligand 2: Careful layering of
hexane onto the solution of tet-
rabutylammonium chloride and
tetraamide 2 in CH,Cl, afford-
ed, after a few days, long nee-
dles of the chloride complex of
2. Unfortunately, poor quality
of these crystals did not allow
for satisfactory refinement of
their structure. Therefore, we
used tetrapropylammonium cat- b)
ions as less flexible counterions,
and obtained, under the same
conditions, the X-ray quality
crystals of the desired complex.
All our efforts to grow crystals
of the acetate complex of 2
were unsuccessful, but slow
evaporation of a solution of 2
and tetrabutylammonium ace-
tate in acetonitrile gave high
quality  single crystals of
2-CH;CN. Solid state structures
of both complexes are very sim-
ilar (Figure 9).

Each guest forms four,
almost equal hydrogen bonds
with all four amide hydrogen
atoms of the ligand. In order to
provide convergent hydrogen
bonds to the same acceptor, the
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macrocycle adopts a highly bent shape, with an angle be-
tween the pyridine ring planes of 55.3 and 49.4°, respective-
ly. Both guests sit on the top of the ligand, 1.81 A (CI") and
1.68 A (CH;CN) above the mean plane of four amide nitro-
gens. The chloride anion is bound only from the bottom (if
a weak, 2.82 A, intermolecular contact to the aliphatic hy-
drogen atom of neighboring macrocycle is neglected) and,
therefore, its coordination sphere may be described as pyra-
midal. This is in contrast to what was found for chloride and
fluoride complexes of a smaller, 18-membered macrocycle 1,
where both anions are coordinated by one water molecule
from the side opposite to the receptor.

The comparison of the X-ray crystal structures of receptor
2 and its chloride complex demonstrate the large extent to
which the ligand can change its conformation in order to
maximize binding with a guest. The angle between pyridine
ring planes is reduced from 180° in the free ligand to 55.3°

Figure 9. ORTEP view of the molecular structure of a) 2-(nPr),N*Cl~, b) 2-CH;CN. Displacement ellipsoids
are scaled to the 50 % probability level. Dashed lines are indicative of hydrogen-bonding interactions.
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upon CI” binding, much more than in smaller macrocycle
1—from 180° to 157.4°. This supports our hypothesis that
the better efficacy of receptor 2 results from its better
adaptability. It is also worth to note that even small chloride
anion is not truly encapsulated by the receptor 2, as it sits
above the plane of highly bent macrocycle. The same must
be true for larger anions, and this accounts for minor role of
size complementarity in anion recognition by receptor 2.

The large differences between the solid-state structures of
the free ligand 2 and its complexes pose a question whether
such conformational changes during anion binding take
place in solution too. Whereas the structure of chloride com-
plex in solution is probably well represented by the solid
state structure, the privileged conformation of the free
ligand is more ambiguous—it may either resemble the crys-
tal structure of free ligand with two DMSO molecules on
opposite sides as hydrogen bond acceptors, or may be simi-
lar to that found in the acetonitrile complex, with one
DMSO molecule in place of CH;CN. DMSO is a strong hy-
drogen bond acceptor and, therefore, such specific interac-
tions between the receptor and solvent are probable. If the
second possibility is true, anion binding would consist in a
simple guest exchange with little conformational change of
the host. It points to a possible double role of DMSO, which
strongly competes with anion binding, but probably also pre-
organizes the receptor. Unfortunately, it is difficult to get
experimental insight into such dynamic phenomena in solu-
tion due to the low solubility and high symmetry of our li-
gands, as well as high rate of these processes, leading to
averaged, but broadened NMR spectra. Boudon and
Wipffl* used Monte Carlo simulations to show that specific
interactions with water molecules help to preorganize poly-
ammonium macrocycle toward anion binding.

In our opinion, the crystal structures of chloride and ace-
tonitrile complexes of 2 provide valuable inspiration for

future designs. Almost parallel mutual disposition of two
pyridine rings of 2 in these structures is reminiscent of calix-
arene in 1,3-alternate conformation. Taking into account the
well-known binding capabilities of calixarenes, it is worth to
consider the possibility of simultaneous, cooperative binding
of two guests by such receptors, equipped with appropriate
functionalities. Examination of the crystal structures of
above complexes from this point of view reveals that the
gaps between the pyridine rings are filled by aliphatic
groups. For example, in the chloride complex, receptor mol-
ecules lie side by side, forming a grove filled by aliphatic
chains of tetrapropylammonium cations.

Chloride complex of 24-membered ligand 4: Vapor diffusion
of diethyl ether into the solution of macrocyclic tetraamide
4 and tetrabutylammonium chloride in 1,2-dichloroethane
gave monocrystals of the complex 4 TBA+Cl-2.61 H,O. The
X-ray analysis shows that there are two guests in the recep-
tor’s cavity: a chloride anion and a water molecule
(Figure 10).

Each guest lies nearly in the plane of one 2,6-pyridinedi-
carbamoyl unit, chelated by two amide groups. The two
guests are connected by almost perfectly linear O-H--Cl™
hydrogen bond (O-H--Cl angle 177.2°, H--Cl distance
2.30 A). The last, fourth hydrogen bond comes to CI™ from
another water molecule, which resides in the cavity of the
symmetrically related receptor. This gives rise to the forma-
tion of hydrogen bonded, centrosymmetric dimer, in which
rhombic (Cl7),(H,0), cluster bridge the two molecules of 4.
Such chloride water cluster is a common motif in the solid
State.[4l,54,55]

Thus, the 24-membered macrocycle is clearly too large for
a single chloride anion. Nevertheless, the study of such geo-
metrically mismatched systems may give an interesting in-
sight into means, by which they adapt in order to maximize

Figure 10. ORTEP view of the molecular structure of 4 TBA*CI™2.61H,0. Left figure: top view. Right figure: rhombic cluster of two water molecules
and two Cl ions joining two symmetrically equivalent macrocyclic receptors (only bottom one is shown) Hydrogen atoms and part of disorder have
been removed for clarity. (Displacement ellipsoids are scaled to the 50% probability level. Dashed lines are indicative of hydrogen-bonding interac-
tions).
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the number of noncovalent interactions. The sterically mis-
matching cation complexes of crown ethers have been al-
ready studied from this perspective.’® The present structure
highlights the role of water molecules, that may fill the gaps
between small guests and too large hosts. It is worth to
remind here that we were unable to observe the well-de-
fined multiplets in the ’F NMR spectra of 4F~. It might be
due to the involvement of water molecules in the solution
structure of this fluoride complex. Considering a very strong
interaction of water with anions (especially fluoride), it
seems reasonable to deliberately construct hosts able to ac-
commodate target anion together with a fraction of its hy-
dration sphere. Indeed, Burns and co-workers have shown
recently that anion complexation in a competitive solvent
may be enhanced when a solvent molecule is incorporated
into the binding motif.””! Such a new strategy for the design
of anion receptors may be useful in applications like the
transport of anions through lipophilic channels or mem-
branes, were stripping off the solvation shell gives rise to
high energy barrier.®® The chloride complex of 4 may be a
prototype receptor of this class.

Macrocyclic effect: Having established that the 20-mem-
bered macrocyclic tetraamide 2 is the most effective anion
receptor, we were interested whether its macrocyclic topolo-
gy was really indispensable for its effectiveness. To answer
this question, we resolved to synthesize the model acyclic
tetraamide 14 and compare its anion binding properties with
2. It may be argued that 14 consists of two rigid fragments
that are well-preorganized for anion binding by intramolecu-
lar hydrogen bonds, and therefore should not suffer very
much from the lack of macrocyclic topology. The open-
chain model receptor 14 was obtained in 91 % yield from
amidoester 11 (Scheme 3).

0 0 o) 0
— 7\ CH,NH, —_ 7 N\
N N onon” LN N_

o. o ’ N
g > 7 0 g >~ 7 0
1 14

Scheme 3.

The results of 'H NMR titrations are collected in Table 3.
Binding constants for the three anions studied are at least
20 times smaller for the acyclic receptor 14, despite its parti-
ally rigid structure.

To throw some light on the possible structural basis of
this large macrocyclic effect, we performed the X-ray analy-
ses of 14 (Figure 11) and its chloride complex (Figure 12).
Both crystals grew from the same crystalisation, during slow
diffusion of hexanes into the solution of 14 and TBACI in
1,2-dichloroethane.

In the structure of 14-2H,0O there are two independent
molecules of the ligand in the unit cell, both having a similar
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Table 3. Binding constants [M~'] for the formation of 1:1 complexes of 2
and 14 with various anions in [Dg]DMSO at 298 K.

Anion 2 14

NH' NH?
Cl- 1931 45 45
AcO~ 3241 163 160
H,PO,~ 7409 346 223

[a] Errors are estimated to be < 10%. Tetrabutylammonium salts were
used as anion sources.

zig-zag shape stabilized by intramolecular NH--O=C hydro-
gen bonds (Figure 11).

In both molecules, one 2,6-bis(carbamoyl)pyridine frag-
ment chelates the carbonyl oxygen atom of the other, which
in turn binds a water molecule. If a similar conformation
predominates in solution too, the receptor may either bind
an anion with only two hydrogen bonds, like the water mol-
ecule in the crystal, or undergo a major conformational
change, accompanied with the breaking of two intramolecu-
lar hydrogen bonds, to bind an anion with all four amide
groups. No matter which possibility is realized, the net
energy gain in the complexation process comes from the for-
mation of just two new hydrogen bonds, instead of four, like
in the macrocyclic tetraamide 2. Thus, apart from increased
flexibility, also the competition from intramolecular hydro-
gen bonds may account for much worse anion binding prop-
erties of acyclic versus macrocyclic receptor.

The X-ray structure of 14 suggests also a plausible explan-
ation for poor results of macrocyclizations leading to 2 as
contrasted to those leading to 1. The linear triamide, precur-
sor of 2, may fold in a way similar to 14, adopting conforma-
tion that hampers macrocyclization. Such disadvantageous
conformation would be difficult to attain by analogous inter-
mediate, precursor of 1, having a shorter linker. According-
ly, 1 is obtained in 50 % yield, whereas 2 in only 5.6 %.

However, the NMR spectra of 14, taken at room tempera-
ture in DMSO solution, show an equivalence of both 2,6-
bis(carbamoyl)pyridine moieties. It means that either the
molecule adopts a more symmetrical conformation in solu-
tion than in the solid state, or there is a fast equilibrium be-
tween equivalent, folded conformations leading to time-
averaged spectra.

The X-ray analysis of the crystal structure of the chloride
complex of acyclic tetraamide 14 reveals that the ligand
wraps around anion to form four N-H--Cl~ hydrogen bonds
(Figure 12). The coordination sphere of the anion is com-
pleted by one water molecule from the bottom and a tetra-
butylammonium cation from the top forming C-H--Cl™ hy-
drogen bond. The conformation of the ligand 14 in the com-
plex is very different from that of the free 14, demonstrating
flexibility of the tetraamide lacking macrocyclic topology.

Although significant energetic cost of structural reorgani-
zation necessary for anion binding is probably responsible
for low binding constants of 14 in solution, the unconstrain-
ed acyclic tetraamide 14 can better adjust to the anionic
guest than macrocyclic 2, producing presumably more favor-
able arrangement in the solid state. Thus X-ray structures of
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Figure 11. ORTEP view of the molecular structure of acyclic receptor 14 showing two nonequivalent, but similar, molecules and the network of hydrogen
bonds (dashed lines). Displacement ellipsoids are scaled to the 50 % probability level.

Figure 12. ORTEP view of the molecular structure of 14 TBA*Cl™-3H,0. Left: numbering scheme. Right: coordination sphere of the chloride anion.
Dashed lines indicate hydrogen-bonding interactions. Displacement ellipsoids are scaled to the 50 % probability level.

anion complexes of the acyclic model 14 may provide valua-
ble hints for the construction of the second-generation
anion receptors. First, the distance between the amide nitro-
gens connected by the linker is 3.67 A in the chloride com-
plex of 14, what is much shorter than the distance (5.61 A)
between the terminal amide nitrogens. This suggests that in
the macrocyclic receptor 2 at least one linker should be
longer, having four or five carbon atoms. Second, this re-
minds that even perfectly tailored macrocyclic receptors
leave apical positions empty and it would be advantageous
to equip it with pendant arms having, for example, hydroxy
groups able to provide additional binding.
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Conclusion

A family of neutral, macrocyclic, tetraamide receptors of
different ring sizes was obtained without using the high dilu-
tion methodology. Hexaamides 6 and 7 as well as octa-
amides 9 and 10, also interesting as potential anion receptors,
were isolated as major synthetic by-products. The structure
and anion binding properties of this family of tetraamides
were studied using the X-ray diffraction analyses and the so-
lution-phase affinity measurements. The study revealed a
significant effect of the receptor size on its anion-binding
ability. Each anion, irrespective of its size or shape, binds
most strongly to the 20-membered macrocycle 2. Apparent-
ly, the size complementarity between an anion and the re-
ceptor’s cavity plays a secondary role here and does not de-
termine the mutual affinity. More likely, anion binding abili-
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ty of our receptors depends on their flexibility, and receptor
2 is a good compromise between contradictory requirements
of adaptability and preorganization. Nevertheless, the geo-
metric fit manifests in exceptionally strong complexation of
Cl™ by receptor 2.

Encapsulation of fluoride anion by tetraamide receptors 1
and 2 in DMSO solution was confirmed by the observation
of through-hydrogen-bond coupling between F~ and amide
NH protons in F and 'H NMR spectra. Despite the mis-
match between the size of the F~ and cavity of 24-mem-
bered receptor 4, no complexes of different than 1:1 stoichi-
ometry were detected, possibly due to the intervention of a
water molecule, able to fill the gap between the large recep-
tor and small guest anion.

The comparison of X-ray crystal structures of receptor 2
and its chloride complex demonstrated the large extent to
which the ligand can change its conformation in order to
adapt to a guest. This anion-induced conformational change
is much larger than that previously described for smaller
macrocycle 1, and thus supports our hypothesis, that better
efficacy of receptor 2 results from its better adaptability.
The crystallographic studies of the chloride complex of 2 re-
vealed also that even small chloride anion is not truly encap-
sulated by the receptor, as it sits above the plane of highly
bent macrocycle. This accounts for minor role of size com-
plementarity in anion recognition by receptors 1 and 2.

The macrocyclic topology of the receptor 2 is crucial for
its effectiveness, as revealed by comparison with its acyclic
analogue 14. This was explained by the X-ray crystallo-
graphic analysis, that showed the free ligand 14 in ill-preor-
ganized conformation, stabilized by two intramolecular hy-
drogen bonds. These hydrogen bonds have to be broken
during anion binding and, therefore, compete directly with
the latter process.

The receptor 2 is therefore proposed as the best candidate
for further modifications. Some possible improvements lead-
ing hopefully to better selectivity towards Cl~ were suggest-
ed on the basis of X-ray analysis. They include introduction
of pendant arms bearing additional hydrogen bond donating
groups able to occupy axial positions of the chloride anion,
and slight enlargement of the receptor’s cavity by elongating
one aliphatic linker by one or two methylene units. In view
of these emerging directions of research, we have developed
a more convenient two-step synthesis of 2, which further-
more allows to obtain unsymmetrical receptors, having two
different linkers. Considering the recent report’™ on the sig-
nificantly improved anion-binding properties of tetrathioa-
mide derived from 1 in comparison with the parent com-
pound, we expect even better properties of the thioana-
logues of 2.

Experimental Section

Instrumentation and methods: NMR spectra were measured on Varian
Gemini 200 ("H: 200 MHz, "*C: 50 MHz) or Varian Mercury 400 ('H:
400 MHz, "“F: 376.4 MHz). Chemical shifts are given in ppm with the sol-
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vent signals taken as internal standards (except for fluorine spectra,
where CFCl; was used as internal standard); coupling constants are in
hertz. ESI mass spectra were obtained with a Mariner (ESI TOF) and
API 365 (ESI 3Q) mass spectrometers with methanol as the spray sol-
vent. Melting points are uncorrected.

Syntheses: All precursors for the syntheses were obtained from Aldrich
or Fluka and were used as purchased. Dimethyl 2,6-pyridinedicarboxylate
was obtained by esterification of 2,6-pyridinedicarboxylic acid according
to excellent literature procedure.” TLC was carried out on Merck silica
gel 60 F,s, aluminium plates; for column chromatography, Merck silica
gel 60 with a mesh size of 63-100 um was used. Macrocycles under study
gave unsatisfactory elemental analyses due to solvent molecules encapsu-
lated in the crystals. This phenomenon is well known and, even after pro-
longed heating in high vacuum, the solvents can still be detected in the
NMR spectra. The isotope patterns obtained by ESI-MS spectra are,
however, consistent with those calculated on the basis of natural isotope
abundances and thus confirm the elemental composition.

Reaction of dimethyl 2,6-pyridinedicarboxylate with 1,3-diaminopropane:
Dimethyl 2,6-pyridinedicarboxylate (3.903 g, 20 mmol) and 1,3-diamino-
propane (1.482 g, 20 mmol) were dissolved in methanol (200 mL) and left
at room temperature over a period of 7 d.

Isolation of 6 and 9: The precipitate containing hexaamide 6 and octa-
amide 9 was filtered, washed with methanol and subjected to chromatog-
raphy on a silica gel (200 g) column eluted with 6 % CH;OH in CH,CL.
Pure 6 was obtained together with slightly contaminated 9. Octaamide 9
was further purified on 100 equivalents of silica gel by using first 6-9 %
mixtures of methanol and ethyl acetate (to remove less polar impurities)
and than 10 % methanol in CH,Cl, to wash out the desired product.

Hexaamide 6: Yield: 318 mg, 7.7 %; m.p. >350°C; 'H NMR (200 MHz,
[Dg]DMSO): 6=9.45 (t, J=6.0 Hz, 6H; NH), 8.17 (m, 9H; CH,;,,,,), 3.46
(g, J=6.6Hz, 12H, CH,), 1.89 (quintet, J=6.6 Hz, 6H); “C NMR
(50 MHz, [Dg]DMSO): =162.9 (4°), 148.6 (4°), 139.4 (3°), 124.1 (3°),
36.2 (2°), 304 (2°); HR MS (ESI): m/z: caled for Ci;H;NyO4zNa:
638.2452, found: 638.2459 [M+Na]*.

Octaamide 9: Yield: 255 mg, 6.2%; m.p. >350°C; '"HNMR (200 MHz,
[Dg]DMSO): 6=9.43 (t, J=6.3 Hz, 8H; NH), 8.18 (m, 12H; CH,/n.)s
3.43 (brm, 16H; CH,), 1.82 (brm, 8H; CH,); *C NMR: due to the low
solubility of 9 the spectrum was unachievable; HR MS (ESI): m/z: calcd
for CyoHyN,OgNa: 843.3297, found: 843.3323 [M+Na]*.

Isolation of 2: The filtrate from above reaction mixture was evaporated
to dryness, and the remaining was purified by chromatography on a silica
gel (100 g) column by using gradient elution with mixtures of CH,Cl, and
CH;OH (7—10%). All fractions containing 2 were combined and chro-
matographed again on 100 equivalents of silica gel using 6-7 % mixtures
of methanol and ethyl acetate to give 2 (230 mg, 5.6%). M.p. >350°C;
'"H NMR (200 MHz, [D¢]DMSO): 6=8.96 (t, J=5.6, 4H; NH), 7.86 (m,
6H; CH,.n), 3.54 (brm, 8H; CH,), 2.05 (brm, 4H, CH,); “C NMR
(50 MHz, [D¢]DMSO): 6=162.5 (4°), 1482 (4°), 138.8 (3°), 123.3 (3°),
39.2 (2°), 262 (2°); HR MS (ESI): m/z: caled for C,H,,N,O,Na:
433.1595, found: 433.1617 [M+Na]*.

Reaction of dimethyl 2,6-pyridinedicarboxylate with 1,5-diaminopentane:
Dimethyl 2,6-pyridinedicarboxylate (3.903 g, 20 mmol) and 1,5-diamino-
pentane (2.044 g, 20 mmol) were dissolved in methanol (200 mL) and left
at room temperature for at least one weak. After this time the precipitate
was filtered off and the filtrate was evaporated to dryness. The residue
was purified by chromatography on a silica gel (250 g) column using 5%
CH;OH in CH,Cl,. The separation process was followed by TLC (plates
were developed twice in ethyl acetate/methanol 9:1). Tetraamide 4
(350 mg, 7.5%) was obtained together with a mixture of hexaamide 7
and octaamide 10 (ca. 600 mg). These two compounds were separated on
a second column, using silica gel (200 g) and 5% CH;OH in CH,Cl, as
an eluent. Pure hexaamide 7 (299 mg, 6.4 %) and octaamide 10 (110 mg,
2.4 %) were obtained together with an unseparated mixture of these com-
pounds (185 mg).

Tetramide 4: M.p. >350°C; '"H NMR (200 MHz, [D¢]DMSO): 6=9.31 (t,
J=5.6, 4H; NH), 8.07 (m, 6H, CH,,,y,), 3.42-3.23 (brm, 8H; CH,), 1.64
(brm, 8H; CH,), 1.39 (brm, 4H; CH,); ®C NMR (50 MHz, [D;]DMSO):
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0=163.0 (4°), 148.5 (4°), 139.3 (3°), 123.8 (3°), 39.1 (2°), 28.4 (2°), 23.9
(2°); HR MS (ESI): m/z: caled for C,H;N¢O,Na: 489.2221, found:
489.2241 [M+Nal*.

Hexaamide 7: M.p. 342-345°C; 'HNMR (200 MHz, [D¢]DMSO): 6=
9.26 (t, J=6.0 Hz, 6H; NH), 8.15 (m, 9H; CH, ), 3.37 (m, 12H, over-
lapping with water signal; CH,), 1.62 (m, 12H), 1.40 (m, 6H); "C NMR
(50 MHz, [D,]DMSO): 6=162.9 (4°), 148.7 (4°), 139.4 (3°), 124.0 (3°),
38.8 (2°), 293 (2°), 241 (2°); HR MS (ESI): m/z: caled for
CyeHasNyOGNa: 722.3385, found: 722.3393 [M+Na]*.

Octaamide 10: M.p. 303-306°C; '"H NMR (200 MHz, [D¢]DMSO): 6=
9.27 (t, J=6.0Hz, 8H; NH), 8.12 (m, 12H, CH,,,), 3.44-3.24 (brm,
16H), 1.59 (brm, 16H), 136 (brm, 8H); “CNMR (50 MHz,
[Dg]DMSO): 6=163.0 (4°), 148.7 (4°), 139.3 (3°), 124.0 (3°), 38.8 (2°),
29.2 (2°), 24.1 (2°); MS (ESI): m/z: calcd for CiHgN;,Og: 955, found:
955.5 [M+Na]*.

Amidoester 11: A solution of sodium methoxide was prepared by dissolv-
ing sodium metal (0.7 g, 30 mmol) in methanol (100 mL). In this solution
a dimethyl 2,6-pyridinedicarboxylate (7.807 g, 40 mmol) and 1,3-diamino-
propane (0.743 g, 10 mmol) was dissolved. After one week at room tem-

perature the solvent was removed on vacuum evaporator, and the re-
maining mixture was separated on silica gel (300g) using CH,CL/
CH;OH 98:2 as an eluent. The unreacted substrate (2.080 g, 26.6 %) and
amidoester 11 (1.850 g, 46.2% based on amine) were obtained after the
purification. M.p. 118-121°C; 'H NMR (200 MHz, [D,]DMSO): 6 =8.73
(t, J=6.0 Hz, 2H; NH), 8.26-8.10 (m, 6H; CH,,.,), 3.92 (s, 6H; CHs),
340 (q, /J=6.4Hz, 4H; CH,), 1.81 (quintet, J=6.6 Hz, 2H; CH,);
BCNMR (50 MHz, [D(]DMSO): d=164.6, 163.2, 150.3, 146.4, 139.2,
127.0, 125.1, 52.6, 36.8, 29.3; HR MS (ESI): m/z: caled for
C,oH,N,O¢Na: 423.1275, found: 423.1260 [M+Na]*; elemental analysis
caled (%) for CoH,N,Op (400.39): C 57.00, H 5.03, N 13.99; found: C
56.73, H 5.14, N 13.82.

Tetraamide 14: Methylamine (0.50 mL 8w solution in ethanol, 4 mmol)
was added to the solution of amideoester 11 (0.400 g, 1 mmol) in metha-
nol (10 mL). After one week the solvent was evaporated and the product
purified on a chromatographic column from silica gel (30 g) using 3%
methanol in dichloromethane as an eluent (382 mg, 90.6%). M.p. 213—
214°C; '"HNMR (200 MHz, [D4]DMSO): 6=9.47 (t, J=6.1 Hz, 2H;
NH), 9.26 (q, /J=5.5Hz, 2H; NH), 8.18 (m, 6H; CH,,), 3.46 (q, /=
6.2 Hz, 4H; CH,), 2.90 (d, J=4.8 Hz, 6H; CH,), 1.89 (quintet, J=6.6 Hz,

Table 4. Crystallographic data for new structures.

Identification 2 4 2-CH;CN 2-CI” 4.CI” 14 14-CI”

code

empirical for-  C;yH, NGO, CyH3NGO, CyHysN;0, C5,H5CIN;O, CioH7122CIN;Ogp - CisHygNi,Opo Cs5HeCIN;0;

mula

M, 41043 466.54 451.50 632.24 791.47 832.88 730.38

T[K] 120(2) 100(2) 120(2) 293(2) 100(2) 120(2) K 120(2)

1 [A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 A 0.71073

crystal monoclinic monoclinic orthorhombic monoclinic triclinic triclinic monoclinic

system

space group  P2/c P2,/c Pnma P2,/c P1 P1 P2,/n

a[A] 10.077(2) 11.0917(10) 17.711(4) 12.7159(18) 11.6383(6) 7.1976(14) 9.933(2)

b [A] 10.042(2) 10.6950(8) 13.595(3) 17.4208(19) 13.0528(8) 12.281(3) 19.408(4)

c[A] 9.6014(19) 10.2747(8) 9.2556(19) 17.196(2) 15.1161(8) 22.685(5) 21.660(4)

a[°] 90 90 90 90 84.214(5) 88.61(3) 90

A 1°] 100.67(3) 110.970(8) 90 108.992(12) 76.575(5) 87.35(3) 90.54(3)

v [°] 90 90 90 90 75.233(5) 82.60(3) 90

Vv [AY] 954.9(3) 1138.12(16) 2228.5(8) 3601.9(8) 2157.7(2) 1986.1(7) 4175.4(14)

V4 2 2 4 4 2 2 4

Peatca [gem™] 1,427 1.361 1.346 1.166 1.218 1.393 1.162

u [mm™] 0.103 0.095 0.096 0.149 0.142 0.103 0.142

F(000) 432 496 952 1360 860 880 1584

crystal size 0.52x0.50x0.02  0.54x0.28x0.09  0.57x0.34x0.17  0.12x0.16x0.90  0.79x0.13x0.11 0.68x0.24x0.13  0.73x0.25x0.11

[mm]

range of 6 [°] 3.37 to 29.99 2.85 to 28.74 2.66 to 30.00 2.76 to 28.79 2.77 to 30.00 3.15 to 28.76 3.29 to 32.50

index ranges —14<h<13 —-14<h<14 —24<h<24 —-16<h<16 —-16<h<16 —-8<h<9 —-12<h<14
—-13<k<14 —-14<k<14 —-19<k<19 —22<k<23 —18<k<18 -16<k<16 —28<k<29
-13<1<12 —-13<1<13 —-13<1<13 —21<1<22 -21<1<21 -30<1<30 —28<1<32

reflns (col- 15584/2755 20919/2840 49451/3366 31993/8811 76064/12561 18339/9299 57540/13 669

lected/ [R(int)=0.0377] [R(int)=0.0312] [R(int)=0.0348]  [R(int)=0.0951]  [R(int)=0.0658] [R(int)=0.0237]  [R(int) =0.0440]

unique)

refinement full-matrix least full-matrix least full-matrix least full-matrix least full-matrix least full-matrix least full-matrix least

method squares on F? squares on F squares on F? squares on F? squares on F? squares on F? squares on F?

data/restr./ 2755/0/181 2840/0/215 3366/0/213 8811/18/416 12561/15/780 9299/0/723 13669/0/686

param.

GooF 1.124 1.042 1.050 0.861 1.022 1.050 0.964

R indices

[ > 20(1)]

R1 0.0595 0.0397 0.0436 0.0650 0.0576 0.0475 0.0544

wR2 0.1737 0.0991 0.1175 0.1582 0.1500 0.1342 0.1440

R indices

(all data)

R1 0.0685 0.0611 0.0476 0.2308 0.0857 0.0656 0.0874

wR2 0.1874 0.1181 0.1221 0.2312 0.1746 0.1591 0.1709

extinction

coefficient 0.002(6) 0.008(3) 0.0111(14) 0.0031(8) 0.0083(18) 0.0023(12) 0.0009(5)

JAV I/ 0.615/—0.360 0.366/-0.316 0.471/-0.246 0.342/-0.255 0.989/-0.584 0.377/-0.274 0.672/-0.367

[eA™]
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2H; CH,); "C NMR (50 MHz, [D;]DMSO): 6 =163.4, 163.2, 148.6, 148.5,
139.4, 1239, 36.6, 29.8, 258; HR MS (ESI): m/z: caled for
C,oH,;,NyO;Na: 421.1595, found: 421.1609 [M+Na]*; elemental analysis
caled (%) for CoH,,N¢O, (398.42): C 57.28, H 5.57, N 21.09; found: C
56.96, H 5.71, N 20.84.

'H NMR titrations: All salts and ligands were pre-dried under high
vacuum at 60°C. [Dg]DMSO of 99.9% isotopic purity, purchased from
ARMAR AG, was used as received. Varian Gemini 200 spectrometer
was used for titration experiments (‘H: 200 MHz).

A 2.6 —17 mm solution of a ligand (0.45-0.60 mL) was titrated in NMR
tubes with 10-40 pL aliquots of a solution of respective tetrabutylammo-
nium salt (50-160 mm). The shifts of the proton signals were monitored
and 12-16 data points were recorded. Association constants were calcu-
lated from changes in chemical shifts in ligands’ amide hydrogens. Non-
linear curve fit for simple 1:1 binding model was carried out with the
Origin program. Association constants K and asymptotic change in chem-
ical shift Ad,,, were set as free parameters for fitting. Dilution of a
ligand was taken into account in the following equation:
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where A0 is the chemical shift change at given point (ppm); Adp., the
asymptotic, maximum change in chemical shift (parameter, ppm); X, the
amount of an anion salt solution added to the NMR tube (mL); L, the
initial concentration of a ligand solution (mol dm~3); A, the concentration
of an anion salt solution (TBAX, moldm’3); V, the initial volume of a
ligand solution in the NMR tube (mL); K, the association constant (pa-
rameter, mol ' dm?).

X-ray crystallographic study: The X-ray measurements were undertaken
in the Crystallographic Unit of the Physical Chemistry Lab. at the
Chemistry Department of the University of Warsaw. Crystal data and de-
tails of the crystal structure determinations are presented in Table 4. The
intensity data were collected by using Kuma KM4CCD diffractometer,
using the omega scan mode. Data were corrected for decay, Lorentz and
polarization effects. The structure was solved by direct methods!®! and re-
fined using SHELXL.®! All non-hydrogen atoms were refined anisotrop-
ically. All hydrogen atoms were found from a difference density map and
refined without any constraints.

CCDC-229349 (2), -264724 (4), 264726 (14), 264723 (2-Cl7), -229350
(2:CH;CN), 264725 (4-Cl), -264727 (14-Cl") contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif
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