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® [24 3] Amide Cages by Oxidation of [24 3] Imine Cages -

Revisiting Molecular Hosts for Highly Efficient Nitrate

Binding
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Frank Rominger,”’ and Michael Mastalerz*"

Abstract: The pollution of groundwater with nitrate is a
serious issue because nitrate can cause several diseases such
as methemoglobinemia or cancer. Therefore, selective remov-
al of nitrate by efficient binding to supramolecular hosts is
highly desired. Here we describe how to make [2+ 3] amide
cages in very high to quantitative yields by applying an
optimized Pinnick oxidation protocol for the conversion of
corresponding imine cages. By NMR titration experiments of

the eight different [2+ 3] amide cages with nitrate, chloride
and hydrogen sulfate we identified one cage with an
unprecedented high selectivity towards nitrate binding vs.
chloride (§=705) or hydrogensulfate (S>13500) in CD,Cl,/
CD;CN (1:3). NMR experiments as well as single-crystal
structure comparison of host-guest complexes give insight
into structure-property-relationships.

Introduction

Shape-persistent organic cages are attractive synthetic targets,
due to their defined cavities, which can be tailored in size,
geometry and with diverse functional groups."™ This allows to
precisely provide defined molecules for selective binding or
recognition of molecules and ions, either in the solid state (e.qg.
for gas sorption,””! as stationary phase for chromatography, or
deposited on surfaces such as on quartz crystal microbalances
for gravimetric sensing of airborne vapors,” or in solution to
perform ‘classical’ host-guest recognition by NMR or UV-Vis-
titration or isothermal calorimetry.”

The structural design of host molecules suitable for selective
anion binding or recognition is still ongoing, although this topic
has been of interest to supramolecular chemists for some
time.”? Especially smaller charge-neutral cages regained some
attention recently due to their high selectivity and association
constants (K,’s) for anion binding.! For instance, Flood and
coworkers introduced the triazole-based organic cage 1 (Fig-
ure 1) that was able to bind chloride ions with attomolar affinity
(K,=10" M~")." Badjic and coworkers presented the hexapodal

[a] J. C. Lauer, Dr. A. S. Bhat, C. Barwig, N. Fritz, T. Kirschbaum, Dr. F. Rominger,
Prof. Dr. M. Mastalerz
Organisch-Chemisches Institut
Ruprecht-Karls-Universitéit Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
E-mail: michael.mastalerz@oci.uni-heidelberg.de

B Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202201527

© © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH

GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial License, which permits use, dis-
tribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

Chem. Eur. J. 2022, 28, €202201527 (1 of 9)

Flood

N N N
‘Wl
N N
Cy,N
o

gy e
1

Bowman-James

e‘[9,10,13b,14]

Figure 1. Examples of cages for anion recognition from literatur

capsule 2, which was studied for anion recognition,"” finding a
clear preference for tetrahedral oxo-anions, such as sulfate and
hydrogenphosphate, rather than binding halides or carbonate.
Other shape-persistent organic cages have been designed for
example to selectively bind to tetrahedral anions," or even
used to undergo anion-mt catalysis."? In the past, TREN-based
C5-symmetric amide cages (3; so called Bowman-James cages)
have been shown to be superior hosts for anion recognition
with a preference for halides, such as chloride or fluoride.™ A
structurally comparable cage 4 was described by Anslyn and
coworkers in 1997, reporting a good selectivity (S=7.5) for
nitrate vs. halides (K,(NO;") =300 M~" and K,(CI")=40 M~")."¥
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Nitrate pollution in groundwater became a critical issue,™

and nitrate concentrations of >50 mg/L are according to the
World Health Organization (WHO) causing serious health risks
for humans (for example, colorectal cancer, bladder cancer,
breast cancer, thyroid disease and infant
methemoglobinemia)."® Therefore, the construction of a highly
selective nitrate binding host is desired to for example remove
it from drinking water."”” However designing synthetic recep-
tors suitable for selective recognition of nitrate is challenging
due to the anion’s low hydrogen bonding affinity and high
energy of solvation."®

A closer look to Anslyn’s tripodal receptor cage 4 reveals
that the distance of the two m-faces of the bottom and top
benzene units is about 7.0 A, which is exactly two times the
ideal distance of m-stacking and that hosted nitrate (which is a
trigonal planar molecule with mt-surfaces itself) can be modeled
to be sandwiched parallel between those two aromatic units.
By changing the electronic contributions of the three substitu-
ents of those aromatic units, the contribution of m-stacking to
the affinity of nitrate to the binding pocket should be adjust-
able. This is different to all other cages depicted in Figure 1,
where such a fine-tuning is not possible and to our surprise has
not been explored yet for cage 4. In this respect, it is worth to
be mentioned that the influence of electronic demand in an
aryl-based C;-symmetric tris-urea for anion recognition was
studied."”™ Although by NMR titration experiments a clear
difference of association constants (K,) for 1:1 complexes with
nitrate were found in dependency of the substituents of the
central aryl rings (F or H), with a preference for the F-substituted
one (K,r=24100 M~" vs. K,,,=11800 M™"), the crystal structures
of nitrate complexes gave a different picture with two nitrate
anions bound to one tripodal host molecule (2:1 stoichiom-
etry). One nitrate anion is relatively close to the central benzene
ring suggesting at least some type of m-stacking although it is
not ideally parallel oriented.

The second possibility to fine-tune the cage towards nitrate
binding is to adjust the strength of the hydrogen-bonding
donation ability of the amide units. Anslyn’s cage 4 contains
pyridine linkers, which on one hand withdraws electron density
of the amide bonds and make them in principle better
hydrogen-bonding donors. On the other hand, amide hydro-
gen’s are intramolecular interacting with the pyridine’s nitrogen
lone pair, reducing their ability to bind to the nitrate anion."
Furthermore, the nitrogen lone pair electrons should decrease
binding affinity by repulsion of the negatively charge anions.””
Thus Anslyn’s cage 4 has two sites of possible fine-tuning
affinities for anion recognition which is described herein.
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Scheme 1. Amide cage formation done by Anslyn and coworkers.™”

Results and Discussion

Anslyn’s cage 4 (which we name here also Et-Py; Et for the ethyl
substituents on bottom and top benzene rings and Py for the
bridging pyridine rings) was originally synthesized by a six-fold
amide bond formation of triamine 5 with 2,6-pyridine
dicarbonyl dichloride in 40% yield (Scheme 1). Since the cage is
synthesized by an irreversible bond formation, the reported
yield is according to the authors “surprisingly high” and
explained by the preorganization of building blocks." Recently,
we presented the post-synthetic transformation of [4 + 6] imine
cages to the corresponding amide cages by a twelve-fold
Pinnick oxidation.”?” We were interested if this method is
applicable to synthesize smaller [2+ 3] amide cages from the
corresponding [2+ 3] imine cages, which itself usually form in
up to quantitative yields.??

The Pinnick reaction is based on chloric acid (HCIO,), which
is formed in situ from NaClO, in an aqueous acidic medium,
that is usually kept pH-stable with NaH,PO, as buffer”®
Furthermore, a scavenger for generated hypochloric acid (HCIO)
is added. First, we tested the reaction conditions we applied for
the [4 + 6] imine cages™" also for the [2 4 3] imine cage 6, which
was performed in THF and water as solvents, NaH,PO, and
NaClO, as well as an excess (100 equiv.) of 2-methyl-butene as
scavenger. After running the reaction for 16 h at room temper-
ature Et-Ph cage was isolated in 26% yield (Entry 1, Table 1).
Changing the scavenger to H,0, gave basically the same yield
(28% Entry 2), although tedious removal of aliphatic by-
products deriving from the scavenging reaction was not
necessary. By switching the acid from NaH,PO, to acetic acid,
keeping H,0, as scavenger, the isolated yield for Et-Ph was still
in a comparable range (28%, Entry 3). Since the Pinnick
oxidation is a relative slow reaction,”*** for cages with multiple
imine bonds it competes with acid mediated imine bond

Table 1. Optimization of the Pinnick oxidation of imine cage 6 to Et-Ph (see Scheme 2).

Entry Acid Solvent Scavenger T[°Cl t Isolated yield
1 NaH,PO, THF/H,0O 2-methyl-2-butene r.t. 16 h 26 %

2 NaH,PO, THF/H,O H,0, rt. 16 h 28%

3 AcOH THF/H,0 H,0, r.t. 16 h 28%

4 NaH,PO, THF 6 2-methyl-2-butene 80 7d 95%

5 NaH,PO, THF a-pinene 80 7d 95%

6 NaH,PO, 1,4-dioxane 2-methyl-2-butene 100 3d 95%

7 NaH,PO, 1,4-dioxane a-pinene 100 3d 92%
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cleavage,*"*** if performed in aqueous solution (Entries 1-3).
Therefore, water-free conditions were investigated. Running the
reaction in THF,,, NaH,PO, NaClO, and 2-methyl-butene at
80°C in a closed screw-capped vial for 7 days gave analytically
pure cage Et-Ph in 95% vyield (Entry4). The relative long
reaction times needed are most likely due to the low solubility
of the inorganic salts in THF,,. Unfortunately, the used
scavenger 2-methyl-2-butene has a low boiling point of 38°C,
making the reaction at this temperature in a closed screw-
capped vessel a potential safety hazard. Therefore, a-pinene
(bp. 155°C) was used as scavenger to avoid the evolution of
high pressure giving the cage Et-Ph in the same yield (95%,
Entry 5). Using 1,4-dioxane as solvent at slightly elevated
temperatures (100°C) halved the reaction time to 3 days
without loss of vyield (95%, Entry6). Using a-pinene as
scavenger in combination with dioxane gives the cage Et-Ph in
92% vyield (Entry 7). We decided to use the conditions from
Entry 5 for the synthesis of further amide cages, as these
conditions represent the lowest safety hazard at high yields and
at the same time milder conditions.

Applying the optimized conditions to imine cages 7-13
gave the corresponding amide cages in yields between 33%
and 95% (Scheme 2 and Table 2) and the reaction can be easily
scaled up to 1 gram, as has been demonstrated for cage Et-Ph
(see Supporting Information). Due to the low solubility of the
brominated imine cage 12 in THF the conversion to Br-Ph was
very low. Even with increased reaction times to 14 days a
significant amount of incompletely oxidized by-products was
found after workup by 'HNMR and MS experiments of the
crude material (see Supporting Information, Figure S96). These
structurally similar but incompletely converted products were
separated by thermal recrystallization from hot DMSO, giving a
comparably low yield of 33% due to losses during this

- conditions
— (Table 1 or
N~ "\ 2 \_ &
=N
R R =-Et, -OPr, -F, -Br
R X=CH,N
6-13 4,14-20

Scheme 2. Pinnick oxidation of [2+ 3] imine cages 6-13 to the correspond-
ing amide cages 4, 14-20. For conditions and yields, see Tables 1 & 2.

purification step. However, with the exception of Br-Ph and F-
Py yields are very high for all other amide cages (up to 95 %)
showing the advantage of this two-step strategy over a one-
step irreversible reaction (40%, one step)'” and the potential of
the general strategy to first construct larger molecules by DCC
reactions in high yields and then chemically transform labile
bonds to stable bonds to achieve even compounds that are
very difficult or even impossible to be synthesized by irrever-
sible bond formations.?'#2*%** All new cages have been fully
characterized including single crystal structure analysis by X-ray
diffraction (for details, see Supporting Information).

The amide cages were studied as potential hosts for binding
anions, with a focus on nitrate, but chloride and hydrogen
sulfate were also investigated. Therefore, association constants
K, were determined by 'HNMR titration experiments with
tetrabutylammonium salts in CD,Cl,/CD;CN (1:3) for the ethyl
and propoxyl-substituted cages and in pyridine-d5 for the
halogen containing ones (Table 3; for details, see Supporting
Information). For Anslyn’s cage Et-Py we found a comparable
association constant of K,(NO,")=2.88x10>M™" as reported in
the original paper (K,(NO;7)=3x10>M"), when treated as a
1:1-complex." However, since our job plot showed evidence
of the existence of a 1:2 complex (one host and two guests=
H,G,), we re-examined the results in this direction and found
K,q1(NO;)=23%x10° M~" and a comparably small K,;,(NO;") of
3x10° M, justifying that a binding event of a second nitrate
anion can be neglected. Binding of chloride was in the original
paper also treated as a 1:1-complex with K,(CI")=4x10'M",
even though in the solid state a 1:2 stoichiometry was found.
By carefully studying our titration experiments we found clear
hints (Jurczak’s residual analysis®” and Job plot), that the
system can also be described as a 1:2 system with K,;,,(ClI") =
1.3x10°M™" and K,;5(Cl")=9 M, which is in agreement with
their crystal structure. The uptake for hydrogen sulfate was
negligible (K,(HSO,”) <1 M™); similar as found by Anslyn and
coworkers before (K,(HSO,”) <5 M™).

By exchanging the pyridyl units by phenyl units (Et-Ph),
association constants increased about one order of magnitude
for nitrate (K,(NO;7)=6.8x10*M™") and two orders of magni-
tude for chloride (Ky;;)(Cl")=2.2x10"M"", K,;5(Cl")=1.54%
10°M™") - again we found a H,G,-system for the binding of
chloride with a comparable small K,;, vs. a two magnitudes
higher K. For hydrogensulfate, the affinity increased signifi-
cantly. We observed an H,G, complex (K,,(HSO,)=5.7x
10° M™") present at low concentrations, whereas at higher

Table 2. Yields of the amide cage screening using the conditions from Table 1, Entry 5.

Imine Amide R X t Yield [%] Overall® Yield [%]
6 Et-Ph (14) Et CH 7d 95 95

7 Et-Py (4) Et N 3d 95 85-88
8 OPr-Py (15) OPr N 3d 90 83

9 OPr-Ph (16) OPr CH 7d 87 71

10 F-Py (17) F N 3d 48 9.6

11 F-Ph (18) F CH 5d 84 37

12 Br-Py (19) Br N 5d 90 81

13 Br-Ph (20) Br CH 14d 33 14

[a] Yield over two steps, including the imine cage formation.
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Table 3. Comparison of NMR titration results. K;, represents the association constant of the H,G; complex, K;, of the H,G, complex and K, of the H,G,

complex.

Entry  Compound  Solvent K, (NOy)/[M~ '@ K, (CI)/IM"] K, (HSO, )/IM~"1¥ S (NO,/CIN) S (NO; /HSO, )

1 Et-Py CD,Cl,/CD,CN (1:3)  K;,(2.3£0.3)x10° Ky1(1.340.3)x 10° <1 1.77 >230

K,(3£1)x10° Kyp(9£2)x 10°
2 Et-Py pyridine-d5 K (277 £007)x10°  K;;(1.94+0.3)x 10° (594+0.6)x10™ 1.46 47
Ky5(6£3)x 10" K(1.440.2)x10?

3 Et-Ph CD,Cl,/CDsCN (1:3)  (6.840.1) x10° K;1(2.24+0.1)x 10* Ky(57+02)x10° 031 <1
Ki»(1.5440.05)x10*>  K;;>10°

4 Br-Py pyridine-d5 (9.1+£0.2)x10° Ki1(7.04+0.2)x 10° Ky (7 £1)x 10 13 0.13
K,5(4.840.2)x 10" K,1(4.240.8) x 10°

5 Br-Ph pyridine-d5 >10° Ky >10° >10° N/D N/D
K,5(2.0£0.7)x 10

6 F-Py pyridine-d5 (1.83+0.03)x 10* Ky1(5.54+0.3)x 10* Ky(194+0.1) x10* 033 2.03
Kp,(2£1)x10° K,1(9.040.1) X 10°

7 F-Ph pyridine-d5 (12+0.1)%x10* K;1(2.34+0.2)x 10* >10° 0.52 <1
K5(23+1.2)x 10’

8 OPr-Py CD,CL,/CDsCN (1:3)  (1.34:£0.04)x 10 K;1(1.940.3)x 10’ <1 705 > 13400
Ky5(1.0£0.1)%x 10’

9 OPr-Py pyridine-d5 >10° K:(7.8+£0.7)x 10 <1 >128 >10°
K,5(1.840.1)x 10’

10 OPr-Ph CD,Cl,/CD,CN (1:3)  >10° (1.240.1)x10* >10° >8 N/D

[a] average of two runs; [b] assuming 1:1 stoichiometry; [c] Selectivity S=K(A,7)/K(A,"). For experimental details, see Supporting Information.

concentrations an H,G; complex (K, (HSO,7) > 10> M~") domi-
nates.

From anion-m interaction studies it is known that the more
electron-deficient the m-system is, the better is the anion
stabilized."*'"?® Therefore, it is expected that the cages with
electron-withdrawing bromide and fluoride substituents should
enhance the affinity of the cages towards the planar nitrate
anion. Due to the poor solubility, we could not perform the
titration experiments of the halogenated cages in CD,Cl,/CD;CN
but had to switch to pyridine-d5. As the two solvent systems
have different dielectric constants (pyridine £€=12.4, CH,Cl,/
CH,CN 1/3 €~30) the obtained association constants in
pyridine-d5 are expected to be substantially higher than in
CD,Cl,/CD,CN allowing no direct comparison. Therefore, we
also performed NMR titrations with Et-Py in pyridine-d5 to
obtain a rough conversion factor between the two solvent
systems.” For Et-Py association constants of K,;;(NO;7)=
277x10° M and K,;(NO;)=6x10' M~" for nitrate and K,
an(C)=1.9x10*M"" and K,;,(Cl")=1.4%x10>M"" for chloride
were determined, suggesting a factor of about 12-15 between
the two solvents systems.

Indeed, as expected, with the more electron-poor substitu-
ents on the top and bottom rings, the association constants for
F-Py increased about a factor of 6.5 to K,(NO;")=1.78x10* M
in comparison to Et-Py. For Br-Py the binding was with
K,(NO;7)=9.1x10° M™" still three times higher than for Et-Py.
For both pyridine-based cages Br-Py and F-Py also more
chloride (K,;1(CI1)=7x10> M, K,15(CI")=4.8x10' M~" and K,.
an(C)=55x10"M"", K,4»(Cl)=2x10*°M"") is bound than
with the Et-Py cage and the selectivity for nitrate against
chloride is decreased for both cages (S, (NO; /ClI")=1.3 and
Se.py (NO;7/CI7)=0.33; Table 3). In contrast to Et-Py, Br-Py has
very high association constants for hydrogensulfate (K.
2n(HSO, ) =7%10* M, K,;1,(HSO, ) =4.2x 10> M), suggesting
a H,G;-system to be preferred for Br-Py. For F-Py the same

Chem. Eur. J. 2022, 28, €202201527 (4 of 9)

assumptions are made although K, (HSO, )=19x10*M",
K,a1(HSO,)=9.0x10* M™" are smaller than for Br-Py. Overall,
the low selectivities of nitrate versus the other anions make
these cages less good candidates for anion separation pur-
poses.

Replacing pyridyl by phenyl in both cases gave diverging
trends. Whereas Br-Ph binds nitrate much stronger (K,(NO;") >
10° M~") than Br-Py, for F-Ph it is in the same range (K,(NO;") =
1.2x10* M™") as for F-Py. Similar as for the pair Et-Py/Et-Ph, Br-
Ph had overall higher association constants for all anions than
Br-Py. It is worth mentioning, that within the whole series, only
for this host-guest couple NMR titration experiments showed
two sets of signals for both HSO,”CBr-Ph and free Br-Ph (see
Figure 2d), suggesting a slow exchange on the NMR time scale.
There is only a marginal difference between F-Ph and F-Py in
the anion recognition, with the exception that the phenyl-based
cage is binding hydrogen sulfate with a very high K, (HSO,")
>10° M), as all phenyl-based cages (see also below).

By replacing the ethyl substituents with n-propoxy groups,
the affinities in pyridine-d5 were K,(NO;") > 10°, K,;,,(Cl") =7.8%
10° M, K,q(Cl)=1.8x10"M™" and K,(HSO, )< 1 for OPr-Py,
thus showing a remarkably good selectivity for nitrate, both
over chloride and hydrogen sulfate (S(NO; /ClI")>128 and
S(NO;/HS047)=10°). The association constant for nitrate
exceeds the limit of measurability by 'H NMR titration, so we
switched back to the original and more polar solvent mixture
CD,Cl,/CDsCN (1:3) for the OPr-cages with affinities for nitrate
of K,(NO;7)=1.34x10*M~" for OPr-Py and even K,(NO;7)>
10° M~ for OPr-Ph.

Some of the here described cages show the highest values
reported for nitrate binding,"® however; some literature values
are generated from different solvent systems and therefore it is
difficult to compare.”” In our opinion high affinities as sole
criterium are not meaningful for potential applications. Instead,
more important are selectivities rather than absolute numbers.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. NMR titration experiments. a) assignment of protons; b) Et-Ph cage with NBu,NO; in CD,Cl,/CD;CN (1:3); c) OPr-Py cage with NBu,NO; in CD,Cl,/
CD;CN (1:3); d) comparison of apohost Br-Ph and Br-Ph with NBu,HSO, in pyridine-d5. All spectra were recorded at 500 MHz at room temp. For details, see
Supporting Information.

Figure 3. Crystal structure analysis of the nitrate complexes shown as capped sticks models. a) NEt,[NO;CEt-Py], b) NBu,[NO;COPr-Py], c) NBu,[NO;CBr-Py], d)
NBu,[NO;CEt-Ph], e) NBu,[NO;COPr-Ph], f) NBu,[NO;CF-Ph]. Hydrogen: white, carbon: grey, nitrogen: blue, oxygen: red, fluorine: green and bromine: orange.
The distances between the si-planes of bottom and top benzene units are represented by double arrows. Hydrogen bonds between hosts and guests are
displayed by dotted green lines, hydrogen bonds between two guests are displayed by dotted orange lines. Cations and solvate molecules are omitted for
clarity. For more details, see Supporting Information.

Thus, the fact that, although OPr-Py binds less nitrate than OPr- 10" M™") as well as vs. hydrogen sulfate (Soprpy (CI7/HSO,7) =
Ph, it has a remarkable selectivity of Sgp.p, (NO;7/CI)=705  13400; K,(HSO, ) <1 M™). To the best of our knowledge, there
against chloride  (K,;(CI)=19%10'M"", K,;»(Cl")=1.0x is no system based on charge-neutral hosts reported with
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comparable selectivities (see Table S3, Supporting Information).
The best one is the macrocycle by Wang and coworkers with
S(NO; /CI")=4.0, determined in CD,CN, a solvent with a
comparable dielectric constant (€~37)."”" OPr-Ph binds chloride
(K,(CI")=1.2x10*M"") better than OPr-Py and, similar as
observed within the pair Et-Py/Et-Ph has a much higher affinity
to hydrogensulfate K, (HSO,”)>10°M~"). Despite the higher
binding constants, selectivities dropped to Sgp.p, (NO;/CI7) > 8.

Anslyn and co-workers described a number of crystal
structures of host-guest complexes of Et-Py cage with various
anions, but unfortunately the one with incorporated nitrate was
missing."¥

We were able to grow high-quality single crystals for six of
the eight NO;Ccage complexes, which are depicted in Figure 3.
All cages bind nitrate in a 1:1 stoichiometry and with the
exception of OPr-Py (Figure 3b), in each other case one
additional water molecule is found inside the cavity connecting
the cages with the nitrate anions via hydrogen bonding. The
average distance between the top and bottom aromatic unit is
for pyridine based cages with 6.8-6.9 A significantly smaller
than for all phenyl-based cages (7.5-7.6 A). This difference in
distance explains the better fitting of nitrate to all pyridine-
based cages being parallel sandwiched in between those
aromatic units with an ideal distance for m-stacking.”® In

contrast, the space for efficient m-stacking is to large in all
phenyl-based cages and indeed, here nitrate is not parallel
oriented to the m-planes of the bottom and top aromatic rings,
suggesting that these contributions play minor roles."”™ For
NO,CEt-Py and NO;CBr-Py the nitrate guest lies nearly parallel
to the aromatic caps in the cage cavity, but is “pushed out” of
the centre of the cage by the crystal water. For instance, in
NO,CEt-Py the incorporated water forms an intermolecular
O—H--O-N hydrogen bond to the nitrate (d=2.26 A, Figure 3a,
orange dotted lines) bridging the distance to the two remaining
amide protons of the cage (N-H--O—H, d=2.19 A). In contrast,
in NO;COPr-Py the nitrate anion is directly bound to all six
amide hydrogen bonds (dy .o.n=2.33-2.65 A). The propoxy
chains are all endo-oriented with a distance of their twelve a-
protons to the nitrate anion of d,,.o=2.8-3.5 A. This explains
the observed downfield shift of the a-protons of OPr-Py during
NMR-titration with NBu,NO; (Figure 2c), suggesting that there is
a certain contribution of the alkoxy protons to the binding of
the guest, this preferred orientation of the propoxy chains is on
one hand reducing the void space, which may cause a
disadvantageous fit for hydrogensulfate and chloride, explain-
ing the very high selectivities. Furthermore, the contact is
stabilizing the host-guest complex NO;COPr-Py via dispersion
interactions. For NBu,[NO;COPr-Ph] we found a similar stabili-

ke
AR

0.07 kcal/mol 2.80 kcal/mol
e sJ é ;
d

Vot

14.57 kcal/mol

-4.58 kcal/mol -5.79 kcal/mol

-12.98 kcal/mol

Figure 4. Calculated complexation energies (counterpoise Gaussian,®"” B3LYP aug-cc-pVDZ) in dependence on the substitution at the aromatic caps: a) ethyl in
all down (endo) and b) all up (exo) conformation, c) fluoro, d) bromo, e) propoxy (exo), f) propoxy (endo) substitution.

Chem. Eur. J. 2022, 28, €202201527 (6 of 9)

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry

Research Article Europe
doi.org/10.1002/chem.202201527

European Chemical
Societies Publishing

Chemistry—A European Journal

zation of the nitrate guest via the propoxy-chains. Here only
five of the six propoxy chains are oriented endo. The nitrate
guest in the cavity of F-Ph is highly disordered, which makes it
impossible to exactly determine hydrogen bond distances. The
cavity is mainly filled with nitrate and water as co-guest.
However, we found that the anion is also partially present
without water, which could not be modelled completely. This
“bad fit” may explain the comparable low association constant
for nitrate.

The high affinity for nitrate found for OPr-Py in comparison
to all other cages within this series is on first glance counter-
intuitive, because n-propoxy substituents are more of electron
donating nature than bromide or fluoride, which should result
in lower affinities. To gain a deeper insight into the observed
binding behavior, we have calculated the complexation ener-
gies of the nitrates with two aromatic rings (counterpoise
Gaussian,”" B3LYP aug-cc-pVDZ, Figure 4). To investigate only
the influence of the substitution (—Et, —OPr, —F and —Br) on the
mt-surfaces, the linking bisamide units of the cages were deleted
and the two aromatic fragments were placed at the exact
distance from the nitrate that is observed from the crystal
structure of NBu,[NO;COPr-Py] (Figure 3b). As assumed and in
agreement with the trends observed by NMR-titration the
interaction energy of nitrate with the bromide- and fluoride
substituted benzene rings is with —4.58 kcal/mol (F) and
—5.78 kcal/mol (Br) significantly more stable than with the ethyl
substituted cage. Again, in agreement with the NMR titration
results, the energy difference between F— and Br— substitution
is less pronounced than in comparison to ethyl or propoxy. For
the two letter it makes a difference, whether the chains point
outwards or towards the cage cavity. Whereas for ethyl this

effect is relatively small [0.07 kcal/mol (endo) vs. 2.80 kcal/mol
(exo0)], it is very large for the propoxy substituted rings
[—12.98 kcal/mol (endo) vs. +14.57 kcal/mol (exo)]. This result
nicely fits to the observation made by X-ray crystallography as
well as by NMR titrations that suggest that also in solution
propoxy-chains point towards the cavity. Furthermore, this
trend in complexation energy (OPr.,qo>Br>F > Et.,go > Et,,>
OPr.,.), which follows the trend of our experimentally observed
association constants of the Py-cages (OPr> F ~Br > Et).

We were also successful in obtaining single-crystal X-ray
diffraction data for other host-guest complexes with anions
different from nitrate. The solid state structure of the chloride
complex NBu,[CICBr-Py] was obtained by vapour diffusion with
cyclohexane into a pyridine solution of Br-Py and NBu,Cl
(Figure 5a). The unit cell consists of one equivalent cyclohexane,
four equivalents water and one equivalent NBu,Cl per cage as
well as two equivalents of water that are localized in the cavity
and occupy the free space next to the chloride anion
(N-H--O—H contacts, d=2.19-2.31A). The anion is bound
directly only to one of the three bridging amide wings of the
cage via bifurcated N—H--Cl hydrogen bonds (d=2.47-2.50 A)
and additionally stabilized by two water molecules via O—H--Cl
hydrogen bonds (d=2.39-2.41 A). It is worth to be mentioned
that in Anslyn’s paper the Et-Py cage crystallized with two
chloride anions bound."”

It turned out that despite high association constants for
some of the amide cages with hydrogensulfate, it was rather
difficult to get a single-crystal X-ray structure of those host-
guest complexes. To our delight, we were able to obtain triclinic
crystals of NBu,[HSO,CF-Pyl. The complex crystallizes when
hexane slowly diffused into a solution of F-Py and NBu,HSO, in

Figure 5. Crystal structure analysis of host guest complexes shown as capped sticks model. a) NBu,[CICBr-Py]; b)-d) NBu,[HSO,CF-Py], The distances between
the m-planes of bottom and top benzene units in a) and b) are represented by double arrows. Hydrogen bonds between hosts and guests are displayed by
dotted green lines, hydrogen bonds between two guests are displayed by dotted orange lines. In c) the distances between F and O of the hydrogen sulfate
are given. d) dimer formation. Cations and solvate molecules are omitted for clarity. For more details, see Supporting Information.
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acetone (Figure 5b). The hydrogensulfate guest does not seem
to fit completely into the cage cavity. The guest is bound by
four of the six amide protons (dy_.os=222-2494) in a
bifurcated fashion and is additionally stabilized with a water
molecule inside the cavity, which is itself connected via hydro-
gen bonds to the remaining wing.

The two outer oxygens of the hydrogensulfate are oriented
such, that two C—F--O-S contacts with a distance (d=2.69 A
and 2.73 A) significantly smaller than the sum of the van-der-
Waals radii (2.99 A) are formed. The C—F bonds of the host and
the S—O bonds are periplanar oriented with angles of C—F--O=
85.6° and 86.0° and S—0O--F=136.6° and 139.6°. In addition to
that, two host-guest units form a dimer by interanionic hydro-

gen bonds®? of the two adjacent HSO, -guests (Figure 5¢ and
d).
Conclusion

To summarize, a series of [2+43] amide cages has been
synthesized in a two-step approach by forming first the
corresponding imine cages in high yields which were then
converted in an improved Pinnick-oxidation protocol to the
amide cages, again in very high yields. Overall yields up to
>90% were achieved by this method which is more than
doubled in comparison to prior one-step approaches by using
‘classical’ amide bond formation reactions of acid chloride units
with amines (40 %).

The eight structurally slightly varying amide cages were
investigated as hosts for anion binding in search for a selective
nitrate complexation. Although some of the cages (e.g., Br-Ph
or OPr-Ph) showed very high affinities towards nitrate with K, >
10° M~ we were more delighted by the superior selectivity of
OPr-Py for nitrate vs. chloride (S=705) or hydrogensulfate (5>
13400) although the nitrate binding constant was a bit lower
[K,(NO;7)=13.4x10* M. To the best of our knowledge, this
high selectivity is unprecedented and can be explained by the
propoxy-chains pointing towards the cavity, contributing to
interacting with the nitrate anion as well as reducing the
cavities volume. This assumption has been supported by
calculations, NMR investigations as well as by single-crystal
structure analysis of all host-guest complexes with nitrate.

This 2™ generation of [24 3] amide cage host compound
will now be taken as lead structure to further increase selectivity
of anion recognition, to create high sensible sensors or porous
materials to remove nitrate from drinking water.

Deposition Number(s) 2154545 (1,3,5-tris(bromomethyl)-
2,4,6-tripropoxybenzol), 2154550 (4), 2154563 (4), 2154553
(NEt,[NO;@4]), 2154546 (12), 2154562 (14), 2154552
(NBu,INO,@14]), 2154549 (15), 2154551 (NBu,INO,@15]),
2154547 (16), 2154561 (16), 2154554 (NBu,[INO;@16]), 2154557
(17), 2154560 (NBu,INO;@18]), 2154548 (19), 2154555
(NBu,[INO;@19]), 2154556 (NBu,[Cl@19]), 2154558 (20)
contain(s) the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformations-
zentrum Karlsruhe Access Structures service.
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