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Supramolecular chemistry is a rapidly growing field, which has
had remarkable impact on the life sciences on one hand and on
materials sciences on the other. In the life sciences, the
networks of noncovalent interactions between the constituents
of cells, for example, have shifted into the current focus. Self-
assembly, templation, self-sorting and multivalent binding all
contribute to setting up the extremely complex architecture of a
cell. But the same concepts are useful for generating materials
with function, when for example the building blocks are
programmed appropriately to find their places in a larger,
noncovalent architecture. The basis for all these concepts is
molecular recognition. Recently, many studies have been
devoted to quantifying host—guest interactions, aiming at a more
profound understanding of the subtle entropic and enthalpic
effects that govern the interactions between host and guest.

A first Thematic Series devoted to supramolecular chemistry
was assembled about two years ago and published by the
Beilstein Journal of Organic Chemistry [1]. This first series of
articles had quite a broad scope ranging from encapsulation and
carbohydrate, peptide, anion and ammonium ion binding,
through chiral recognition, the formation of pseudorotaxanes
and template effects, all the way to allosteric binding to syn-
thetic receptors, crystallographic studies of halogen bonding

and the use of polymers for protein binding.
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The second series again has a broad scope, as you will discover
in the coming months as the series develops. With the second
Thematic Series on supramolecular chemistry, we wish to
contribute to the endeavor to investigate noncovalently bound
complexes and aggregates of every possible kind, thus high-

lighting the importance of the above-mentioned concepts.

With the now well-known Thematic Series, the Beilstein
Journal of Organic Chemistry provides an excellent platform for
this aim, in particular since it is a true open access journal.

I would like to thank warmly all authors who have accepted the
invitation to contribute to this series and sincerely hope that the
readers will enjoy reading the articles that are published within
this Thematic Series.

Christoph A. Schalley

Berlin, October 2011
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The conformational properties of 1,3-diindolylureas and thioureas were studied by a combination of heteronuclear NMR spec-

troscopy and quantum mechanics calculations. NOE experiments showed that the anti—anti conformer along the C7-N7a bonds was

predominant in DMSO-dg solution in the absence of anions. Anion-induced changes in the 'H and !N chemical shifts confirm the

weak binding of chloride anions with negligible conformational changes. Strong deshielding of ureido protons and moderate

deshielding of indole NH was observed upon the addition of acetate, benzoate, bicarbonate and dihydrogen phosphate, which

indicated that the predominant hydrogen bond interactions occurred at the urea donor groups. Binding of oxo-anions caused

conformational changes along the C7-N7a bonds and the syn—syn conformer was preferred for anion—receptor complexes. The con-

formational changes upon anion binding are in good agreement with energetic preferences established by ab initio calculations.

Introduction

In the last two decades, remarkable efforts have been made in
the field of the development of synthetic anion receptors, moti-
vated by prospective applications in recognition, separation,
guest inclusion and catalysis [1-13]. The fundamental role of

anions in biological and chemical processes drives much of this

research. Biomolecules such as the sulfate binding protein [14]
and phosphate binding protein [15] employ hydrogen bonds as
the key driving force to bind or transport anions through cell
membranes. Hydrogen bonding interactions are extensively

employed in synthetic anion receptors comprising groups such

1205

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:damjan.makuc@ki.si
mailto:J.Hiscock@soton.ac.uk
mailto:m.e.light@soton.ac.uk
mailto:philip.gale@soton.ac.uk
mailto:janez.plavec@ki.si
http://dx.doi.org/10.3762%2Fbjoc.7.140

as amides, pyrroles, indoles, ureas and triazoles, as well as in
ammonium, guanidinium and imidazolium moieties used as
hydrogen bond donors [16-23]. Amongst neutral anion receptor
systems, indole and related heterocycles, such as carbazole,
2,2'-biindole and indolo[1,2-b]carbazoles, have recently
attracted significant attention [24-31]. Indole contains a single
hydrogen bond donor group, which is employed in biological

systems to bind anions such as chloride [32] and sulfate [14].

We have recently analyzed the conformational preferences of
several 2,7-disubstituted indoles with amide substituents at C2
and urea substituents at C7, which showed preference for
distinct conformations in the presence and in the absence of
anions [33-35]. In addition, indole and urea groups were
strongly involved in hydrogen-bonding interactions with the
bound anionic guest, whilst the amide group interacted only
weakly with the bound anion. These observations led to the
design of diindolylureas and diindolylthioureas [36-38]. These
compounds have remarkably high affinities for oxo-anions such
as phosphate and sulfate for neutral receptors in DMSO-dg/
0.5% water and have been shown to perturb the pK, of bound
guests (Table 1) [38,39]. X-ray crystal structures of a variety of
complexes with anions revealed the adoption of the syn—syn
conformation in the solid state upon anion complexation. With
the urea analogues, such as 1, this is accompanied by higher
order complex formation with oxo-anions in the solid state. For
example, with dihydrogen phosphate, three equivalents of
receptor complex to a single anion, which has doubly deproto-
nated, resulting in the formation of a complex in which twelve
hydrogen bonds stabilize the PO43™ anion. In solution, the
thiourea analogues such as compound 2 show significantly
lower affinities for oxo-anions than do the urea analogues. We
had previously proposed that this may be due to the larger size
of the sulfur atom resulting in a lower propensity of these
systems to adopt a planar conformation. Whilst the con-
formational properties of these compounds have been explored
by single crystal X-ray diffraction in the solid-state, a detailed
analysis of the conformational properties of the these com-

pounds in solution, in the absence and presence of oxo-anions,

Beilstein J. Org. Chem. 2011, 7, 1205-1214.

has yet to be performed and may help shed light on the high
affinity of these systems for oxo-anions. Therefore, in the
current work the conformational preorganization of bis-indole
receptors 1-4 (Figure 1), as well as the conformational changes
of these systems upon binding of chloride and several oxo-
anions, were studied by NMR spectroscopy and supported by
energetic preferences established from ab initio calculations.

5
4 6 X
7 7o)l 1:X=0
’Q N7 R J) 2X=8
NH HN
2y
5
4 6 x 3:X=0
774 J_ 4:X=5s
’Q N7R /
5o )=-NH HN
a/o 1
o) o)
2sNH HN

Figure 1: Anion receptors 1-4 together with their atomic numbering
scheme.

Results and Discussion
Synthesis

Compounds 1-3 were synthesized following a previously
reported methodology [36-39]. Compound 4 was prepared by
reaction of 7-amino-N-phenyl-1H-indole-2-carboxamide
(0.27 g, 1.07 mM) with 7-isothiocyanato-N-phenyl-1H-indole-
2-carboxamide (0.31 g, 1.07 mM) in pyridine in 27% yield (see
Supporting Information File 1 for details).

Structural features and NMR chemical shifts
The conformational properties of diindolylureas and diindolyl-
thioureas 1-4, shown in Figure 1, were evaluated by means of

NMR spectroscopy. Proton and '3C NMR resonances were

Table 1: Stability constants of compound 1 measured in DMSO-dg/0.5% water, DMSO-dg/10% water and DMSO-dg/25% water and compound 2 in

DMSO-dg/0.5% water at 298 K by "H NMR titration techniques [37].

Anion?@ Compound 1in Compound 1 in Compound 1 in Compound 2 in
DMSO-dg/0.5% water DMSO-dg/10% water DMSO-dg/25% water DMSO0-dg/0.5% water

CI~ 128 17 - 74

CH3CO5~ >104 774 20 1620

CgH5CO,™ >104 521 precipitate 477

HoPO4~ >104 5170 160 1630

@Anions added as tetrabutylammonium salts.
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assigned through 1D and 2D spectra, while !N chemical shifts
were determined by 'H-!"N correlations in HSQC and HMBC
spectra. Notable 'H and 1N NMR chemical shifts of 1-4 are
shown in Table 2. It should be noted that only one set of signals
was observed for both indole rings in all four receptors, due to
the symmetry of the compounds. The full NMR data set
together with 13C NMR chemical shifts is reported in

Supporting Information File 1.

Indole NH proton resonances were found between 10.8 and
11.7 ppm. Thioureido containing compounds 2 and 4 exhibited
slight downfield shifts of H1 and H7a with respect to ureido
receptors 1 and 3 (Table 2). N1 chemical shifts showed only
minor variations as a result of structural differences in 1-4. The
most significant differences in chemical shifts between the
ureido and thioureido functionalized receptors were observed
for H7a and N7a atoms (Ady = 0.8 and Ady = 22 ppm,
Table 2). Compounds 3 and 4 contain phenylamide substituents
at C2 and hence two more NH groups (Figure 1). Considerable
deshielding of the H3 and H6 resonances was observed in 3 and
4 with respect to the nonsubstituted indole moieties in 1 and 2.
The downfield shift of 6y3 was attributed directly to the pres-
ence of the phenylamide group at C2. Deshielding of H6 (Ad
0.4-0.5 ppm) in 3 and 4 with respect to 1 and 2, respectively,
was much larger than the deshielding of H4 (A$ 0.1 ppm),

possibly due to a more efficient conjugation.

TH and SN NMR chemical shift changes in 1 upon
addition of anions

Figure 2 shows 'H chemical shift changes of 1 in the presence
of one equivalent of chloride, acetate, benzoate, bicarbonate and
dihydrogen phosphate anions. The protons that are most
affected by anion—receptor interaction were found to be H1, H6
and H7a. Only minor Ady7, and negligible differences of 5y
and dyg were observed in the presence of chloride anions
(Figure 2a and Figure 2b). The very weak interactions between
chloride and 1 could be due to competing interactions of the
polar DMSO molecules for the hydrogen bond donor groups of
the receptor, and the weak basicity of the chloride. This is
supported by the stability constant determinations previously
reported, and presented in Table 1. Considerable downfield

Table 2: Selected 'H and 5N NMR chemical shifts for 1-4 (in ppm).2

H1 H2B H7a H2
1 10.78 - 8.64 7.35
2 11.03 - 9.48 7.36
3 11.62 10.29 8.97 -
4 11.68 10.26 9.72 -

aln DMSO-dg at 298 K.

Beilstein J. Org. Chem. 2011, 7, 1205-1214.

shifts of 7, were observed upon addition of acetate, benzoate
and bicarbonate anions (Ad =~ 2 ppm, Figures 2c—2¢), which
suggested strong interaction of ureido NH protons with these
anions. In addition, the strong deshielding of indolyl H1 protons
corroborates its participation in the hydrogen bond formation
with carboxylate and bicarbonate moieties (A = 1 ppm). Planar
oxo-anions interact both with H1 and H7a due to their
Y-shaped geometry. The tetrahedral geometry of the dihy-
drogen phosphate anion allows strong interaction with all four
hydrogen bond donor groups, which is reflected in the substan-
tial deshielding of the H1 and H7a protons (Figure 2f). Interest-
ingly, one set of signals was observed for each type of anion on

? " . § t‘.\y"‘,f
v |1 W oo
N L
A NI
® H1 H7o, He M_ U 7}‘ J,ﬁ[‘ -
P i NN
9 "
3.0 H1 -18
2] BN e
H7a o F14
20 N7a \ N 12
_ XX He \ L —
g 15 § § s ; § a ;o é
zon N aNE AN NG
N8 1N AN B
o1 Nee JNER VNS 2 NER N E

Figure 2: "H NMR spectra of 1 in the absence of anions (a) and upon
addition of one equivalent of the following anions: Chloride (b), acetate
(c), benzoate (d), bicarbonate (e) and dihydrogen phosphate (f). All
spectra were recorded in DMSO-dg at 298 K. (g) 'H and >N NMR
chemical shift changes, Ad = & (in the presence of anion) — & (in the
absence of anions), induced by addition of one equivalent of different
anions to receptor 1.

H3 H6 N1 N2B N7a

6.44 7.08 136.5 - 102.7
6.46 7.03 136.3 - 124.9
7.49 7.59 134.5 128.6 104.6
7.48 7.39 134.9 129.0 126.6
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the NMR timescale, which suggested that the symmetry of the
receptor 1 is preserved upon interactions with anions. The
stability constant determinations presented in Table 1 also
support the finding that this compound interacts selectively with
oxo-anions.

Anion-receptor interactions assessed by 'H chemical shift
changes were corroborated by 1N NMR data. Weak shielding
of N1 in 1 was observed upon addition of acetate, benzoate and
bicarbonate anions, whereas addition of dihydrogen phosphate
anions led to deshielding of N1 (Figure 2g). In contrast, N7a
was deshielded upon addition of anions (Figure 2g). The
strongest deshielding of 11.2 ppm was observed for the 1:BzO™

complex.

Conformational properties of 1 and its complexes
with anions

The rotational flexibility of the ureido moiety allows numerous
conformations of receptor 1. Among them three major, energeti-
cally preferred, conformers are likely to be observed (Figure 3).
The syn—syn conformer, where NH protons form a convergent
hydrogen-bonding array, is expected to be adopted in the pres-
ence of bound anionic guests, based on the previous solid-state
studies. On the other hand, this conformer is unlikely to be
abundant in the absence of anions, due to repulsion between the

hydrogen bond donor groups. The other two rotamers, namely

_NH AN HN_
0 0 0
KENJLNEJ ElNJLNij E:LNJLNL;E
H H \ gy H H \ g B H Nt

syn—anti

anti—anti

Beilstein J. Org. Chem. 2011, 7, 1205-1214.

anti—anti and syn—anti, can be stabilized by intramolecular
NH-CO hydrogen bonds, which represent competition to
anion—receptor interactions and therefore make conformational

studies even more appealing.

The conformational characteristics of diindolylurea 1 were
assessed by the use of 1D difference NOE experiments in the
absence and in the presence of anions. The orientation along the
C7-N7a bonds was established by comparative evaluation of
NOE enhancements of H7a with H1 and H6 protons. The satu-
ration of H7a in 1 gave strong NOE at H6 (10.4%) and
moderate NOE at H1 (4.3%), which suggested that the anti
orientation prevails along the linkage between ureido moiety
and indole ring (Figure 4a). As the observed NOE enhance-
ments are primarily a function of the H6-H70 and HI-H7a
distances, we compared their values in the optimized anti—anti
(d(H6-H70) = 2.28 A) and syn—syn (d(H1-H70) = 2.32 A)
structures and established a minor difference of 0.04 A which
would be reflected in a 1% change in the NOE enhancements.
The observed difference between NOE enhancements in the
uncomplexed form of receptor 1 was over 6%, which led us to
conclude that the anti—anti conformer is predominant in the
DMSO-dg solution. In addition, the anti—anti conformer of 1
with its plane of symmetry along the carbonyl bond is in agree-
ment with the single set of resonances in the NMR spectra. On

the other hand, the syn—anti rotamer shows a twofold rotational

syn—syn

Figure 3: Three representative conformational families of rotamers of 1. Notations refer to the orientations along [C6—C7-N70-C7f] fragments.

Figure 4: NOE enhancements of 1 in the absence of anions (a) and upon addition of one equivalent of acetate anions (b).
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symmetry and is expected to exhibit distinct shielding of nuclei,
imposed by the orientations of H6 and H1 protons in the two
indole rings with respect to the carbonyl group. However, the
populations of the two distinct conformational families are aver-
aged on the NMR time scale.

Only minor changes in the NOE enhancements were observed
upon addition of chloride anions to 1. The strongest NOE was
observed between H7a and H6 (9.9%), which was of compa-
rable magnitude to the NOE between the same protons in the
absence of anions (Table 3). On the other hand, stronger NOE
enhancement between H7a and H1 (7.0%) suggested predomi-
nance of the syn—anti rotamer of 1 in the presence of chloride
anions in DMSO-dg solution. Interestingly, the syn—syn rotamer
was observed in the crystal structure, where conformational
preferences are dictated by other forces, such as crystal packing.
These observations are in agreement with minute 'H chemical
shift changes and the weak stability constant of 1 for the
binding of chloride anions.

Table 3: Selected NOE enhancements for 1 in the absence and in the
presence of different anions (in %).

Saturated: H1 H6 H7a
Enhanced: H7a H7a H1 H6
no anion 3.2 3.8 4.3 104
ClI- 4.2 2.2 7.0 9.9
AcO~ 7.2 1.0 12.0 4.8
BzO~ 7.2 0.9 104 4.8
HCO3~ -2 0.0 -2 4.7
HyPO4~ 4.2 0.0 5.3 2.8

@Broad NH signals in the baseline.

Considerable changes in the NOE enhancements were observed
upon addition of acetate anions to 1. The saturation of H7a
resulted in a much stronger NOE at H1 (12.0%) with respect to
H6 (4.8%), which suggested that addition of acetate anions led
to conformational changes along the C7-N7a bond (Table 3).
The syn—syn conformer is preferred for the 1-AcO™ complex in
solution (Figure 4b). In a similar manner, significant changes in
the NOEs were observed upon addition of benzoate anions. The
saturation of H7a gave much stronger NOE at H1 (10.4%) with
respect to H6 (4.8%, Table 3). Broad NH proton signals
prevented the study of the conformation of the 1-HCO3™ com-
plex through NOE experiments. NOE enhancements between
H1 and H7a (4.2-5.3%) were considerably stronger with
respect to NOE between H7a and H6 (0—2.8%) upon addition of
dihydrogen phosphate to 1. The observed NOE enhancements
for 1-H,PO4~ complex suggest a preference for the syn—syn
conformer in DMSO-dg.

Beilstein J. Org. Chem. 2011, 7, 1205-1214.

Conformational analysis of 1 and its anion
complexes by quantum mechanics calculations

The observations on the conformational equilibria in the
absence and in the presence of anions were corroborated by
quantum mechanical calculations at the B3LYP/6-311+G(d,p)
level of theory by means of the Gaussian 03 [40] and Gaussian
09 [41] programs. Indole rings represent the rigid part of the
anion receptors, while the substituents on the ureido moiety in 1
exhibit conformational freedom. [C6—C7-N70—C7p] torsion
angles were defined to follow energetic changes induced by
reorientation of the indolyl moieties along the C7-N7a bonds.
The energy surface for the [C6—C7-N70—C7f] torsion angles,
with 30° resolution, shows that the conformer with the lowest
energy is in the anti—anti region (Figure 5).

1
e
syn—syn I J
10 - \.‘ ‘ {
: - U
g 6 - N ;“
S - |
2 s - - |
3 4 /
AWA /\ ) 'J
2 4 {
%, 120
X ti—anti 0
[N anti-anti 18
0
2 60 °
Yo, 360 "5 20 07—N7“’Cm“
2z, 0 1C6~

Figure 5: Surface plot of the relative potential energy of 1 as a func-
tion of the two constitutive [C6—C7—N7a—C7] torsion angles. Indi-
vidual geometries were optimized at the B3LYP/6-311+G(d,p) level of
theory at 30° resolution.

Energy minimization of the anti—anti conformer of 1 was
performed without any constraints, whereas syn orientations in
the syn—anti as well as the syn—syn cases were restrained along
the [C6—C7-N70-C7p] torsion angle, while other degrees of
freedom were freely optimized. The relative energies for the
three representative conformers are reported in Table 4. The
anti—anti conformer of 1 was found to be the lowest in energy,
while the syn—syn conformer showed considerably higher
energy (11.6 kcal'mol™!). The angle between the two indolyl
rings in the freely optimized anti—anti conformer was 53.9°
(Figure 6a). The relative energies of the three representative
conformers were also computed for complexes of 1 with chlo-
ride, acetate and bicarbonate anions. The syn—syn conformer

exhibited the lowest relative energy for all three anion—receptor
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@

(Y

Figure 6: Freely optimized structure at the B3LYP/6-311+G(d,p) level of theory and side view showing deviation from coplanarity defined by the angle
between the indolyl rings of receptor 1 in the absence of anions (a) and for the 1-AcO™ complex (b).

complexes (Table 4). The anti—anti conformers of
anion—receptor complexes exhibited considerably higher ener-
gies between 6.2 and 7.3 kcal'mol™!. The angle between the two
indolyl rings in the freely optimized syn—syn conformer of the
1-AcO™ complex was found to be 21.6° (Figure 6b). The opti-
mized structure, shown in Figure 6b, shows a single acetate
anion bound to the four NH groups in the receptor 1 with N---O
distances in the range from 2.75 to 2.95 A and N-H---O angles
in the range 170-176°.

Table 4: Relative energies? (in kcal-mol~") of receptor 1 in vacuo and
in DMSO, in the absence and in the presence of anions.

anion conformer in vacuo in DMSO
anti-anti 0.00 0.00
no anion syn—anti 5.09 2.74
syn—syn 11.61 6.60
anti—anti 6.50 1.20
ClI~ syn—anti 1.84 0.12
syn—syn 0.00 0.00
anti-anti 7.26 3.75
AcO™ syn—anti 2.82 1.74
syn—syn 0.00 0.00
anti-anti 6.21 297
HCO3~ syn—anti 2.02 1.31
syn—syn 0.00 0.00

@Relative energies are reported with respect to the lowest energy (arbi-
trarily set to 0.00 kcal/mol) in the absence and in the presence of
anions. Geometry optimizations were carried out at B3LYP/6-
311+G(d,p).

In order to evaluate the role of DMSO on the energetic prefer-

ences of rotamers, relative energies were calculated with the use

of Tomasi's polarized continuum model [42,43]. Preferences
amongst the three rotamers were retained (Table 4). Only small
differences below 1.2 kcal'mol™ were found between the three
distinct conformers in the case of the 1-Cl™ complex. In particu-
lar, the negligible energy differences between syn—syn and
syn—anti rotamers are in agreement with the NOE data that
suggested predominance of the syn—anti conformer upon ad-
dition of chloride. The energetic preference of the syn—syn over
the anti—anti conformer of 3.8 and 3.0 kcal'mol™! was observed
for the 1'-AcO™ and the 1-HCO3~ complexes, respectively
(Table 4). The energetic preferences of the 1-AcO complex are
in excellent agreement with the NOE experiments, which
showed conformational reorganizations of 1 upon addition of
acetate anions.

Conformational features of receptors 2—4

The choice of thio (2 and 4) versus oxo (1 and 3) ureido func-
tionalities, as well as the C2 functionalization of the indole scaf-
folds with pendant phenyl amides in 3 and 4, allows tuning of
the binding affinities of the receptors. Negligible Ad values
were observed for 2 upon interaction with chloride anions
(Figure 7a), which suggests a very weak interaction between
chloride and 2, similar to the weak interactions observed
between chloride and 1. Chemical shift changes showed that the
main interaction between receptor 2 and trigonal planar anions
(acetate, benzoate and bicarbonate) occurred at the H7a protons
(Figure 7a). Addition of dihydrogen phosphate anions caused
considerable deshielding of the H1 and H7a protons. Compari-
son of the Ad values for 1 and 2 upon interaction with the
anions showed that the urea derivative 1 exhibited a higher pref-
erence for anion binding relative to thiourea 2 (the data were
supported by the stability constant determinations performed
previously and shown in Table 1). The larger sulfur atom can
prevent the receptor 2 from adopting a planar conformation,

which may reduce the affinity of this receptor for anionic
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guests. Conformational studies of 2 with the use of NOE
enhancements showed that the anti—anti conformer is the
preferred conformation in the absence of anions. No apparent
conformational changes were observed upon addition of chlo-
ride anions to 2. The overlap of the proton signals as well as the
broad line-width of the HI and H7a NMR resonances prevented
conformational analysis of 2 upon addition of other anions used
in the study. The conformational preferences of 2 were evalu-
ated by quantum mechanical calculations at the B3LYP/6-
311+G(d,p) level of theory. The freely optimized anti—anti
conformer of 2 exhibited the lowest energy and the syn—syn
conformer was 8.0 kcal'mol™! higher in energy, in vacuo. Inter-
estingly, the two indolyl rings were not coplanar, with the angle
between the two indolyl planes found to be 98.9° (Figure 8a). In
the case of 2:AcO™ complex the syn—syn conformer exhibited
the lowest energy, while the anti—anti conformer was
7.4 keal'mol™! higher in energy, in vacuo. The optimized struc-
ture of 2-AcO™ complex is shown in Figure 8b, where the two
acetate oxygen atoms are hydrogen bonded to the four NH
groups, with N---O distances in the range from 2.76 to 2.94 A
and N-H--O angles in the range 168—177°. The angle between
the indolyl rings in the freely optimized syn—syn conformer of
the 2-AcO™ complex was 68.0°.

Bis-amide functionalized diindolylurea 3 exhibits two extra NH
groups, which introduces additional possibilities for interac-
tions with anions. The addition of chloride anions to 3 induced
negligible chemical shifts, suggesting only weak interactions
with this anion (Figure 7b). The strong deshielding of H7a and
moderate deshielding of H1 protons in the 3-AcO™ and 3-BzO™
complexes suggests a significant interaction between the anions
and the ureido functionality. Interestingly, negligible
deshielding of H2f in 3 was observed and this suggests that the
amide protons do not participate in the interaction with acetate

Figure 8: Freely optimized structures at the B3LYP/6-311+G(d,p) level of theory and side view showing deviation from coplanarity defined by the
angle between the indolyl rings of 2 (a) and 2:AcO™ complex (b).
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and benzoate (Figure 7b). The observed Ad values support the
idea that carboxylates were strongly bound to the urea H7a
protons which prevented interaction between the anions and the
amide H2p protons. Analogously, large chemical shift changes
of up to 1 ppm were observed for the H7a and H1 protons upon
the addition of bicarbonate anions to 3. Strong deshielding of
H1, H2 and H7a protons in the 3-H,PO4~ complex suggests
that all the NH donor groups are involved in interactions with

the dihydrogen phosphate anions (Figure 7b).

The conformational properties of 3 and of its complexes with
different anions were studied by NOE measurements. The satu-
ration of the H1 protons resulted in moderately negative NOEs
at the H7a and H2p protons. The cross peaks in the 2D NOESY
spectra between the NH protons and bulk water suggest chem-
ical exchange that complicated the conformational study along
the C2—C20 and C7-N7a bonds. Nevertheless, strong NOE
enhancements between the H23 and H3 protons suggest an
orientation along the C2—C2a bond where the H2P and H3
protons are spatially close and the C2a carbonyl group is
oriented towards the indole H1 proton. NOE enhancements
between H2p and H3 protons were observed also in the 3-AcO™
and 3-BzO™ complexes, which suggests that the orientation of
the carboxamide group along the C2—C2a bond is retained in 3
upon addition of carboxylate anions. This observation was
supported by negligible Ad values for the H2p protons in the
3-AcO™ and 3-BzO™ complexes with respect to 3. The con-
formational preferences and the proposed binding mode in the
3-AcO™ complex are shown in Figure 9. A conformational study
of 3 in the presence of bicarbonate and dihydrogen phosphate
anions was hindered by the broadened and overlapped 'H
signals. In the solid state compound 3 crystallized with tetra-
butylammonium dihydrogen phosphate as the monohydrogen
phosphate complex [38].

Figure 9: Conformational preferences and proposed binding mode for
the 3-AcO™ 1:1 complex.

Only negligible chemical shifts were observed for 4 upon ad-
dition of chloride anions (Figure 7c). Considerable deshielding
of H7a protons in 4 by up to 2.3 ppm in the 4-AcO™ and 4-BzO™
complexes suggested that the major interactions between

carboxylates and receptor 4 occurred at the ureido functionality
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(Figure 7¢). The conformational properties of the 4-AcO™ and
4-BzO~ complexes could not be determined due to the broad
and overlapped proton signals. Unfortunately, excessively broad
and overlapped 'H signals for the 4HCO3™ and 4-H,PO4~
complexes prevented unambiguous assignment of the NMR
resonances and hence the conformational studies of these
complexes. In the solid state compound 4 crystallized with
tetrabutylammonium dihydrogen phosphate as the monohy-
drogen phosphate complex (see Supporting Information File 2
for more details).

Conclusion

The bis-indole receptors 1-4 were characterized by heteronu-
clear NMR spectroscopy. NOE based conformational analysis
was supported by quantum mechanics calculations and revealed
that diindolylurea 1 exhibited conformational preorganization in
DMSO-dg solution. The anti—anti conformer, which could be
stabilized by intramolecular hydrogen bonds between the C7f3
carbonyl group and indole NH proton, was predominant for 1 in
the absence of anions. The energetically minimized structure of
anti—anti conformer showed a plane of symmetry along the
ureido carbonyl group and deviation from coplanarity amongst
the indolyl rings. Anion-induced chemical shift changes
suggested weak binding of chloride anions and negligible con-
formational changes for 1. Addition of acetate, benzoate, bicar-
bonate and dihydrogen phosphate resulted in strong deshielding
of the ureido protons and moderate deshielding of the indole
H1, which indicated that the main hydrogen bond interaction
occurred at the urea donor groups of 1. Furthermore, binding of
anions caused conformational changes along the C7-N7a
bonds, and the syn—syn conformer was predominant in the
anion-receptor complexes according to both NOE enhance-
ments and ab initio calculations in solution. The freely opti-
mized syn—syn conformer of the 1:AcO~ complex retained a
plane of symmetry along the carbonyl bond and showed a
smaller deviation from indole ring coplanarity than did the
anti—anti conformer of 1. The conformational preferences for 2
were analogous to those observed for receptor 1. Unfortunately,
excessively broad and overlapped 'H signals prevented a
detailed conformational analysis of the anion-receptor
complexes for 3 and 4.

Experimental

NMR experiments

TH, 13C and >N NMR spectra were acquired on a Varian Unity
Inova 300 MHz NMR spectrometer. All data were recorded in
DMSO-dg at 298 K. Chemical shifts were referenced to the
residual solvent signal of DMSO-dg at 5 2.50 ppm for 'H
(297.801 MHz) and & 39.50 ppm for 13C (76.190 MHz), while
I5N (30.188 MHz) chemical shifts were referenced relative to
external benzamide (8 103.55 ppm). Individual resonances were
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assigned on the basis of their chemical shifts, signal intensities,
multiplicity of resonances, H-H coupling constants as well as
by means of a series of 2D NMR experiments (COSY, gHSQC
and gHMBC). The saturation delay in the 1D difference NOE
experiment was 5.0 s. All anions were added as tetrabutylam-
monium salts except bicarbonate which was added as a
tetracthylammonium salt. NOESY spectra were acquired with
mixing time of 100 and 300 ms.

Ab initio calculations

Initial structures were generated by Chem3D Pro 10.0 software
and energy minimization at the B3LYP/6-311+G(d,p) level was
performed for 1 and 2 without any constraints for the anti—anti
conformers, by means of Gaussian 03 [40] and Gaussian 09
[41]. Syn orientations in the syn—anti as well as the syn—syn
conformers of 1 and 2 were restrained along the
[C6—C7-N7a—C7p] torsion angle while other degrees of
freedom were freely optimized. Ab initio calculations of
anion—receptor complexes were carried out without any
constraints for the syn—syn conformers, where anions were
placed initially at the expected equilibrium distance to the H1
and H7a protons. The positions of the anions were freely opti-
mized. Energy minimizations of the syn—anti and anti—anti
conformers of the anion—receptor complexes were restrained
along the [C6—C7-N70—C7p] torsion angle while other degrees
of freedom were freely optimized. The tetrabutylammonium
countercation was omitted in the geometry optimization of the
anion—receptor complexes. Frequency calculations verified that
the optimized geometries were stable points on the potential
energy surface. Relative energies in solution were calculated by
means of Tomasi's polarized continuum model, where the
dielectric constant of DMSO was used (¢ = 46.7).

Supporting Information

Supporting Information File 1

Experimental for the synthesis of compound 4 and details
of the crystal structure of the HPO42~ complex of 4, 'H and
13C NMR data for 1-4, 1D difference NOE spectra for 1 in
the absence and upon addition of one equivalent of acetate
anions.

[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-140-S1.pdf]

Supporting Information File 2

Crystallographic data of the complex of compound 4 with
tetrabutylammonium dihydrogen phosphate

(4 TBAy'HPOy).
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-140-S2.cif]
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Abstract

The potential of appropriately substituted cyclodextrins to act as scavengers for neurotoxic organophosphonates under physiolog-
ical conditions was evaluated. To this end, a series of derivatives containing substituents with an aldoxime or a ketoxime moiety
along the narrow opening of the B-cyclodextrin cavity was synthesized, and the ability of these compounds to reduce the inhibitory
effect of the neurotoxic organophosphonate cyclosarin on its key target, acetylcholinesterase, was assessed in vitro. All compounds
exhibited a larger effect than native B-cyclodextrin, and characteristic differences were noted. These differences in activity were
correlated with the structural and electronic parameters of the substituents. In addition, the relatively strong effect of the cyclodex-
trin derivatives on cyclosarin degradation and, in particular, the observed enantioselectivity are good indications that noncovalent
interactions between the cyclodextrin ring and the substrate, presumably involving the inclusion of the cyclohexyl moiety of
cyclosarin into the cyclodextrin cavity, contribute to the mode of action. Among the nine compounds investigated, one exhibited
remarkable activity, completely preventing acetylcholinesterase inhibition by the (—)-enantiomer of cyclosarin within seconds under
the conditions of the assay. Thus, these investigations demonstrate that decoration of cyclodextrins with appropriate substituents
represents a promising approach for the development of scavengers able to detoxify highly toxic nerve agents.

Introduction
Cyclodextrins, cyclic oligosaccharides composed of a-1,4-  easy availability, their ability to include organic nonpolar mole-
linked D-glucose units, represent one of the most important  cules into the cavity made up by the cyclically arranged glucose

classes of host systems in supramolecular chemistry [1]. Their  units in aqueous solution, their predictable and controllable
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binding properties, and their relatively straightforward chem-
ical modification have made cyclodextrins indispensable tools
in applications such as sensing [2], nanotechnology [3,4],
polymer chemistry [5-8], medicinal chemistry [9,10], food
chemistry [11], and others. Importantly, the scope of cyclodex-
trins goes beyond molecular recognition since the recognition
event can in some cases be coupled with the chemical transfor-
mation of a substrate. This property was already realized in
1959 when it was shown that native cyclodextrins accelerate the
cleavage of some acetic acid esters [12]. Subsequent work then
established cyclodextrins containing appropriate substituents or
dimeric cyclodextrins as a potent class of enzyme mimics
[13,14]. Interestingly, it was also demonstrated relatively early
in the field of cyclodextrin chemistry that native cyclodextrins
are able to accelerate the cleavage of phosphates and phospho-
nates [15-18], including the highly neurotoxic organophospho-
nates (OP) sarin and soman [19-21]. While a-cyclodextrin, the
cyclodextrin containing six anhydroglucose units along the ring,
was shown to be most effective for sarin [17,22], the larger
B-cyclodextrin with the seven-membered ring was demon-
strated to also mediate soman degradation [19,20]. Moreover,
the cyclodextrins were shown to act enantioselectively, being
more effective for the more toxic (R)-(—)-enantiomer of sarin,
for example [17,22]. Surprisingly, this work has largely been
overlooked despite the fact that it provided strong indications
for the potential applicability of cyclodextrins for the detoxifi-
cation of chemical warfare agents. Only very recently has the
use of cyclodextrins to induce degradation of neurotoxic OPs
been addressed again. These investigations showed that
B-cyclodextrin derivatives with a substituent along the wider
rim of the cavity, bearing a nucleophilic group in the form of an
iodosylbenzoate [23-25] or an oxime [26], efficiently react with
paraoxon, cyclosarin (GF), and tabun thus reducing the
inhibitory effects of these OPs on the key target of OP toxicity,
acetylcholinesterase (AChE). Moreover, the results indicate that
the mode of action of these cyclodextrin derivatives involves
the formation of an inclusion complex with the OP.

The question thus arises as to whether suitable cyclodextrin
derivatives could also be used in vivo as antidotes against OP
poisonings. Such compounds should be able to act as scav-
engers by rapidly decomposing the OP into nontoxic byprod-
ucts before inhibition of AChE occurs. Catalytic action of the
scavenger is desirable, reducing the necessary dose of the drug,
but is not required if the toxicity is low. Since the amount
of data currently available is too low to assess whether this
approach has a realistic prospect of success, we initiated a
research program aimed at the synthesis of a large number of
structurally diverse cyclodextrin derivatives and the evaluation
of their effect on OP degradation. In terms of structure, these

compounds follow a common design principle, involving three
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distinct subunits each of which has a characteristic function
(Figure 1):

* A cyclodextrin ring, which forms the basis of each com-
pound. Complex formation between this subunit and the
substrate should bring the P-atom of the substrate into
spatial proximity with the substituent on the ring, thus
facilitating the attack by the reactive group on the
substituent. The type of cyclodextrin in this subunit (a, 3,
v) controls the substrate affinity.

» The linking unit between the cyclodextrin ring and the
reactive part of the substituent. This group should be
chosen to allow straightforward synthetic access to the
cyclodextrin derivatives, ideally allowing the synthesis
to proceed in a modular fashion.

» The reactive unit bearing a functional group that should
be able to specifically cleave the P-X bond on the sub-
strate. In the case of GF (Scheme 1), for example, the
most labile P-F bond is the one that is most prone to
cleavage. In general, the functional group contains a suit-
able nucleophilic center, with a-effect nucleophiles
possessing particularly promising activities [27,28].
Accordingly, the first step of OP deactivation is expected
to consist of the phosphonylation of this nucleophilic
group, similar to the phosphonylation of the serine
residue in the active site of AChE during OP-mediated
inhibition of this enzyme. If the compound thus formed
is hydrolytically unstable, it will be cleaved in the
aqueous medium, releasing the original reactive unit and
allowing it to mediate another reaction.

Figure 1: Schematic representation of the general structural design of
the investigated cyclodextrin derivatives (CD = cyclodextrin ring,
L = linking unit, Nu = reactive nucleophilic unit).

Scheme 1: Structure of cyclosarin (GF).
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Here, we describe our first results in this project, involving a
series of B-cyclodextrin derivatives with substituents on the pri-
mary face of the cyclodextrin ring, containing oximes as
nucleophilic groups. Oximes are well-known antidotes for the
treatment of OP poisonings. Their mode of action involves reac-
tivation of the OP-inhibited acetylcholinesterase [29], yet
previous work has also indicated that certain oximes are able to
cleave OPs directly [30]. We show that some of our cyclodex-
trin derivatives efficiently reduce GF concentrations in solution
under physiological conditions within seconds, thus preventing
the OP from inhibiting AChE. The observed correlation of
structural and electronic parameters of the cyclodextrin deriva-
tives with their activity strongly indicates that the interaction
between the cyclodextrin ring and the substrate plays a decisive

role in the mode of action.
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Scheme 2: Cyclodextrin derivatives tested as potential GF scavengers.
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Results and Discussion

Synthesis. The cyclodextrin derivatives investigated in this
study are shown in Scheme 2. All compounds derive from the
seven-membered B-cyclodextrin and contain the substituent in
the 6-position of a glucose unit, i.c., along the narrower rim of
the cyclodextrin cavity.

These products were prepared by following two different
routes. Cyclodextrins 1a—e derive from mono-6-(p-tolylsul-
fonyl)-B-cyclodextrin (3), which can be expediently prepared
from B-cyclodextrin and p-tolylsulfonyl chloride [31]. Reaction
of 3 with an appropriate nucleophile then afforded the function-
alized products (Scheme 3, route A). Compound la was
prepared by the reaction of 3 with 3-(aminomethyl)benzalde-
hyde oxime (5) (Scheme 4), the latter of which was synthesized

2b R=

2c R=

2d R=
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q route A
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Cu(l)
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Scheme 3: General strategies used for the preparation of the investigated cyclodextrin derivatives.

from isophtalaldehyde, as shown in Scheme 5. Compounds
1b—e were obtained from 3 and the corresponding pyridine

Jijv aldoximes or ketoximes (Scheme 4) all of which are easily
HN /N\OH accessible from the commercially available aldehydes or
5

ketones by reaction with hydroxylamine [32]. Attempts to also

DMF, 3 d, 70 °C, 27% ] prepare the analogous derivative with the oxime group in the
a 2-position of the pyridinium ring, by reaction of 3 with
OH 2-formylpyridine oxime or 2-acetylpyridine oxime, unfortu-
X7 SN” . .
| nately failed to produce the desired products.
-
N

1b

Boguus
o L

DMF, 12 d, 80 °C, 29% J@\/

3 1c
X, ,-OH
7 - vEjV
o~ _N NH
N HO™ 2
DMF, 10 d, 80 °C, 25% 1d 5
Scheme 5: Synthesis of 3-(aminomethyl)benzaldehyde oxime (5).
_OH Reagents and conditions: i. NaBHy4, EtOH, 1 h, 25 °C; ii. HBr/HOAc,
(\ N 2 h, 25 °C, 38% (2 steps); iii. NaN3, EtOH, 4 h, reflux, 94%; iv.
N~ NH,OH-HCI, NEts, EtOH, 1.5 h, 25 °C, 87%; v. PPhs, HyO/MeOH,
18 h, 25 °C, 80%.
DMF, 10 d, 80 °C, 38%
1e
The cyclodextrin derivatives 2a—d contain 1,4-disubstituted
Scheme 4: Reaction conditions used for the preparation of cyclodex- 1,2,3-triazole moieties as the linking units. Accordingly, they

trin derivatives 1a-e from tosylate 3. were prepared by copper(I)-catalyzed azide—alkyne cycload-
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dition (“click-reaction”) [33] from mono-6-azido-6-deoxy-f-
cyclodextrin (4) and a functionalized alkyne (Scheme 3, route
B). Conjugations by copper(I)-catalyzed azide—alkyne cycload-
ditions have become popular in many different fields of chem-
istry [33,34], including cyclodextrin chemistry [35-41]. The
alkyne 6 required for the synthesis of 2a was obtained from
propargyl bromide and 3-formylpyridine oxime (Scheme 6),
and those for 2b, 2¢, and 2d, following the routes shown in
Scheme 7. Reaction of these alkynes with 4 in the presence of
copper(Il) sulfate, sodium ascorbate and tris[(1-benzyl-1H-
1,2,3-triazol-4-yl)methyl]lamine (TBTA) [42] afforded the
corresponding coupled products (Scheme 8).

NN N,OH
AN N’OH i | P
///\Br * | N/ - ® Br@

\

Scheme 6: Synthesis of 3-((hydroxyimino)methyl)-1-(prop-2-ynyl)pyri-
dinium bromide (6). Reagents and conditions: i. KI, DMF/toluene, 3 h,
25 °C, 39%.

All functionalized cyclodextrins 1a—e and 2a—d were purified
by preparative HPLC. To this end, a universal method was
developed that involves the use of a reversed-phase C18 column
and a gradient of a binary solvent mixture, acetonitrile/0.025%
aqueous ammonia. All products were thus obtained in analyti-
cally pure form, which is necessary to ensure that the subse-
quent evaluation of activity yields reliable results. Elemental
analyses and NMR spectroscopy indicated that the pyridinium-
containing cyclodextrins do not contain a counterion and that
they therefore most probably represent the betaine forms

depicted in Scheme 2.

Qualitative assay. In a first step, the ability of the prepared
cyclodextrin derivatives to reduce GF concentration in solution
and, as a consequence, the inhibitory effect of this OP on AChE
was estimated by using a fully automated high-throughput
screening assay recently developed for the characterization of
potential nerve agent detoxifying materials [43]. This test
involves incubation of the nerve agent with an excess of a
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CuS04+5H,0, sodium ascorbate,
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CuS04+5H,0, sodium ascorbate,
TBTA, H,O/EtOH, 18 h, 25 °C, 49%

2a

2b

2c

2d

Scheme 8: Reaction conditions used for the preparation of cyclodex-
trin derivatives 2a—d from azide 4.

respective cyclodextrin derivative at 37.0 °C in an aqueous
TRIS-HCI buffer (pH 7.40). Aliquots of this solution were
added to a solution containing human acetylcholinesterase
(hAChE, EC 3.1.1.7), acetylthiocholine (ATCh) and 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB) immediately after
mixing and after 30 and 60 min. The inhibitory effect of GF on
the enzyme was then quantified photometrically by following
the rate of formation of the 2-nitro-5-thiobenzoate dianion
(Ellman assay) [44,45]. A first order rate constant k| was
derived from these curves by nonlinear regression analysis,
which is a measure of the extent of enzyme inhibition: The
larger the value of k; the stronger the inhibitory effect of the
nerve agent on the enzyme activity. By relating k; to k,™F, the

OH

’

Scheme 7: Syntheses of 6-ethynyl-formylpyridine oximes (7a—c). Reagents and conditions: i. Cul, (PPh3),PdCl,, DPEphos, NEt3, 18-20 h, 25 °C,

71-87%; ii. NH20OH, Hp0, 30 min, 80 °C; iii. TBAF, THF, 1 h, 0 °C, 68-83%.
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rate constant determined in the absence of the cyclodextrin, and
to k| "Ve_ the rate constant determined in a preliminary assay in
the absence of both cyclodextrin and GF, one obtains
(k™ k) )/ (ke T~k 121¥€). 100% = Aky, a term which correlates
with the activity of the cyclodextrin. If the extent of enzyme
inhibition is the same in the absence and the presence of the
cyclodextrin (k"f = k) the cyclodextrin is inactive and
Aky = 0%. If, however, the nerve agent is decomposed faster in
the presence of the cyclodextrin than during the background
reaction, k; becomes smaller with respect to k"f until it
approaches the value of k;"!Ve. As a consequence Ak
increases up to 100% for full enzymatic activity (k; = k"tive),
The results of this assay obtained for cyclodextrin derivatives

la—e and 2a—d are summarized in Figure 2.

Figure 2 shows that even native B-cyclodextrin exhibits a
substantial activity, consistent with the results of previous
investigations [19,20]. The reduction of AChE inhibition is
clearly visible after 30 min, and the enzyme is fully active when
GF was incubated with B-cyclodextrin for 1 h prior to the
Ellman assay. Notably, all substituted cyclodextrin derivatives
already exhibit an effect in the first measurement, thus clearly
demonstrating the enhancement of activity caused by the
substituents. While this effect is small for most cyclodextrins, it
is significant for 1d, and the activity of 1b is so high that no

enzyme inhibition is observable even in the first measurement.

The correlation between the type of substituent on the cyclodex-
trin and the reduction of AChE inhibition, which is evidenced in
Figure 2, indicates that the activity of these cyclodextrin deriva-
tives depends sensitively on the structural parameters of the
substituents in combination with the electronic properties. The
generally larger activity of the pyridinium derivatives such as
1b—e and 2a with respect to compounds containing a neutral

Beilstein J. Org. Chem. 2011, 7, 1543-1554.

pyridine ring can most probably be attributed to the higher
acidity of the aldoxime proton in pyridinium aldoximes, for
example. For reference, the pK, of the aldoxime proton in
3-formylpyridine oxime amounts to 10.36 and that of the
corresponding proton in the 1-methiodide of 3-formylpyridine
oxime to 9.22. Correspondingly, the pK, of the aldoxime proton
in 4-formylpyridine oxime (9.99) also decreases by more than
one order of magnitude to 8.57 upon methylation of the ring
nitrogen [46]. Thus, oximes on pyridinium rings are deproto-
nated more easily, which renders them more nucleophilic.

The influence of structural effects on the activity becomes
evident when comparing 1b and 2a, both of which have the
oxime moiety in the same position on the aromatic ring. The
significantly larger activity of 1b is an indication that the posi-
tioning of the nucleophilic group closer to the cavity of the
cyclodextrin facilitates the reaction with GF. Interestingly, even
small structural variations such as shifting the substituent on the
pyridinium ring from the 3- into the 4-position (1b versus 1c¢) or
replacing the aldoxime with a ketoxime (1b versus 1d) are
associated with a significant loss of activity. While the latter
effect is presumably due to the lower acidity of ketoximes with
respect to aldoximes by ca. one order of magnitude [32], the
higher activity of 1b with respect to 1¢ is more likely to be a
structural effect, since on the basis of the pK, values of
1-methiodides of 3-formylpyridine oxime (9.22) and
4-formylpyridine oxime (8.57) one would expect the opposite
trend.

The pronounced activity of the investigated cyclodextrin deriva-
tives, in particular of 1b, also indicates that noncovalent interac-
tions, most probably the inclusion of the apolar cyclohexyl
moiety of GF into the cyclodextrin cavity, are an important
aspect of the mode of action. Assuming that the affinity of GF

60 min
30 min
0 min

Figure 2: Diagram summarizing the observed Ak4 values for cyclodextrins 1a—e and 2a—d. For comparison, the results obtained for native
B-cyclodextrin are also included in the diagram. Large bars indicate low enzyme inhibition and, consequently, high activity of the corresponding
cyclodextrin. The results are averages over three independent measurements.
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to B-cyclodextrin in water is similar to that of cyclohexanol
(687 M1 at 30 °C) [47,48], and that it is approximately inde-
pendent of the type of substituent, ca. 25% of the substrate
molecules are estimated to reside in the cyclodextrin cavity
under the conditions of the assay (500 uM cyclodextrin and
1 uM GF). This value presumably represents a lower limit,
because hydrogen-bonding interactions between the OH-groups
along the rim of the cyclodextrin cavity and the P=0O group of
the substrate can cause the GFcomplex to be more stable than
that of cyclohexanol. However, it indicates that complexation of
only part of the total substrate amount could ensure efficient
conversion, if the oxime group of the cyclodextrin can ap-
proach the phosphonate moiety of the substrate in the complex,
and if complexation/decomplexation kinetics are fast as is
usually the case for cyclodextrin complexes [49]. The remark-
able high activity observed for 1b prompted us to evaluate in
more detail the rate with which GF is degraded in the presence
of this compound. For comparison, the less active isomer of 1b,
4-substituted derivative 1¢, and the triazole-linked derivative 2a

were also included in this study.

Quantitative assay. The kinetic parameters for the reduction of
GF concentration in solution mediated by 1b, 1c, and 2a were
determined as described previously for other cyclodextrin
derivatives [23]. Briefly, a buffered solution (pH 7.40)

CD (500 pM) + GF (1 uM)

1b

(GF) / co(GF) - 100/ %
[9)]
o
;
(GF) / co(GF) - 100/ %

25-‘{l
0

CD (50 uM) + GF (1 uM)
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containing the nerve agent was incubated at 37.0 °C and an
aliquot was taken to determine the initial concentration of GF,
co(GF). After the addition of a thermostatted cyclodextrin solu-
tion, aliquots were taken at defined intervals. These samples
were immediately extracted with hexane and subjected to
GC-MS analysis by using d1;-GF (GF with a perdeuterated
cyclohexyl residue) as the internal standard. The use of a chiral
stationary phase allowed independent evaluation of the effect of
the cyclodextrin on both GF enantiomers. The results of these

measurements are shown in Figure 3.

One important aspect that becomes immediately apparent when
looking at the graphs in Figure 3 is that the cyclodextrins act
enantioselectively, with the (—)-enantiomer of GF being the one
that disappears faster, independent of the cyclodextrin deriva-
tive used. This result, which is consistent with those of previous
investigations [22,23], is another indication of the involvement
of the chiral cyclodextrin residue in the reaction. The top left
graph shows that under the standard conditions of this measure-
ment (—)-GF is consumed so quickly, with conversion being
complete after ca. 5 s, that no reliable kinetic analysis could be
performed. Decomposition of the corresponding (+)-enan-
tiomer is slower, but also complete after ca. 4 min. In order to
follow the rate with which (—)-GF disappears, the concentra-
tion of cyclodextrin during incubation with GF was reduced to

CD (50 uM) + GF (10 pM)
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Figure 3: Time-dependent decrease of GF concentration in the presence of 1b (top row), 1¢ (middle row), and 2a (bottom row). The measurements
were performed at different concentrations of cyclodextrin (CD) and nerve agent, which are indicated at the top of each column. The data points
(means % SD, n = 2) denote the experimental results normalized to the initial concentration of GF, co(GF). The curves show the results of fitting the
data points to a first-order rate reaction. Disappearance of the (-)-enantiomer of GF is shown in red and that of the (+)-enantiomer in blue.
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50 uM. As expected, this modification of conditions caused a
reduced rate of conversion for both enantiomers, presumably
because the amount of GF molecules bound inside the
cyclodextrin cavity decreases by a factor of ca. 10. Performing
the analysis at 50 uM of cyclodextrin and 10 uM of GF does
not have a large effect on the rate of reaction, which is consis-
tent with the fact that increasing the GF concentration does not
shift the complex equilibrium to a large extent. It should be
noted that this assay currently does not allow us to ascertain
whether the action of the cyclodextrins is stoichiometric or
catalytic, because the cyclodextrin derivatives were used in
excess with respect to GF.

Similar trends were observed for the other cyclodextrin deriva-
tives, although their overall rates of conversion were consis-
tently lower than those of 1b. Quantitative information in terms
of the observed rate constants k,,s and half-lives ¢),,was
obtained by fitting the experimentally obtained decay curves to
a first order rate reaction and subtracting the effect of spontan-
eous GF hydrolysis under these conditions (1.5-107% s1) [23].
The results thus obtained are summarized in Table 1.

Comparison of these rate constants with ones obtained previ-
ously under similar conditions for native B-cyclodextrin and
2-O-(carboxy-iodosobenzyl)-f-cyclodextrin leads to the conclu-
sion that the substituted cyclodextrins investigated here enhance
the GF decomposition by at least one order of magnitude more
efficiently than native f-cyclodextrin does [23]. Degradation of
(+)-GF is ca. twice as fast in the presence of 1b than in the
presence of 2-O-(carboxy-iodosobenzyl)-p-cyclodextrin.
Because of the relatively low enantioselectivity observed for
2-0-(carboxy-iodosobenzyl)-B-cyclodextrin, the activity of
cyclodextrin 1b is estimated to be at least one order of magni-
tude higher. More detailed information about the kinetics and

Beilstein J. Org. Chem. 2011, 7, 1543-1554.

thermodynamics of the reaction could be obtained by following
the dependency of the rate of reaction on the GF concentration
(Michaelis—Menten kinetics). These measurements are,
however, demanding in light of the complexity of the currently
used kinetic assay and have therefore not yet been performed.

Conclusion

These investigations demonstrate that appropriately substituted
cyclodextrin derivatives can efficiently reduce the inhibitory
effect of GF on AChE under physiological conditions. The
relatively strong effect of the cyclodextrin derivatives on GF
degradation and, in particular, the observed enantioselectivity
are good indications for noncovalent interactions between the
cyclodextrin ring and the substrate, presumably involving the
inclusion of the cyclohexyl moiety of cyclosarin into the
cyclodextrin cavity, which contribute to the mode of action. In
addition, the correlation between structural parameters and
activity can be rationalized on the basis of the distance of the
substituents from the cyclodextrin cavity, where OP binding
presumably takes place, and the expected nucleophilicity of the
oxime groups of the substituents. With 1b a compound could be
identified that, to the best of our knowledge, currently repre-
sents the most active cyclodextrin derivative mediating GF de-
gradation in solution. These results make us optimistic that
substituted cyclodextrins represent a very promising platform
for the development of scavengers for highly toxic organophos-
phonates, including also ones that are more persistent than GF,
such as tabun or VX. Work in this context is ongoing in our

group.

Experimental

General details. The synthesized compounds were character-
ized as follows: Melting points, Miiller SPM-X 300; NMR,
Bruker Avance 600, Bruker DPX 400; MALDI-TOF-MS,

Table 1: Kinetic constants determined for GF degradation mediated by cyclodextrins 1b, 1¢, and 2a (Kops in 577, t1/2in s).

cyclodextrin concentration cyclodextrin
1b
500 uM 1c
2a
1b
50 uM
1c

@no reliable rate constant and half-life could be determined.

(-)-GF (+)-GF (-)-GF (+)-GF
1uM 10 uM
Kobs n.d.a 1.6:1072
ti2 nd.a 43
Kobs 1.8-1072 3.1:1073
ti2 39 211
Kobs 6.1-1073 1.2:1073
ti 114 583
Kobs 1.5-1072 6.510™% 961073 471074
ti 46 1071 72 1465
Kobs 6.6:1074 1.8:1074 591074 1.7-10™4
ti 1053 3857 1179 4143

1550



Bruker Ultraflex TOF/TOF; ESI-MS, Bruker Esquire 3000; IR,
FT-IR System Spectrum BX, Perkin-Elmer; elemental analysis,
Elementar vario Micro cube. All chemicals, unless other stated,
are commercially available and were used without further
purification. Cyclosarin and deuterated cyclosarin (d-
cyclosarin, d,-GF) (>98% by GC-MS, 'H NMR, and 3'P
NMR) were made available by the German Ministry of Defense
(All experiments with cyclosarin were performed at the Institut
fiir Pharmakologie und Toxikologie der Bundeswehr). Hemo-
globin-free erythrocyte ghosts as a source for human erythro-
cyte acetylcholinesterase (AChE, EC 3.1.1.7) were prepared
according to the procedure of Dodge et al. [S0] with minor
modifications [51]. AChE activity was adjusted to 4000 U/l by
dilution with phosphate buffer (0.1 M, pH 7.40). Aliquots were
stored at a temperature of —80 °C. Prior to use, ghosts were
homogenized with a Sonoplus HD 2070 ultrasonic homogenator
(Bandelin electronic, Berlin, Germany) twice for 5 s with a 20 s
interval to achieve a homogeneous matrix. For the preparative
HPLC the following conditions were used: HPLC, Dionex
UltiMate 3000; column, Thermo Fisher, BetaBasic-18,
250 x 21.2 mm, 5 pm particle size; flow, 12 mL/min; eluent,
aqueous: 0.025% aqueous ammonia, organic: acetonitrile; for
the separation of neutral compounds (1a, 2b-2d) the following
gradient was used: 0—6 min, 0% organic; 6-27 min, linear
increase of organic to 40%; 27-33 min, 40% organic;
33-39 min, linear decrease to 0% organic; 39-45 min, 0%
organic; charged compounds (1b—1le, 2a) were purified by
employing a slightly different gradient: 0—6 min, 0% organic;
6—22 min, linear increase to 15% organic; 22-25 min, linear
increase to 50% organic; 25-30 min, 50% organic; 30-37 min,
linear decrease to 0% organic; 37—45 min, 0% organic.

Qualitative assay. The qualitative test was performed by using
a Tecan Freedom EVO liquid handling system (Ménnedorf,
Switzerland) [43]. A solution of cyclodextrin (500 uM) and GF
(1 uM) was prepared and incubated in TRIS-HCI buffer (0.1 M,
pH 7.40) at 37.0 °C (Scheme 9). Immediately after mixing, a
sample (25 pL) was transferred to a measuring plate prefilled
with buffer (2400 puL, 0.1 M TRIS-HCI, pH 7.40 and 0.3 mM
DTNB) and human AChE (10 pL) and preheated to 37.0 °C.
ATCh (50 pL, 49.7 mM) was added immediately, the
microplate was transferred to a photometer and the absorption
was measured at 436 nm for 30 min while the temperature was

reaction plate
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maintained at 37.0 °C. Further aliquots of the test mixture were
taken after 30 min and 60 min and treated analogously. The rate
constants k| were determined by nonlinear regression analysis
of the resulting curves by using Prism 5.0 (GraphPad Software,
San Diego, CA, USA) as described previously [43]. All results
shown are mean values of n = 3 experiments. The value for
k "ative was determined in independent experiments to be
8.56:107° s,

Quantitative assay. The quantitative assay was performed in a
stirred 2.0 ml cryo vial (Wheaton Science Products, Millville,
NIJ, USA) positioned in a temperature controlled water bath.
Buffer (1850 pL, TRIS-HCI 0.1 M, pH 7.40) containing GF
(1.1 uM) was incubated at 37.0 °C and an aliquot (50 puL) was
removed to determine the initial concentration of GF, co(GF)
(Scheme 10). After preheated cyclodextrin solution (200 pL,
final concentration 500 uM) was added, aliquots (50 puL) were
taken at defined time points. These samples were transferred
into a tube containing sodium formate buffer (20 puL, 300 uM,
pH 3.5) and a solution of the internal standard d;-GF in
2-propanol (2.5 pL, 10 pg/mL). Afterward, ice-cold hexane
(500 puL) was immediately added, and the mixture was shaken
vigorously and stored on ice. Each sample was centrifuged as
soon as possible (10.000 rpm, 10 min, 4 °C), and the organic
layer was removed immediately and transferred to GC vials
for analysis. The experimental results were normalized to the
initial concentration of GF in the absence of cyclodextrin,
co(GF). The kinetic constants ky,s were determined by, first,
nonlinear regression analysis of the resulting decay curves
(using GraphPad Prism 5.0, San Diego, CA, USA) on the basis
of the following equation: ¢(+/.)GF,s = C(+/-)GF,0* €XP(—Kobs'?), in
which c(1/.)gF, denotes the concentration of (+)-GF or (—)-GF
at a certain time ¢ and c(+/,)GF o+ the concentration of (+)-GF or
(—)-GFimmediately after cyclodextrin addition, followed by
subtracting the effect of spontaneous GF hydrolysis
(1.5:107* s71) [23]. All data shown are the mean values of 1 =2
experiments.

Quantification of GF enantiomers by PCI MS. Quantifica-
tion of GF enantiomers was performed by GC-MS, as
described before but with slight modifications [52]. In brief,
a gas chromatographic system 6890N coupled with a mass
spectrometer detector 5973 with positive chemical ionization

measurement plate plate reader

remove 25 pL aliquots

store 160 pL of GF (1.0 uM), at 0, 30, and 60 min

CD (500 uM) in TRIS-HCI buffer
(pH 7.40) at 37.0 °C

2400 uM TRIS/DTNB at
37.0 °C; add hAChE (10 L)

add 25 pL aliquot to keep at 37.0 °C and

measure absorbance
for 30 min at 436 nm

and ATCh (50 plL)

Scheme 9: Schematic protocol for the qualitative assay.
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incubation

store 1850 pL of GF
(1.1 uM) in TRIS-HCI
buffer (pH 7.40)
at 37.0 °C

remove 50 pL
to determine
co(GF)
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extraction centrifugation

add 20 pL of formate buffer
(300 uM, pH 3.5),

2.5 pL of d41-GF solution

add 200 pL of remove 50 pL (10 pg/mL), 10,000 rpm, 10 min,
CD solution to determine and 4°C
¢(GF) at 500 L of hexane,
store buffered solution defined time shake and store
of GF (1.0 uM) points for 10 min

and CD (500 uM)
at 37.0 °C

Scheme 10: Schematic protocol of the quantitative assay.

(PCI) (Agilent Technologies, Waldbronn, Germany), large
volume injection (LVI), and a GAMMA DEX™ 225
GC column (30 m x 0.25 mm, 0.25 pm film thickness,
Sigma—Aldrich Chemie, Taufkirchen, Germany) was used
(Table 2). CI quantification was performed by applying
ammonia 6.0 as reactant gas with a flow rate of 2.0 mL/min and
helium as carrier gas with a flow rate of 1.3 mL/min. The
following oven temperature program was applied: 50 °C for
4.5 min, increase to 100 °C at 40 °C/min and subsequently to
135 °C at 3 °C/min, maintain this temperature for 2 min, further
increase to 170 °C at 40 °C/min. The limit of quantification was
estimated to be 2.5 pg per enantiomer.

Supporting Information

Supporting Information File 1

Detailed experimental procedures and physical data for all
newly prepared compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-182-S1.pdf]

Table 2: GC-MS parameters for PCI analysis of GF.

injection program

injection volume
injection speed
initial temperature

50 pL
20 pL/min
40 °C, hold for 0.05 min

initial end temperature 260 °C, hold for 2 min

initial time 2.70 min
vent time 2.60 min
vent flow 10.0 mL/min
purge time 4.60 min
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The impact of the level of complexity in self-sorting was elaborated through the fabrication of various scalene triangles. It turned

out that the self-sorting system with a higher level of complexity was far superior to less complex sorting algorithms.

Introduction

Self-assembly guided by self-sorting algorithms has received
considerable attention over the past two decades as such proto-
cols pave the way for intricate supramolecular assemblies
[1-19]. However, despite its wide use, the definition of self-
sorting remains vague with no precise guidelines provided in
the literature. It has been widely reported that self-sorting oper-
ates when the numerical outcome of a chemical system is lower
than the plausible number of potential aggregates (assemblies)
estimated on the basis of statistical, chemical, and geometrical
arguments [20,21]. This definition has drawbacks, and level-
ling effects [22] have been observed among various self-sorting
systems. To numerically grasp the difference between different
self-sorting processes, we defined the degree of self-sorting M
as M = P/Py with P representing the number of possibilities and
P representing the number of experimentally observed aggreg-

ates in the mixture [8]. For example, the degree of the self-

sorting process realised with ligands 1-4 in the presence of both
Cu" and Zn2", as described in Scheme 1, is M = 10, as only two

complexes formed out of twenty possible ones [8].

In contrast, when ligands 1-4 were treated with either Cu”* or
Zn2*, the observed experimental outcome was four complexes
(Supporting Information File 1, Figures S1 and S2), which has
to be evaluated in light of the ten possible products (Scheme 2).
Thus, for this process M = 2.5. Is this difference in M of any
relevance, for example in the fabrication of intricate entities, or
not? Herein, we investigate the utility of both self-sorting
algorithms, from Scheme 1 and Scheme 2, for the fabrication of
supramolecular scalene triangles. Importantly, we are able to
demonstrate that the clean formation of a scalene triangle is
only possible with the algorithm exhibiting the higher degree of
self-sorting.
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Cu(tylt + (R ]

[Cu(2),] * [Zn(2)*

[Cu(3)l* *[Zn@3)P

[Cu(4),]* * [Zn(4)

[CuM@)]* + [Zn(1)@2)** [Zn(1)(2)1**
Con@r * AR | [Cu(;)(4)]+
[Cu()y@]*  + Zn()@P*

[Cu@)@I" + Zn@)E)P

[Cu@)4r” + [Zn@)4)**

| [Cu@)@r + [Zn(3)(4)]2+_

Scheme 1: Self-sorting in a six-component library [8].

Among the triangular assemblies, the scalene triangle is found
to be the most difficult to fabricate. Hence, it comes as no
surprise that there is only one report on a scalene triangle so far
[16]. To design a further scalene triangle we modified a design
already probed in the preparation of a geometrically isosceles
triangle [15], and we implemented the coordination motifs of
1-4 into the three different multitopic ligands 5-7 [15,23],
integrating twice the [Cu(3)(4)]" [24-26] and once the
[Zn(1)(2)]*" motif [8,16] (Figure 1). The coordination behav-
iour of molecular component 3 was integrated into 5, the latter
being synthesised in a Sonogashira homocoupling reaction [27].
The information stored in 1 and 4 was instated in the unsym-
metrical bisphenanthroline 6, readily accessible by stepwise
Sonogashira cross-coupling reactions [15]. A known procedure
was followed to prepare the terpyridine—phenanthroline hybrid
7 [8]. The lengths of the ligands were chosen in such a way that
they provide the geometrically different sides of a scalene

triangle.

Results and Discussion

We tested both self-sorting algorithms as described earlier
(Scheme 1 and Scheme 2). In a first round of experiments, we
combined the ligands 5, 6, and 7 in equimolar ratio and made
them react with one equivalent of Zn?" and two equivalents of
Cu" in acetonitrile at 60 °C for 3 h. At the end, a clear red solu-
tion was furnished, which was characterised as received, by
means of mass spectrometry, IH NMR, diffusion-ordered spec-
troscopy (DOSY), differential pulse voltammetry (DPV) and
elemental analysis. The electrospray ionisation mass spectrum
(ESI-MS) of the reaction mixture suggests clean formation of
the triangular species T = [CuyZn(5)(6)(7)](OTf),(PF¢),
(Scheme 3). In the accessible spectral region of m/z = 150-2000
only three intense peaks were observed, all of them corres-
ponding to triangle T (Figure 2). The most abundant peak at
m/z = 666.8 can be assigned to [CuyZn(5)(6)(7)]*", whereas
the triply charged one at m/z = 938.5 is attributed to
[CuyZn(5)(6)(7)](OT)3", and the doubly charged one at

M(1)2"" + M(3)2]™ M2)(3)"*

M@)"* + [M@)" N
e (22 @)z M)

1+ 2+ 3+ 4 —— | [MMDQ)P" + M2)@3)]" | — +
MBI+ [MER)@) M@

Mn+ = Zn2* or Cut +
M@+ [ME@)@) MA@

Scheme 2: Self-sorting in a five-component library. We used 2 in a slightly different form with Zn?* (R = 4-CgHyl) and Cu* (R = H).
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Figure 1: Ligands used in the present study.

m/z = 1481.1 to [CuyZn(5)(6)(7)](OTf),2". All peaks were
isotopically resolved, showing full agreement with the
theoretically expected isotopic distribution.

5+6+7 ——

0

»

.r T

Scheme 3: Synthesis of the triangular assembly T (only syn shown).

To corroborate the clean self-assembly process, we carefully
examined the DOSY and 'H NMR of T. As in the ESI-MS,
both sets of data unambiguously supported the presence of only
one species, i.e., the DOSY spectrum showed only a single
diffusion coefficient (Supporting Information File 1, Figure S4).
Additional information was derived from the 'H NMR signals
of the methoxy protons, as these appear in a diagnostic region.
In T, up to eight singlets are expected for the four methoxy
groups due to their constitutional differences and the occur-

rence of two diastereomers (syn and anti). Diastereomers form

Beilstein J. Org. Chem. 2011, 7, 1555-1561.

fo—of

as a result of two stereogenic heteroleptic copper(I) complex
motifs [Cu(3)(4)]" in T [8,28,29]. The 'H NMR of the assembly
indeed showed seven singlets (one peak is merged with the
others) between 2.73-3.10 ppm (Figure 3¢). From NMR integ-
ration the ratio of the diastereomers was found to be approxim-
ately 3:1. The finding of further characteristic 'H NMR shifts
for protons of 6 (H-a and H-b) additionally supports the forma-
tion of T as a mixture of two diastereomers. Four triplets (two
for each diastereomer) were observed for protons H—a between
3.53-3.97 ppm, and the same number of triplets was seen for
H-b in the region of 0.57-1.00 ppm (Supporting Information
File 1). Elemental analysis of the assembly also confirmed the
exclusive formation of T.

We further evaluated the structure using DPV, because this
analytical method provides valuable information about redox
active units (here Cu™). It is well known that copper(I) shows
distinct oxidation potentials in different complex environments.
Thus, the DPV measurements should allow us to analyse the
number and ligand sphere of copper(I) centres in T. In the
mononuclear complex [Cu(1)(4)](PFg) the copper(I) oxidation
is observed at +0.29 Vgcg, whereas for [Cu(3)(4)](PF¢) and
[Cu(1)(2)](PF¢) the oxidation is placed at +0.44 Vgcg and
—0.21 Vg, respectively [8]. In T, only one type of copper(I)
complex is present. As two values were expected for the two
diastereomers, the broad peak was deconvoluted for two
copper(l) oxidation waves (Figure 4) resulting in two values at
+0.59 and +0.64 Vgcg. The values agree with those reported for
a similar copper(I) complex (+0.61 and +0.67 VgcEg) in a
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Figure 2: ESI-MS of triangle T in acetonitrile along with the isotopically resolved peak at 666.8 (black: Experimental; red: Calculated for

[CuyZn(5)(6)(7)]**). See also Figure S5 in Supporting Information File 1.

recently reported supramolecular trapezoid [8]. The population
of the two diastereomers as determined from the deconvoluted
DPV spectrum (Supporting Information File 1) was roughly
3:1, in full agreement with the ratio derived from 'H NMR

results.

We then focused on the self-sorting protocol mentioned in
Scheme 2. We reacted three equivalents of copper(l) ions with
an equimolar mixture of all three ligands 5-7. After 3 h, at
similar conditions as for T, a dark red solution was afforded,
which was characterised by 'H NMR without any further puri-

fication. The '"H NMR spectrum was found to be broad
(Figure 3a). The broadening of the signals is partly due to the
presence of a phenanthroline—~Cu*—terpyridine complex. Due to
the tetrahedral coordination behaviour of Cu®, one pyridine
nitrogen atom of the terpyridine unit is left uncoordinated [30],
and thus it undergoes rapid exchange leading to broad NMR
signals. The experiment was also carried out in the presence of
three equivalents of Zn2". A clear yellow solution was produced
after exposure to similar reaction conditions. Unlike the other
experiment with Cu*, only sharp signals were observed in the
'H NMR (Figure 3b), but the many signals in the region

B MMWMWWW
Mwﬁ%wwum
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|
O
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t |
3.00 2.50

ppm

Figure 3: Partial "H NMR (400 MHz, 298 K, CD3CN) spectra of an equimolar mixture of 5, 6, and 7 in the presence of (a) 3 equivalents of Cu*, (b) 3
equivalents of Zn2* and (c) 3 equivalents of a metal-salt mixture (Cu*:Zn2* = 2:1).
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Figure 4: Differential pulse voltammogram of T in acetonitrile (0.1 M
n-BuyNPFg as electrolyte, Ag wire as a quasi-reference electrode, 1,1'-
dimethylferrocene as internal standard, scan rate = 20 mV s'and a
pulse height of 2 mV).

2.5-4.0 ppm suggest formation of several species. Thus, a com-
parison among the NMR spectra nicely demonstrated that the
self-assembly process was only clean in the case of the mixed-
metal scenario, whereas the situation turned out to be complic-
ated in both homometallic cases.

The observations can be rationalised in the following way. In
the homometallic cases selectivity was less, because the ligands
may organise into >2 competing triangular arrays with different
connectivities (constitutions). In the all-copper situation, the
linkage between 5 and 6 is only possible by [Cu(35)(4%)]"
coordination [31]. The triangle is completed through a bridging
with 7. However, the connectivity of 7 is not defined. The

ligand may arrange itself in either of the two possible ways,

Beilstein J. Org. Chem. 2011, 7, 1555-1561.

[Cu(35)(47)]" and [Cu(1%)(27)]" or [Cu(27)(3%)]" and
[Cu(1%)(47)]", as demonstrated in Scheme 2, resulting in the
formation of two different triangular species. Hence, the
number of constitutional isomers increases in the case of the all-
copper triangle. A related explanation may be given for the all-
zinc triangle. The hindered phenanthroline of 6, i.e., unit 1, has
four methoxy groups available for coordination in addition to its
two bisimine nitrogens. Thus, unit 1 may either act as a strong
bidentate, tridentate or tetradentate binding site for zinc(II) ions,
and there is no large thermodynamic difference between a
[Zn(19)(27)]*-type connection and a [Zn(19)(47)]*-type link.
The outcomes are similar to those observed with copper(I) ions.
On the other hand, in the mixed-metal scenario the terpyridine
prefers to connect with terminus 1 as embedded in 6, which is
nicely illustrated from the self-sorting described in Scheme 1.
Thus, the self-assembly process was constitutionally clean when
self-sorting occurred along the algorithm with the higher level
of complexity (Scheme 1). Due to the beauty of self-sorting, the
five-component assembly (five different starting materials,
mixed metal scenario) was flawless as compared to the four-
component assembly (four different starting materials, homo-

metallic cases).

As all attempts to obtain a crystal structure of T were unsuc-
cessful, MM force-field computations and molecular dynamics
on T (Hyperchem 7.52%®, Hypercube, Inc.) provided some
insight to their structure as scalene triangles. Taking the
metal-metal distance as a measure, the three metal corners of
T (syn) are separated by 1.27, 1.58 and 1.63 nm in the energy-
minimised structure (Figure 5) and by 1.36, 1.58 and 1.63 nm in
T (anti) (Supporting Information File 1), nicely illustrating the

scalene triangle arrangement of T.

Figure 5: Two representations of the energy-minimised structure of the scalene triangle T (anti); copper(l) ions — green, zinc(ll) ion — white.
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Conclusion

We have been able to establish that our strategy to fabricate an
isosceles triangle [15] can equally be applied to the preparation
of a supramolecular scalene triangle and thus is tolerant to
changes at the angles (of the vertices) and to variations of the
lengths of the sides. Moreover, we have demonstrated with a
study on homo- versus heterometallic scalene triangles that the
level of complexity of self-sorting is important for the fabrica-

tion of intricate supramolecular assemblies [32,33].

Experimental

General

All commercial reagents were used without further purification.
The solvents were dried with appropriate desiccants and
distilled prior to use. NMR measurements were carried out on a
Bruker Avance 400 MHz spectrometer with the deuterated
solvent as the lock and residual solvent as the internal reference.
Electrospray ionisation mass spectra (ESI-MS) were recorded
on a Thermo-Quest LCQ Deca. Differential pulse voltammetry
(DPV) was measured on a Parstat 2273 in dry acetonitrile. The
melting point was measured on a Biichi SMP-20 and is uncor-
rected. The infrared spectrum was recorded on a Varian 1000
FT-IR instrument and the elemental analysis measurement was
performed with a EA 3000 CHNS. Compound 5 [27], 6 [15],
and 7 [8] were synthesised according to known procedures.

Synthesis of scalene triangle T

6 (1.49 mg, 1.65 pmol), 5 (1.76 mg, 1.65 umol), 7 (0.85 mg,
1.65 pmol), Zn(OTf); (0.60 mg, 1.66 pmol) and
[Cu(MeCN)4]PF¢ (1.23 mg, 3.31 pmol) were heated under
reflux in a mixture of dichloromethane (10 mL) and acetonitrile
(25 mL) for 2 h. The solvents were evaporated under reduced
pressure and the solid was characterised as such. Yield quanti-
tative; mp >260 °C; IR (KBr) v: 3448, 3068, 2953, 2931,
2869, 2362, 2209, 1617, 1602, 1589, 1549,
1499, 1475, 1427, 1406, 1383, 1277, 1255, 1223,
1159, 1111, 1030, 1019, 912, 843, 791, 767, 725, 639;
ESI-MS m/z (%): 666.8 (100) [M — 2PFg, 20Tf]**, 938.5 (70)
[M — 2PF¢, OTf]?", 1481.1 (20) [M — 2PF4]*"; Anal. calcd for
C161H127BF2C112F18N13012P2822n'3CH2C122 C, 56.10; H,
3.82; N, 5.19; S, 1.83; found: C, 56.36; H, 3.27; N, 5.35; S,
1.91.

Supporting Information

Supporting Information File 1

'H NMR spectra of self-sorting mixtures and of T. DOSY,
ESI and DPV spectra of T.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-183-S1.pdf]
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Voltage-clamp experiments of eight oligoester bolaamphiphiles in two subclasses are described. Syntheses of three new

terephthalate-based compounds were achieved in three linear steps. Together with five previously described, related compounds,

the ion transport activity was assessed by means of the voltage-clamp technique. All of the compounds show multiple types of

conductance behavior in planar bilayers, a subset of which was exponentially voltage-dependent. The varied and irregular activities

were summarized with the aid of a recently developed “activity-grid” method.

Introduction

Ion channels modulate conductance in cell membranes, and
form the basic elements from which action potentials and other
complex electrophysiological behaviors are constructed [1].
With recent technological breakthroughs, such as stochastic
sensing [2] and the construction of ionic networks [3,4], the
control and understanding of ion-channel attributes at a single-
molecule level takes on a new urgency. By being able to tailor
molecular features through synthesis, and potentially being
accessible in far larger quantity than membrane proteins,
de novo channels promise to be useful entities for

structure—activity studies as well as practical “ionic compo-

nents” of more complex systems. Since the pioneering report by
Tabushi [5] some three decades ago, hundreds of disparate syn-
thetic compounds have been shown to behave as ion channels,
by ensemble and/or single-molecule techniques [6,7]. Ensemble
techniques refer to the many variations of vesicle-based assays
[8]; the results obtained are comparable under identical condi-
tions, but often incommensurate with different variants of the
method.

The voltage-clamp technique, on the other hand, reports

absolute flux under defined conditions [9]. In this method, a
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planar bilayer is formed in an aperture between two electrically
connected aqueous compartments; this forms an insulator
between the electrodes, and no current flows despite an applied
potential across the electrodes. Upon addition of the compound
forming the active channel, a current on the order of pA can be
detected corresponding to the activity of single or small groups
of molecules, and this current can be monitored with
millisecond time resolution or faster. Thus, this method can
report not only the flux but also the structural dimensions and
dynamic properties of the channel with high sensitivity;
however, the voltage-clamp experiment suffers from a need for
specialized equipment, as well as the daunting task of making
sense of all but the most regular of activities.

We have recently developed an empirical classification scheme
for summarizing the range of voltage-clamp activities [10]. This
“activity grid” represents the conductance of an event as a
vertical position on a logarithmic scale in half log-unit steps
from 3 to 3000 pS, the duration of these events as horizontal
position on a logarithmic scale from 10 ms to 100 sec, and the
pattern of activity as a different color shading (green for
discrete “square-top” behavior, yellow for “flickering”, blue for
discrete transitions with irregular opening, red for short dura-
tion spikes, purple for “erratic” activities from which no pattern
was discerned, and grey for regions of the grid where the
experimental setup precludes detection of events). A systematic
evaluation of published synthetic-ion-channel conductance
records revealed an underlying commonality over the wide
range of structural types. However, published records are typi-
cally a brief excerpt of full activities and we wondered how the
methodology would fare in the real world. How would the
method apply to full sets of unabridged records? And are there
phenomena that are beyond the scope of this representation?
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To provide a suitably focused yet sufficiently diverse suite of
molecules in order to answer these questions, two classes of
bolaamphiphiles were selected (Scheme 1). Both the phthalate
and solid-phase derived alkyl compounds derive from the
de-macrocyclization of an earlier active channel [11]. Struc-
turally they similarly consist of a linear topology linked by
internal esters (Es); the classes differ by the presence of
multiple aromatic rings in the phthalates, and the lack of
centrosymmetry in the alkyl compounds. These were expected
to be active in voltage-clamp experiments, as close analogues to
the phthalate compounds were found to be active in vesicles and
planar bilayers [12], and the activities of the solid-phase com-
pounds in vesicle experiments were previously established [13].

Results and Discussion

Synthesis of new compounds

The solid-phase synthesis of the alkyl oligoesters was previ-
ously reported [14]. The phthalate compounds were prepared by
a modular methodology (Scheme 2), beginning by reacting
terephthaloyl chloride or compound 9 (prepared by a method
adapted from [15]) with a,0-bromoalcohols prepared by mono-
brominating the corresponding diols as described [16]. This
gave the bis-bromides, which were subsequently displaced by
the protected carboxylate anion of BOC-protected aniline 14 to
give precursors 15, 16 and 17.

Deprotection of the carbamate protecting groups under various
acidic conditions also resulted in cleavage of internal esters in
15. Selective cleavage was ultimately achieved by use of a
TMSCl-phenol reagent [17] in dichloromethane to give the
desired targets in three linear steps with modest overall yields.
All three products were white solids that are freely soluble in

chloroform; compounds 2 and 3 are soluble in methanol

OH 0
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90 k(l M Yo M

4 R= C10H21 5 R=CqoHys
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Scheme 1: Compounds studied with the voltage-clamp experiment.
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Scheme 2: Synthesis of phthalate compounds.

whereas 1 is only sparingly soluble. All three compounds

precipitate from water at micromolar concentration or above.

Voltage-clamp results

Voltage-clamp studies were performed as previously described
[12]. The method of introducing the compounds is limited by
their solubility: Water-soluble compounds (4-8) were generally
introduced as a solution to the bathing electrolyte, sparingly
soluble 2 and 3 by injection close to the proximity of the
bilayer, and the insoluble compound 1 was added by physical
transfer from a brush. Physical transfer often results in
membrane rupture, and the integrity of the membrane cannot be

A
5pA

MLHLM T fﬁm& -

100 pA

guaranteed; nonetheless, an analysis of different methods of
compound introduction showed no substantial differences in
compound activity [18].

Excerpts of experimental data are shown in Figure 1 and
Figure 2 for compounds 1 and 2, respectively. These two
figures establish that a great variety of activities coexist for
these two compounds, and that the regular “square top” behav-
ior is a minority-type among many different types of irregular
behavior. Complete experimental summaries are given in the
Supporting Information File 1, from which it is clear that we
could have made similar representations as Figure 1 and

- ’Pm mw{w‘

g i T
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Figure 1: Channel activities of compound 1. A: Regular “square-top” activity. Conditions: 1 M KCI buffered to pH 4.5, +200 mV; B: Large semiregular
activity. Conditions: 1 M CsCl unbuffered, +130 mV; C: Short-lived semiregular openings. Conditions: 1 M KCI unbuffered, +100 mV; D: Short-lived,
low-conductance bursts. Conditions: 1 M CsCl unbuffered, =50 mV; E: High-conductance bursts. Conditions: 1 M CsClI unbuffered, +120 mV; F:

Continuous erratic activity. Conditions: 1 M CsCl unbuffered, +160 mV.
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Figure 2: Channel activities of compound 2. A: Rapid flickering. Conditions: 1 M CsCl, +100 mV; B: Semiregular openings. Conditions: 1 M CsCl,
+100 mV; C: Regular high-conductance bursts. Conditions: 1 M CsCl, +120 mV; D: Long-lived opening punctuated by regular bursts. Conditions: 1 M
CsCl, +100 mV; E: High-conductance, quasiregular activity. Conditions: 1 M CsCl, =120 mV; F: Abrupt closure following sustained bursts. Conditions:
1M CsCl, pH 7, +120 mV; G: Short-lived, high-conductance bursts. Conditions: 1 M CsCl, pH 7, =120 mV; H: Brief spikes. Conditions: 1 M CsCl, pH
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7, +180 mV; I: Long-lived regular opening, with conductance sublevels. Conditions: 1 M CsCl, pH 7, +170 mV.

Figure 2 with any other pair of compounds. Erratic behaviors
may be aesthetically unappealing but should come as no
surprise: The hydrocarbon chains that are present in every com-
pound have significant conformational freedom; a variety of
aggregation states are accessible, and an anisotropic membrane
presents different local environments and other time-dependent
degrees of freedom, which can be aptly collected under the
umbrella term “dynamic supramolecular polymorphism” [8].

A theoretical framework and tools for extracting mechanistic
information from the modeling of ideal “square-top” opening/
closing events is well-developed, and statistical approaches may
be appropriate when large numbers of events (> 10%) are at hand
[19]. The majority of the observations made in this study
conform to neither of these criteria, and we were unable to visu-
ally discern any obvious patterns; for this reason we turned to
the summary activity grids as a (potentially) model-inde-
pendent method for recording diverse behaviors.

Preparing the “activity grid” from empirical current—time traces
was facilitated by a suite of custom software, the development
of which was described elsewhere [18]. There are two steps

involved. The first involves the systematic conversion of

current—time profiles, such as those given in Figure 1 and
Figure 2, into conductance—time profiles from the known
applied potentials. A simple example is given in Figure 3
which, when viewed from the experimental current—time
perspective (top panel), shows (i) negative currents initially and
positive currents over time, that (ii) events A and B are visually
of lower magnitude than events D-G, and (iii) events D—G are
of decreasing magnitude. Correcting for changes in the applied
potential (middle panel) allows direct comparisons to be made,
and it is clear from the bottom panel of Figure 3 that events A
and B have a conductance at least twice as large as events D-G,
and that the unit conductance of events D—G are in fact iden-
tical. Simple cases such as this could be resolved by a skilled
observer, but more complex cases require full conversion to a
conductance—time representation.

The second step involves a systematic inspection over several
orders of magnitude in time and conductance in order to recog-
nize and classify the conductance events that are encoded on the
activity grid of each record. A single experiment consists of
several records from a single day. Experiments were conducted
over a period of time, with varying conditions of electrolyte,

sequence of applied potentials, etc. The entire dataset of activity

1565



3

potential / mV
w
=]

100

50 -

conductance / pS

Beilstein J. Org. Chem. 2011, 7, 1562-1569.

current / pA

=] ¥ o~

| | |

n 3
I i
nd m

% )

i (A

. |
O r S

Figure 3: Conversion of a current-time profile of compound 5 (top) into conductance—time profile (bottom) by use of the applied potential (middle).
(Red bands indicate changes of the potential; the spikes appearing in these periods are the capacitive currents from the instrument. The conductance
is undefined when the applied potential is 0 mV, and thus this results in a break in the centre of the conductance—time profile.)

grids for a given compound was then summarized in a single set
of grids. This procedure answers the question: Was a particular
behavior of a particular conductance—duration ever observed? It
does not provide information on the frequency of any particular
type of activity or conductance—duration. This results in an
activity profile for each compound, representative of the types
of activity that were observed and their magnitude, from which
a coarse-grained structure—activity can be mapped out
(Figure 4).

The derived profiles are certainly consistent with our observa-
tions that almost every compound exhibits multiple types of
activity. In this form it lacks a metric for the frequency of
observation and is thus susceptible to both false positives (e.g.,
instrumental artifacts) as well as false negatives (i.e., absence of
evidence is not evidence of absence). Nonetheless, the profiles
reveal some interesting features when scrutinized through pair-
wise comparisons, and then from a “bird’s eye view”.

Specific pairwise comparisons are revealing in two senses. The
first is that trends that were not obvious upon browsing through
current—time traces stand out: For example, the comparison of
the activity grids between the chain-reversed pair 5 and 8 shows
that they are capable of forming “square-tops” of similar dura-
tion and conductance, but the latter also has other modes of

irregular or erratic activity that are simply not observed in the

former. The second is that, despite being able to point out
empirical activity differences, these are almost impossible to
rationalize in any simple way as the activities themselves are
multifacetted and do not admit simple explanations.

In our systematic application of the “activity-grid” method to
published records we found that, from the great number of
unique architectures, there is an overall clustering characteristic
for the type of activity [10]. What we find here is preliminary
evidence that these relatively flexible molecules each individu-
ally also give rise to clusters of activity types. The extent of the
clusters, as well as their magnitude in terms of duration and
conductance, seem to be conserved between different linear
bolaamphiphiles and correspond to the influence of each unique
architecture on the overall system behavior. This is experi-
mental support for the proposal [10] that there is some under-
lying energetic landscape that is as much a property of the
system (lipid, water, and compound) as it is a property of the

compounds we prepare and introduce.

Voltage dependence

Two types of voltage dependence have been reported previ-
ously. The first is a rectifying behavior, where ionic current
passes preferentially for one polarity of the applied potential in
comparison to the other polarity [20,21]. The second is a
nonlinear current response to the applied potential, such as the
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Figure 4: Single-molecule structure—activity relationships for com-
pounds 1-8. Grids are given in the following sequence in each case:
Square-top (green); flicker (yellow); multiple-opening (blue); spike
(red); erratic (purple). Yellow arrows indicate hydrocarbon homologs;
green arrows indicate expansion of aromatic units; red arrows indicate
the removal of a polar head group; the beige arrow indicates the
reversal of chain polarity.

exponential dependence seen in alamethicin [22,23] or in a syn-
thetic channel [24]. Two of the compounds in the terephthalate
series, 1 and 2, exhibit voltage dependence in the second sense
(Figure 5).

Beilstein J. Org. Chem. 2011, 7, 1562-1569.

The current-time behavior is irregular, and therefore the current
was averaged over a 200 second interval. A plot of average
current as a function of applied potential appeared symmetrical
about zero, so the two branches for a given experiment were
combined as the average current as a function of the absolute
applied potential. Fits to a single exponential were adequate
given the erratic activity (r2 > 0.9), but both pre-exponential and
exponential terms varied considerably between different experi-
ments (Table 1). The exponent term of the fits can be used to
derive an apparent gating charge, corresponding in an idealized
model to the number of elementary charges required to move in
response to the applied potential [25]. The observed values lie
in the range from 1.2 to 3.5, with a cluster around 1.5. A physi-
cal interpretation of these values requires a detailed model, but
it is clear that several charged species, presumed to be the
protonated anilinium head groups, must move in response to the
applied potential through some significant portion of the bilayer
thickness. Neither the pre-exponential nor the exponent appears
to be a characteristic solely of the compound. Concentration of
the compound in the membrane presumably plays a large role,
but the general lack of suitable solubility precludes additional
studies.

Table 1: Voltage-dependent current (averaged over 200 s) for com-
pounds 1 and 2. A is the pre-exponential of the fitting, whereas b is the
exponent.

Compound A b r2 Apparent gating
charge
1 0.0285 0.0645 0.9795 2.5
1 0.2062 0.0386 0.9671 1.5
1 0.4802 0.030 0.9702 1.2
1 0.0170 0.0422 0.9499 1.6
2 1.1919 0.0896 0.9199 35
2 0.0983 0.0382 0.9709 1.5
2 0.1655 0.032 0.9562 1.2

Qualitatively, both the open probability as well as unit conduc-
tance (of the somewhat regular “blue” multilevel openings)
appears to be enhanced at higher potentials. What could be the
underlying mechanism? One line of possibilities relates to the
underlying “system property” mentioned earlier. It is known
that pure lipids near their phase transitions can show single-
channel conductance activities; while the specific mode of
action depends on the identity of the lipid, discrete conductance
events indistinguishable from channels are possible [26]. It was
recently reported that an applied potential can effect lipid phase
transitions [27], one consequence of which is the creation of
voltage-dependent lipid ion channels at the phase-transition
temperature. Pure diphytanoyl phosphatidylcholine is normally
stable to potentials exceeding 400 mV and does not show any
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Figure 5: Voltage-dependent opening of compound 1. Inset: Exponential dependence of the mean current on the potential. The solid line fits the trace

shown in the figure.

detectible phase transitions [28,29]. It is conceivable that our
introduction of “impurities” creates local disorder akin to
domain separation at the melting transition and that fluctua-
tions at the domain boundaries would give rise to voltage-

dependent channel activity.

Conclusion

Two subclasses of linear oligoester bolaamphiphiles, com-
prising a total of eight compounds, were tested for conductance
activity in diphytanoyl phosphatidylcholine planar bilayers. All
compounds were active; most of them showed discrete “square-
top” activity considered as a benchmark for the formation of
single-channels. One of these compounds 5 has “square-top”
activity as its predominant mode of activity, and two com-
pounds in the terephthalate subclass show an exponential poten-
tial dependence of the ionic currents. Aside from the potential-
dependent activity, the other types of conductance events can be
documented in a standardized fashion by means of the “activity
grid” method. From these individual profiles a (sparse) struc-
ture—activity map was constructed, and from this map two

conclusions were drawn.

Firstly, the observations of clustered profiles match those that
emerged from our systematic literature survey [10]. Note
however, that the statistical support for this conclusion is very
weak due to the very small number of observations (fewer than
200 on each side). Moreover, the irregular potential-depend-
ence of the ion channels observed is similar in characteristic to
the voltage-dependent lipid-only channels. These two parallels
suggest that these simple bolaamphiphile compounds are not

acting as channels on their own but rather in concert with a

loosely defined “system” comprising lipid, compound, water,
and electrolyte. A more focused investigation along these lines
will be necessary to advance our understanding of how these

simple channels “work”.

The second conclusion concerns the “what compounds ought
we to think about” question. Many synthetic ion channels
require heroic synthetic efforts, and one of the enduring motiva-
tions in various research groups is to find structures that are
synthetically accessible such that structural variations are
possible. This often translates into smaller “minimalist” channel
molecules, and our suite of compounds was built along these
lines. This makes sense only if there is a defined and simple
activity, such as the observed “square-top” events. In this study,
we provided evidence that, although regular activities are not
rare, their presence does not exclude other types of activity. The
frequent presence of other types of activity calls into question
our ability to draw simple structure—function correlations.
Rather, our attention should be focused on the entire range of
different activities, and the activity profiles give us a means to
do that. However, no obvious trend emerged from the pairwise
comparisons of this study. One possible reason is that, as com-
pounds become smaller, more individual molecules must come
together for active self-interactions or interactions with the
lipid, and site-specific changes are less able to target only a
single molecular parameter (rather than a confounding host of
them). If this is true, then it suggests that “as small as possible”
is not the optimal size for future investigations, and a larger
study involving species with higher molecular weights may thus
lead to both more unique behaviors (with less dependence on

“system” properties) and deeper structure—activity insights.
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Lithiation and subsequent reaction with CO, was applied to calix[4]arenes with different, equal or mixed, ether functions at the

lower-rim site as well as terz-butylated or non-ferz-butylated upper-rim positions. Whereas this reaction fails for symmetric

calix[4]arene ethers with alkoxy residues greater than methoxy, the carboxylation of mixed methoxy-propoxy calixarene ethers is

possible. In connection with this, several new monobridge-substituted calix[4]arenes were characterized with respect to their con-

formational behaviour in solution and the X-ray crystal structure of one key intermediate is taken into consideration.

Introduction

Besides the huge progress made in the modification of the
upper- and lower-rim positions of basic calix[4]arenes such as 1
in Scheme 1, the substitution of at least one methylene bridge of
the chalice opens up a perspective for the vertical expansion of
the molecule [1,2]. Thus, during the past decade two main
preparative routes for the methylene-bridge substitution of
p-tert-butyltetramethoxycalix[4]arene have been established: A
protocol described by Biali et al. yields a stabilized methylene
carbocation through bromination that is ready for electrophilic
substitution under Sy1 conditions [3], whereas we follow a
route involving the formation of a methylene carbanion through
lithiation, which by nucleophilic substitution forms the desired

bridge-substituted calixarenes [4,5]. While the number of

R2 = Me

1:R'=H;
2:R"=t-Bu; R2= Me
3:R'=¢-Bu; R2=FEt
4:R'=t-Bu; R2=n-Pr

5-8

Scheme 1: Calix[4]arene tetraethers 1—4 and corresponding bridge
monosubstituted carboxylic acid derivatives 5-8.
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substituted methylene atoms in the first protocol depends
clearly on the amount of N-bromosuccinimide used, surpris-
ingly only monosubstitution of the chalice is observed by appli-
cation of the lithiation technique, independent of the amount of
n-BuLi. However, twofold substitution on opposite methylene
bridges can be achieved by successive application of the latter
technique [6]. This may suggest that the type of substitution
significantly influences the conformation of the calixarene core,
which is a versatile and important feature of this compound type
(Figure 1). Nevertheless, in all these attempts for the purpose of
a bridge substitution, only p-tert-butyltetramethoxy-
calix[4]arene 2 (Scheme 1) has been used as the basic com-
pound. By way of contrast, nothing is known about the corres-
ponding behaviour of upper-rim site unprotected or higher
lower-rim site ether homologues as starting materials for a hori-
zontal expansion of the chalice. Thus, within this paper, we
present the results of the lithiation of differently upper- and
lower-rim-modified calix[4]arenes, allowing us to draw helpful
conclusions about the necessary structural requirements for the
bridge lithiation and subsequent substitution of a basic

calix[4]arene.

Results and Discussion

Since the calixarene 2 is known to undergo lithiation and subse-
quent carboxylation to yield the carboxylic acid 6 [4], we
became interested in the question of whether the upper-rim
unsubstituted calix[4]arene 1, as well as higher ether homo-

cone

1,2-alternate 1,3-alternate

Beilstein J. Org. Chem. 2011, 7, 1602-1608.

logues, such as 3 and 4, can also be used for this reaction
(Scheme 1). While the upper-rim site unprotected calix[4]arene
1 can be similarly converted into the respective acid 5, this reac-
tion failed for the higher ether homologues 3 and 4. In the case
of 3, only a few very weak signals in the 'H NMR spectrum
suggested traces of the desired acid 7, whereas upon addition of
n-BulLi to a solution of the tetrapropyl ether 4 no colour change
to cherry red (indicating the anion formation) was observed.
Obviously, the lithiation step requires a high degree of con-
formational flexibility from the calixarene core, giving rise to
coordinative interactions of the lithium cation with the methoxy
O-atoms. For 1 and 2, a rotation around the methylene groups is
easily possible, thus allowing the conformational flexibility of
the chalice, which is beneficial for the lithiation step. Though a
rotation through the annulus may also take place in compound
3, in principle, this conformational adaptation is slow on the
timescale of lithiation. After addition of n-BuLi to a THF solu-
tion of the tetraethyl ether 3, the colour changed over a period
of 40 minutes only to strawberry red, indicating the highly
limited reactivity of 3. Since a rotation of any arene unit in the
calix[4]arene 4 is impossible, due to the sterical hindrance of
the propyl groups, no reaction with n-BuLi and CO, was
observed.

Considering the aforementioned facts, in a second attempt, we
asked the question of whether the lithiation can also be achieved

with mixed calix[4]arene ethers containing a combination of

B
{ OH
Z R! \ 1
) AR
HO Y
HO R2 HO [ R2
syn anti

R' = equatorial R' = R2 = isoclinal

R2 = axial

Figure 1: A: Four fundamental conformations of a calix[4]arene. B: Arrangement of the methylene group substituents with respect to the orientation of

the neighbouring arene units.
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methoxy and propoxy groups at the lower-rim site. Therefore,
the proximal and distal dipropoxy-dimethoxy ether derivatives
11 and 12 were synthesized in a two-step procedure by regiose-
lective propylation of the parent tetrahydroxycalix[4]arene [7,8]
and subsequent methylation of the intermediates 9 and 10
(Scheme 2). In accordance with a previous description [9], both
derivatives show a high conformational flexibility in CDClj
solution due to the possible rotation of the anisole units through
the annulus, whereas the more bulky propoxy-containing arene
units remain fixed. However, on the application of an elegant
preparation procedure involving the addition of small amounts
of Nal and acetronitrile-d3 to the CDCI5 solution, fixation of the
calixarenes in a pure cone conformation was achieved
(Figure 2).

Separate lithiation of the two mixed ethers 11 and 12 followed
by the addition of CO; results in the desired carboxylic acid

CH3CH20H2BI’,
K,COs, DMF,
70°C, 24 h

66 °C,3 h

1) n-BULIITMEDA,
THF, -78 °C

Beilstein J. Org. Chem. 2011, 7, 1602-1608.

derivatives 13 and 14, which again feature high conformational
flexibility in CDClj solution. Nevertheless, the yield of the acid
13 is much lower than for 14, which is comprehensible since in
compound 13 the lithium cation is always restricted by the
steric demand of having one neighbouring propoxy group,
limiting an ideal complexation. Again, on the addition of Nal
and acetonitrile-d3 to the CDCIj3 solution of 13 the cone con-
formation is preserved, bearing the lateral COOH group in an
equatorial position between neighbouring methoxy and propoxy
units, as indicated by NOESY interactions of the remaining
methine proton. In contrast, after addition of the fixatives to a
CDClj; solution of 14, a more complex signal pattern indicates
the presence of at least two fixed conformations. One can be
related to the expected resonances of the cone conformer, while
the resonances of the second species fit best to a 1,2-alternate
conformation (Supporting Information File 1, Figure S9). In
both conformers, the lateral substituent is located at the equato-

CH3CH20HzBr,
NaOH, DMSO,
50°C,3h

THF, NaH, CHgl,
66 °C, 3 h

1) n-BuLi/TMEDA,
THF, -78 °C

Scheme 2: Pathways to the calixarene acids 13 and 14 bearing mixed ether functions in different fashions.
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7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

3.5 3.0 25 2.0 15 1.0 0.5 ppm

Figure 2: "H NMR spectrum (CDCl3, 293 K, 500 MHz) of calixarene ether 12 before (A) and after the addition of Nal/acetonitrile-d (B).

rial position, assuming a rotation of both methoxy groups before
the substitution step. Thus, a subsequent rotation of both
methoxy groups through the annulus, transferring the 1,2-alter-
nate to the cone conformer, is impossible, since it would ulti-
mately lead to an axial orientation of the COOH group, which is
strictly avoided for steric reasons [4,10].

Crystal structure of compound 12

Crystallization of the mixed calixarene ether 12 from ethanol
yielded colourless solvent-free crystals featuring two crystallo-
graphically independent molecules within the asymmetric unit
(Figure 3). Unlike the findings relating to the conformational
behaviour in solution, both structurally different calixarene
molecules display a partial cone conformation with an anti-
arrangement of the two neighbouring methoxy groups
(Table 1). Whereas the molecule 12(1) shows a nearly coplanar
arrangement of the opposite arene rings A/C (4.12°), in the
molecule 12(2) these rings are inclined at an angle of 11.80°,
which is attributable to packing effects. Remarkably, the two
propyl chains seem to have no significant influence on the
behaviour of the chalice with reference to related structures of
tetramethoxycalix[4]arenes in a partial cone conformation [11-
13].

In the packing (Supporting Information File 1, Figure S11), the
molecules are stacked along the crystallographic ab plane stabi-

lized by weak C—H---m interactions [14] involving methoxy

Figure 3: Crystal structure of compound 12. For clarity only one of the
two crystallographically independent molecules is presented; 12(1) and
H-atoms are omitted.

groups and arene units of the neighbouring calixarene
molecules (C33A-H33D---centroid C: 3.460(6) A;
C38-H38A-centroid B: 3.707(6) A; C52A-H52D--centroid A:
3.619(6) A). The resulting channel-like voids between any two

calixarene layers are potentially accessible for guest inclusion,
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Table 1: Selected conformational parameters of the mixed ether 12 in
comparison with the corresponding tetramethoxycalix[4]arene 2. Pairs
(e.g. 12(1) and 12(2)) reflect two crystallographically independent
molecules in these structures.

12(1) 12(2) 2(1) 2(2)
Interplanar angle (°)
A2/mplaP 86.21 79.86 8827 86.20
B/mpla 4487 4239 3535 36.28
C/mpla 89.68 88.36 84.82 84.74
D/mpla 85.17 77.62 88.00 88.39
AIC 412 11.80 6.96 9.09
B/D 40.31 3529 5265 52.18
KPI 62.9 -

a8Aromatic rings: A--C1-C6; B---C8-C13; C~-C15-C20 and
D--C22-C27. ®Mean plane through atoms C7, C14, C21 and C28.

which is also reflected by a comparatively low packing index
(62.9) of the crystal [15].

Conclusion

It was shown that the bridge monosubstitution of a basic
calix[4]arene via lithiation requires a high conformational flexi-
bility of the calixarene, which is the case when the overall
lower-rim substitution is not larger than methoxy and/or when
the tert-butyl groups at the upper-rim site are absent. Moreover,
in the case of mixed higher calixarene ethers bearing only two
methoxy groups at the lower-rim site, the calixarene undergoes
lithiation and substitution as well, indicating that the lithiation
takes place favourably in the neighbourhood of the methoxy
groups for potential complexation reasons. Once the bridge
substitution has taken place in these types of calixarene ethers, a
subsequent rotation around the methylene groups seems impos-
sible, as suggested by the presence of two nonconvertible
conformers of the calixarene acid 14.

Experimental

General remarks

Melting points were determined on a microscope heating stage
PHMK Rapido (VEB Dresden Analytik) and are uncorrected.
IR spectra were measured on a Nicolet FT-IR 510 as KBr
pellets. NMR spectra were recorded on a Bruker Avance DPX
500 spectrometer at 500.1 MHz ('"H NMR) and 125.7 MHz
(13C NMR), in CDCIl3/CDsCN solution (9:1) with small
amounts of Nal. Chemical shifts § are reported in ppm relative
to the internal reference TMS. Mass spectra were measured on a
Varian 320 MS. Elemental analyses were perfomed on a
Heraeus CHN-Rapid Analyzer. Reagents and chemicals for the
synthesis were used as purchased from chemical suppliers. The
solvents used were purified or dried according to common

literature procedures.
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Syntheses

Starting compounds 1 [16], 2 [17], 3 [18] and 4 [7], as well as
the intermediates 9 [7] and 10 [8] were prepared according to
described protocols. The carboxylic acid 6 was prepared in a

similar manner to compound 5.

25,26,27,28-Tetramethoxycalix[4]arene-2-carboxylic
acid (5) (cone)

A solution of 1.7 mL (11.0 mmol) TMEDA in 100 mL dry THF
was cooled down to —78 °C and at this temperature 5.2 mL (8.3
mmol) #n-BuLi (1.6 M in n-hexane) was added. After 30 min a
solution of 1.8 g (3.8 mmol) 25,26,27,28-tetramethoxy-
calix[4]arene (1) in 50 ml dry THF was added by syringe. The
resulting cherry red solution was allowed to warm up to
ambient temperature. After 1 h, solid CO, was added, immedi-
ately changing the colour of the solution to yellow. Removal of
all volatiles resulted in a yellow residue, which was dissolved in
a small amount of methanol. By addition of water, a white
precipitate was formed giving 5 after recrystallization from
methanol as a microcrystalline solid. Yield: 0.9 g (46%); mp
249-251 °C; '"H NMR (500.1 MHz, CDCI3/CD3;CN 9:1) § 7.44
(d, J=17.5Hz, 2H, ArH), 7.19 (d, J= 7.5 Hz, 2H, ArH), 7.15 (d,
J=1.5Hz, 4H, ArH), 6.96 (t, /= 7.8 Hz, 2H, ArH), 6.90 (t, J =
7.8 Hz, 2H, ArH), 5.83 (s, 1H, CHCOOH), 4.33 (m, 4H,
ArCH,Ar), 4.27 (s, 6H, OCH3), 4.22 (s, 6H, OCH3), 3.48 (m,
4H, ArCH,Ar); 13C NMR (125.7 MHz, CDCIl3/CDsCN 9:1) §
177.8 (COOH), 152.7, 152.4, 134.9, 134.8, 134.7, 129.8, 129.2,
129.0, 127.6, 126.2, 126.0, 65.7, 65.1, 40.8, 29.4; IR (cm™!):
2931, 2820, 1714, 1588, 1463, 1426, 1326, 1288, 1248, 1206,
1168, 1087, 1009, 897, 838, 771, 685, 612; LC-MS m/z: 542.2
[M + NH4]*; Anal. caled for C33H3,06: C, 71.85; H, 6.40;
found: C, 72.00; H, 6.28.

General procedure for the synthesis of 11 and 12
(O-methylation)

The given amount of distal and proximal O-propoxylated
calix[4]arenes 9 and 10 was dissolved in dry THF and NaH
(60% in mineral oil) was added. After 1.5 h of reflux, 9 equiv of
Mel were added by syringe and heating was continued for 3 h.
All volatiles were removed and the crude product was treated
carefully with water. The solid was separated and dissolved in
30 mL CHCI;3. After addition of MeOH, a white precipitate
formed, which was collected and recrystallized from CHCls/
MeOH 1:3.

5,11,17,23-Tetra-tert-butyl-25,27-dimethoxy-26,28-
dipropoxycalix[4]arene (11) (cone)

Reagents: 2.85 g (3.9 mmol) 9 in 40 mL dry THF, 1.6 g (40
mmol) NaH, 2.3 mL (5.1 g, 36 mmol) CH3l. Yield: 1.7 g
(58%); mp 203-206 °C; 'H NMR (500.1 MHz, CDCl3/CD3CN
9:1) 6 7.18 (s, 4H, ArH), 7.15 (s, 4H, ArH), 4.38 (d, /= 12.4
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Hz, 4H, ArCH,Ar), 4.37 (m, 4H, CH,CH,CH3), 4.20 (s, 6H,
OCH3), 3.39 (d, J = 12.4 Hz, 4H, ArCH,Ar), 1.99 (m, 4H,
CH,CH,CHj3), 1.21 (s, 18H, C(CHs)3), 1.20 (s, 18H, C(CH3)3),
0.97 (t, J= 7.4 Hz, 6H, CH,CH,CH3); 13C NMR (125.7 MHz,
CDCI3/CD3CN 9:1) 8 150.8, 149.9, 148.7, 148.0, 134.8, 134.6,
125.8, 125.7,79.7, 64.7, 34.2, 34.1, 31.1, 31.0, 30.4, 22.6, 9.3;
LC-MS m/z: 778.6 [M + NH4]"; Anal. calcd for
Cs5,H7,04-CH30H: C, 81.14; H, 9.59; found: C, 81.01; H, 9.38.

5,11,17,23-Tetra-tert-butyl-25,26-dimethoxy-27,28-
dipropoxycalix[4]arene (12) (cone)

Reagents: 2.2 g (3.0 mmol) 10 in 40 mL dry THF, 1.2 g (30
mmol) NaH, 1.7 mL (3.8 g, 27 mmol) CH3l. Yield: 1.4 g
(61%); mp 154-156 °C; 'H NMR (500.1 MHz, CDCl3/CD;CN
9:1) 8 7.17 (s, 4H, ArH), 7.17 (s, 2H, ArH), 7.16 (s, 2H, ArH),
4.47 (d, J=12.4 Hz, 1H, ArCH,Ar), 4.39 (d, J=12.4 Hz, 2H,
ArCH,Ar), 4.35 (m, 4H, CH,CH,CHj3), 4.29 (d, J = 12.4 Hz,
1H, ArCH»Ar), 4.21 (s, 6H, OCHj3), 3.40 (m, 4H, ArCH,Ar),
2.00 (m, 4H, CH,CH,CH3), 1.21 (s, 18H, C(CH3)3), 1.20 (s,
18H, C(CHz3)3), 0.97 (t, J = 7.4 Hz, 6H, CH,CH,CH3); 13C
NMR (125.7 MHz, CDCl3/CD3CN 9:1) 6 150.8, 149.8, 148.6,
148.1, 135.0, 134.7, 134.6, 134.4, 125.9, 125.8, 125.7, 125.6,
79.6, 65.0, 34.2, 34.1, 31.0, 31.0, 30.4, 22.5, 9.3; LC-MS m/z:
778.6 [M + NHy4]"; Anal. calcd for C5oH7,04: C, 82.06; H,
9.53; found: C, 82.22; H, 9.67.

5,11,17,23-Tetra-tert-butyl-25,27-dimethoxy-26,28-
dipropoxycalix[4]arene-2-carboxylic acid (13) (cone)
Lithiation and subsequent substitution followed the described
protocol for compound 5. Reagents: 0.76 g (1 mmol) mixed
ether 11 in 25 mL dry THF, 0.95 mL (6.1 mmol) TMEDA in
40 mL dry THF, 2.85 mL (4.6 mmol) n-BuLi. Yield: 0.28 g
(36%); mp 147150 °C; 'H NMR (500.1 MHz, CDCl3/CD3CN
9:1) 8 7.16 (d, J = 12 Hz, 6H, ArH), 7.06 (d, J =5 Hz, 2H,
ArH), 5.86 (s, CHCOOH), 4.38 (d, J = 12.5 Hz, 3H, ArCH,Ar),
4.37 (m, 4H, CH,CH,CH3), 4.20 (s, 6H, OCH3), 3.39 (d, J =
12.5 Hz, 3H, ArCH,Ar), 1.99 (m, 4H, CH,CH,CH3), 1.21 (s,
18H, C(CHj3)3), 1.20 (s, 18H, C(CH3)3), 0.97 (t, J=7.3 Hz, 6H,
CH,CH,CH3); '3C NMR (125.7 MHz, CDCl3/CD3CN 9:1) §
179.3 (COOH), 150.8, 150.0, 148.7, 148.1, 134.8, 134.6, 133.7,
132.5,132.1, 127.8, 125.8, 125.7, 125.5, 125.4, 79.7, 64.8, 64.6,
34.2,34.1,31.5, 31.4, 31.1, 30.9, 30.4, 22.6, 9.3; IR (cm™!):
2959, 2905, 2873, 2822, 1707, 1602, 1481, 1462, 1391, 1296,
1245, 1202, 1122, 1067, 1043, 1013, 966, 947, 870, 815, 698,
640, 556; LC-MS m/z: 822.6 [M + NHy4]"; Anal. calcd for
Cs53H7,04: C, 79.06; H, 9.01; found: C, 79.12; H, 9.21.

5,11,17,23-Tetra-tert-butyl-25,26-dimethoxy-27,28-
dipropoxycalix[4]arene-2-carboxylic acid (14)
Lithiation and subsequent substitution followed the described

protocol for compound 5. Reagents: 0.71 g (0.9 mmol) mixed
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ether 12 in 25 mL dry THF, 0.95 g (6.1 mmol) TMEDA in 40
mL dry THF, 2.85 mL (4.6 mmol) n-BuLi. Yield: 0.45 g (60%);
mp 130-133 °C; '"H NMR (500.1 MHz, CDCl3/CD3CN 9:1) §
7.17 (m, 8H, ArH), 5.86 (s, 1H, CHCOOH), 4.53 (d, J = 12 Hz,
1H, ArCH,Ar), 4.43 (d, J = 12.5 Hz, 2H, ArCH,Ar), 4.35 (m,
4H, CH,CH,CH3), 4.27 (s, 3H, OCH3), 4.20 (s, 3H, OCHj3),
3.42 (m, 3H, ArCH,Ar), 2.00 (m, 4H, CH,CH,CHj3), 1.21 (s,
18H, C(CH3)3), 1.20 (s, 18H, C(CH3)3), 0.96 (t, J = 7.3 Hz, 6H,
CH,CH,CH3); 13C NMR (125.7 MHz, CDCl3/CD3CN 9:1) §
173.9 (COOH), 153.4, 150.6, 150.3, 149.7, 148.7, 134.8, 134.6,
134.2, 133.8, 132.8, 132.6, 132.1, 126.7, 126.4, 126.1, 125.7,
125.5,79.9, 79.5, 65.5, 65.0, 60.5, 41.3, 41.0, 37.2, 34.3, 34.0,
33.8,31.4,31.3, 31.0, 29.6, 22.5, 22.2, 9.9, 9.2; IR (cm™!):
2955, 2904, 2871, 2820, 1707, 1602, 1481, 1463, 1391, 1361,
1287, 1245, 1201, 1121, 1067, 1043, 1018, 967, 948, 869, 789,
677, 637, 554; LC-MS m/z: 822.6 [M + NHy4]"; Anal. calcd for
Cs3H7,0¢: C, 79.06; H, 9.01; found: C, 78.75; H, 9.03.

Crystallography

The intensity data for the crystals of compound 12 submitted to
X-ray diffraction were collected on a Kappa APEX I diffrac-
tometer (Bruker-AXS) with graphite-monochromated Mo Ka
radiation (A = 0.71073 A) using ©- and ¢-scans. Reflections
were corrected for background, Lorentz and polarization
effects. Preliminary structure models were derived by applica-
tion of direct methods [19] and were refined by full-matrix
least-squares calculations based on FZ for all reflections. An
empirical absorption correction based on multiple scans was
applied by using the SADABS program [20]. All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were
refined as being constrained to bonding atoms.

Crystal data for 12: C5,H7,04, crystal system, space group:
Monoclinic, P2/c; unit cell dimensions: @ = 17.3537 (8) A, b =
20.1153 (9) A, ¢ =27.2570 (13) A, B = 91.930° (2); volume:
9509.3 (8) A3; Z =38; calculated density: 1.063 mg m™3; absorp-
tion coefficient: 0.065; F(000): 3328; O-range for data collec-
tion 1.17-25.03°; refinement method: Full matrix least-square
on F2; data/parameters: 7791/1041; goodness-of-fit on F?2:
1.013; final R indices [/ >2 o(/)]: R = 0.0944, wR = 0.1970;
R-indices (all data): R = 0.2010, wR = 0.2517; final
APmax/Apmin: 0.49/-0.45 ¢ A73. CCDC: 847217.

Supporting Information

Supporting Information File 1

'H NMR and 13C NMR spectra of compounds 5, 11-14
and crystal packing illustration of mixed ether 12.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-7-188-S1.pdf]
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1,3,5-triethylbenzenes have been widely used as supramolecular templates to organize molecular-recognition elements. It is

believed that the steric-gearing effect of the 1,3,5-triethylbenzene template directs the binding elements toward the same face of the

central ring, hence increasing the binding affinity. At the same time the 1,3,5-trimethylbenzene scaffold, without steric-gearing

effects, has also been found to improve the binding affinities of hosts compared to the unsubstituted analogues. By studying experi-

mental data from the literature and the Cambridge Structural Database, as well as by conducting computational studies of represen-

tative structures, we concluded that the steric gearing offered by the ethyl groups confers some energetic advantage over the methyl

groups, but the size of this advantage can be small and is dependent on the groups involved.

Introduction

Supramolecular hosts use arrays of multiple weak interactions
to achieve strong and specific binding to targeted guest mole-
cules. Many important weak interactions are directional and
lead to highly ordered host—guest complexes [1,2]. The preorga-

nization of binding elements in a competent binding geometry

can have enthalpic effects on binding when considering the
energy that must be paid to adopt a (potentially unfavorable)
binding conformation, and can also have effects on binding
entropy when one considers the degrees of freedom in the host,

guest, and solvated host—guest complex. Rigid macrocyclic
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hosts are often successful because of their high degree of preor-
ganization [3,4]. As a nonmacrocyclic alternative, 1,3,5-
triethylbenzenes are widely used as an easy-to-synthesize and
general scaffold for presenting molecular-recognition elements
in a convergent manner (Figure 1) [1,5]. These systems were
spawned by the work of Mislow, who studied the con-
formational preferences of hexaethylbenzene by calculation,
NMR, and crystallography and concluded that the con-
formation bearing alternating up-down arrangement of
substituents was the global minimum for this system (Figure 1)
[6]. This preference arises from steric gearing of adjacent
substituents, which are positioned to be as far from their respec-
tive neighbors as possible. Even before Mislow’s systematic
study on this topic, Wilson and co-workers obtained the crystal
structure of hexa(thiophenyl)benzene. The six thiophenyl
groups are arranged around the central ring in alternating
up—down fashion [7]. Raymond first took advantage of this kind
of steric gearing by leaving ethyl groups in positions 1,3,5 and
replacing the substituents in positions 2,4,6 with metal-coordi-
nating ligands, which by design were directed toward the same
face of the central scaffold and therefore preorganized for metal
chelation (Figure 2a) [8]. The field has since exploded, with the
first all-organic host—guest system of this type constructed by
Anslyn [9] (Figure 2b) and over 150 papers reporting on 900
such structures for binding organic and inorganic guests having
been published in the last 30 years [10]. The preorganizing
effect of 1,3,5-triethylbenzene-based hosts (1g¢) has generally
been demonstrated by comparing them to analogues that are
unsubstituted at the 1,3,5 positions (1g). But a parallel set of
literature reports describes structures (1yge) based on the 1,3,5-
trimethylbenzene scaffold (700 structures in 300 papers identi-

fied by SciFinder substructure searches) [10]. These have no

a) HQ
HO
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o
oH NH OH
R, ./ HO
SZRA
© R
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Figure 2: Structures of hosts discussed in this manuscript. R = H, Me, or Et.
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14:R=H
1ye: R = Me
\ 1ge R = Et

Figure 1: a) The global minimum-energy conformation for hexaethyl-
benzene reveals the basis for steric gearing in crowded arenes. b) A
generalized set of hosts based on 1,3,5-triethylbenzene (1gy), 1,3,5-

trimethylbenzene (1ye), and an unsubstituted analogue (1g).

basis for producing the steric gearing that would favor a conver-
gent conformation of binding elements, but their binding affini-
ties can also be improved relative to analogous unsubstituted
systems (1y). The direct comparison of the 1,3,5-triethylben-
zene (1g¢) and 1,3,5-trimethylbenzene (1ye) templates in a
single system is very rare (see below), which raises some ques-
tions: To what extent do ethyl substituents improve the binding
properties of a host? To what extent do methyl substituents
improve the binding properties of a host? What evidence exists
for different enthalpic and entropic effects that might be respon-
sible for the observed binding data in these families of hosts? In
this paper, we report on our efforts to answer these questions
using experimental data mined from the literature and from the
Cambridge Structural Database, as well as with computational
analysis of some representative host systems. We hope that
these simple computational approaches might be more broadly

useful for predicting the behavior of new supramolecular hosts.

b)
HN~>
H HNJ*N
N R, / H
HN\)
3r
d) \
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Results and Discussion

Literature binding affinities

Chelating ligand 2g¢, the forerunner of all hosts in this class,
displayed Kygoc = 1047 ML for Fe, which is 10% or 5.4 kcal/
mol stronger binding than the control host 2y (Kagsoc =
1043 M™1) [8]. Anslyn’s host 3gy, a host that does not rely on
strong metal-ligand interactions, binds citrate only 0.6 kcal/mol
more strongly than its congener 3y [9]. One other host in this
class that we were able to track down in the literature for direct
comparisons of ethyl-substituted and unsubstituted hosts gives
AAG = 2.3 kcal/mol (Table 1, entry 1). These values provide a
mixed picture of the impact of ethyl substitution.

Table 1: Affinity comparisons of ethyl-substituted and unsubstituted hosts.

Entry [ref.] R group
™
1011 NG
Y
OH O
28] HO N
H
§ $
3[9] ~00C

N* -
[ \>—N{-|_

N

H

7
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A separate summary of comparisons of methyl-substituted and
unsubstituted hosts is presented in Table 2. The average AAG is
0.3 kcal/mol, with a maximum of 2.3 kcal/mol and a minimum
of —0.8 kcal/mol.

So is the ethyl substitution better than methyl? We found four
papers that directly reported the binding affinities of seven
different 1,3,5-triethylbenzene-based and analogous 1,3,5-
trimethylbenzene-based tripodal hosts for their respective
guests. These results are reported in Table 3. From this limited
amount of literature data we see a range of binding-affinity
differences for ethyl- and methyl-substituted hosts, which range

Kassoc Values

a
Guest (M1 AAG? (kcal/mol)
- 6g¢ = 8.5 x 102
Br 6 = 17 2.3
Tet = 1047
Fe 7H - 1043 5.4
P 8gt=6.9 x 103
- Et=0.9
coo gy=24x103  0°
COO~

@AAG calculated from differences in reported Kassoc Values. We estimate the errors as +20%, depending on the measuring technique used in the

literature.

Table 2: Affinity comparisons of methyl-substituted and unsubstituted hosts.

Entry [ref.] R group Guest
Bu~f o
1012] MBUSNZ N cr
N+
N=N _
2[13 HoPO
[13] |§/N—\Jﬁ\v 2PO4
HSO4~
CI~
Br~

Kassoc values AAG2 (kcal/mol)

M7

e = 7.5 x 10* 23
9y =15x103 :
10pe = 2.1 x 103

10, = 2.0 x 103 0.04
10pme = 1.1 x 103 B
10, = 1.2 x 103 0.05
10pe = 1.1 x 103

104 = 1.0 x 103 0.04
10y = 1.8 x 102 _
10, = 7.6 x 102 08

@8AAG calculated from differences in reported Kassoc Values. We estimate the errors as +20%, depending on the measuring technique used in the

literature.



Table 3: Direct affinity comparisons of ethyl- and methyl-substituted hosts.

Entry [ref.] R group Guest
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Kassoc vValues
M)

11g = 5.9 x 107
11pe = 2.0 x108

11g; = 8.3 x 105
11pe= 8.3 x 104
11g = 1.5 x 104
11ye = 4.7 x 108

12g, = 48630
12ye = 20950

12g¢ = 1310
12y = 800

135 = 1230
13pe = 650

14Et =48630
14y = 20950

14g¢ = 1310
14pe = 800

14, = 3070
14pe = 1360

15g; = 19590
15pe = 9500

15g¢ = 1100
15y = 620

16g¢ = 98900
16pe = 96300

AAG?
(kcal/mol)

2.0

1.4

0.02
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Table 3: Direct affinity comparisons of ethyl- and methyl-substituted hosts. (continued)

HOH,C,
HO
HO 16g¢ = 58600
HO CH,OH Et =
0. \20 16ye = 62000 0.03
HOS o
OC1q2H2s
SO; Na*
o KiH
3 =
O Sl R
_— e
(N
o)
T
NH
3 17g¢ = 101 0.06
17me = 92 '
HO
HO NH
3 17gc= 178 0.06
17me = 161 :
HO
OH
HO NH3 17g =74
HO
o}
HO ~ 17Et =72
HO 2

@AAG calculated from differences in reported Kassoc Values. We estimate the errors as +20%, depending on the measuring technique used in the

literature.

from no difference to a 17-fold difference, with an average AAG

of 0.4 kcal/mol in favor of ethyl substitution.

Crystallographic analysis of conformations

We next carried out a survey of the literature data in the
Cambridge Structure Database to evaluate the conformations
adopted by 1,3,5-triethylbenzene- and 1,3,5-trimethylbenzene-
derived hosts in the solid state. One must always be cautious in
interpreting crystallographic data on molecular conformations,
as it is subject to crystal packing influences, which are not
present in solution. However, those artifacts are diminished in
surveys that contain many structures, making this a generally
reliable way to get a qualitative overview of a class of func-

tional groups. We first used generalized triethylbenzene

substructures (Figure 3) to retrieve records for all related
organic molecules, and discarded from our analysis those whose
conformations were predetermined by macrocyclizations (and
that therefore were not under the control of steric gearing). In

Ry
P

X

Figure 3: Generalized structural fragments used for mining the
Cambridge Structure Database. R = Me and Et, X =N, O, C, Br.



total, 126 such crystal structures of tripodal triethylbenzene-
based hosts were found in the database. Among these, 86
(68.3%) were in the up—down alternating conformation in
which all ethyl groups are on one face of the central ring and all
binding elements are on the other, while the remainder showed
some deviation from this ideal. It is also interesting to note in
this section that in Mislow’s original reports on hexaethylben-
zene, the presence of n°-coordinated Mo(CO)3 or Cr(CO)3
produced crystal structures, showing that the bound metal did
not perturb the predicted up—down alternating conformation [6].
The coordination of the larger Cr(CO),PPh3 fragment produced
instead a crystal structure in which the highly unfavorable all-
up conformation of hexaethylbenzene dominated, and it was

confirmed by NMR that this conformation persisted in solution

[6].

The CSD was also mined for structures of 1,3,5-trimethylben-
zene-based hosts, by using a similar search methodology and
selection criteria to those described above. Of the total 194
crystal structures of such hosts found in the database, 88
(45.4%) were in a conformation defined as having all three
binding elements on the same face of the central benzene ring.
Overall, the proportion of triethylbenzene structures in their
ideal “binding” conformation is lower than what would be
expected based on the energy differences observed in solution
(Table 1); however, it is significantly higher than the propor-
tion of trimethylbenzene structures observed to be in the preor-
ganized “binding” conformation, as expected.

Computational analysis

Mislow originally calculated the energy of hexaethylbenzene in
all possible conformations [6], and we started by repeating these
calculations at the HF/6-31G* level of theory (Table 4). This
method, although simple by modern standards, is suitable for
conformational analysis and allowed us to calculate the rela-
tively large systems (below) in a short time. Seven conforma-
tions including the lowest four conformations were studied and
reported here. The results of the calculation in the gas phase

were in good agreement with the values reported by Mislow

Table 5: Calculated energies for conformations of test hosts 4g¢ and 5g¢.

Conformation

in gas phase (kcal/mol)
uuuuuu 12.4 104
uuuddd 9.9 9.9
uddddd 7.8 7.5
udduud 4.6 3.1
ududdd 4.6 4.3
uddudd 2.8 2.9
ududud 0 0
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(Table 4). The ududud conformer adopted the most stable con-
formation and the energy level of this conformation was
4.3 kcal/mol lower than the second most stable conformer,
namely uddudd.

Table 4: Calculated energies for hexaethylbenzene conformations.

Conformation Relative Relative Relative
energy in gas energy in gas energy in
phase phase water
(kcal/mol) (kcal/mol) (kcal/mol)
(Mislow) (this work) (this work)

uuuuuu 8.2 10.5 10.1

uuuddd 6.6 8.9 8.8

uddddd 5.9 8.7 7.5

udduud 3.7 4.4 4.4

ududdd 3.7 4.4 4.4

uddudd 3.5 4.3 4.3

ududud 0 0 0

One can expect a significant effect of the nature of the recogni-
tion elements on conformational energies. Many recognition
elements that vary in shape, functionality, charge, and chirality
have been reported. We picked pyrazole-derived hosts 4 (used
for cation binding) [17] and imidazolium-based hosts 5§ (used
for anion binding) [18,19] as instructive systems for computa-
tional analysis (Figure 2). These hosts were chosen because (1)
they are typical of the kinds of heterocycles often used as recog-
nition elements in this family of hosts; (2) we wished to
examine the effects of charge and solvation on conformational
energies; and (3) they are nearly isosteric to each other,

allowing us to separate out the influences of sterics and charges.

All calculations were carried out both in the gas phase and in
the implicit water environment, as implemented in Spartan *10
(SM8 model). These calculations were used to identify the
global minimum-energy conformation for each host, and to
determine the relative energies for each of the other conforma-

tions in each series (Table 5).

Host 4g; relative energy  Host 4g; relative energy  Host 5gq relative energy  Host 5gq relative energy
in water (kcal/mol)

in gas phase (kcal/mol) in water (kcal/mol)

1.7 9.9
43 6.2
2.5 6.1
0.3 4.4
0.4 4.0
-0.1 3.8
0 0



Unlike simple hexaethylbenzene, the imidazolium groups of Sg¢
provided a very different result when examined by gas-phase
calculations. The conformers ududud and uddudd, are almost of
the same energy and the next two most stable conformers,
ududdd and udduud, lie only 0.3 and 0.4 kcal/mol above the
ududud conformer. When the solvent condition is changed to
water the trend of the results is much closer to those of hexa-
ethylbenzene. The ideal ududud conformation is 3.8 kcal/mol
lower than the second lowest conformation. No such change is
observed for hexaethylbenzene itself on comparison of gas-
phase and water calculations (Table 4). We expect that these
differences arise from the overwhelming influence of (inade-
quately screened) charge—charge repulsion in the gas-phase

calculations on Sgy.

The calculated results of pyrazole-substituted 4y, are quite
similar in the gas phase and water. On comparison of the results
of 4y¢ to hexaethylbenzene, it is seen that the sequential
ordering of the conformational energies is the same. But the
ududud conformer of pyrazole-substituted 4g¢ is only
2.9 kcal/mol more stable than the second-lowest-energy con-
formation in water, a gap that is a significant 1.4 kcal/mol
smaller than the value calculated for hexaethylbenzene
(4.3 kcal/mol). We interpret this difference in terms of the steric
clashes between neighboring groups that occur in nonideal
conformations such as uddudd. Planar, sp2-hybridized hetero-
cycles on 4g¢ have reduced steric demand relative to the sp-
hybridized CH3 groups that clash with neighboring substituents
in hexaethylbenzene. These results show in general that the con-
formational-energy calculations for hexaethylbenzene cannot be
simply applied to all 1,3,5-triethylbezene-based hosts. Although
all the calculations in our study showed that ududud was the
preferred conformation, the energy gap between the ideal
conformer and the next most stable conformer depends strongly
on the substituents.

The conformational energy landscapes of 1,3,5-trimethylben-
zene-based hosts and their unsubstituted analogs are much
simpler. There are only two possible conformations to be
considered in these systems: “uuu,” in which all three substi-
tuted arms are directed toward the same face of the benzene,
and “uud,” in which one binding arm is directed toward the
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opposite face of the benzene from the other two. Imidazolium-
substituted hosts Sye and S5y both show a preference for the
nonideal uud conformation in the gas phase, which we can
again attribute to the mutual repulsion of the positively charged
substituents. This difference disappears when the calculation is
carried out in water, in which the alike charges are more effec-
tively screened from each other, and the uuu conformers are
favored by 1.0 kcal/mol (for 5g) and 0.5 kcal/mol (for Spe)-
The uuu conformers that are best suited for binding are favored
for the pyrazole-substituted hosts 4y and 4y, in the gas phase
and in water, by values that range from 0.7-1.7 kcal/mol
(Table 6). This result is not intuitive. The steric gearing that
could possibly be provided by the methyl groups comes only
from C—H bonds: A single C—H bond directed toward one face
of the central benzene ring and two C—H bonds directed toward
the other. Compared to the steric gearing provided by the ethyl
groups, we assume that the magnitude of the possible energetic
contribution to preorganization from the methyl groups is
minor.

These calculations collectively show that, except in the case of
exaggerated charge—charge repulsions present in the gas phase,
all hosts of types 5g¢, Sme, and Sy prefer the conformations in
which all binding substituents are directed toward the same face
of the central benzene ring. While a complete analysis would
take all conformations (and their energies) into account, a
simple and useful basis for evaluating these calculations of con-
formational energy differences is to compare the energy gaps
between the lowest energy conformations and their next-highest
congeners in each series, as these are the two conformations
that would be most heavily populated in solution. The depend-
ence of these gaps on the nature of the recognition substituents
(imidazolium, pyrazole, or ethyl groups) is discussed above.
But what about comparing the use of either ethyl or methyl
groups as interposing or preorganizing elements for a given
type of host? We calculate that the energetic preference for the
“binding” conformation (defined as ududud for ethyl-substi-
tuted hosts and uuu for methyl-substituted hosts) is greater for
ethyl-substituted hosts in general, being 3.8 kcal/mol for imida-
zolium Sg¢, (compared to 0.5 kcal/mol for imidazolium Spge)
and 2.9 kcal/mol for pyrazole 4g¢, (compared to 0.8 kcal/mol
for imidazolium 4pg.). This suggests that the steric gearing

Table 6: Calculated energies for conformations of test hosts 4ye, 44, Sme. and 5y.

Conformation Host 4y relative energy  Host 4y relative energy Host 5y relative energy  Host 5y relative energy
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
gas water gas water gas water gas water
uud 0.9 0.8 1.7 0.7 -1.8 0.5 -0.3 1.0
uuu 0 0 0 0 0 0 0 0



offered by the ethyl groups confers some energetic advantage
over the methyl groups, but that the size of this advantage is

dependent on the groups involved.

Calculated dynamics and rotational barriers

Although kinetics has no bearing on binding thermodynamics,
we sought also to understand computationally the dynamics of
these different hosts. Molecular-dynamics simulations carried
out at 300 K showed little or no dynamic exchange of confor-
mations. Simulations carried out at the artificially elevated
temperature of 400 K showed little more in the way of con-
formational exchange (one change of conformation for pyra-
zole host 4g¢ and two for 4y during 10 ns). The unsubstituted
host 4y is a more mobile system, as indicated by the occur-
rence of 177 exchanges during the same simulation period.
Faced with evidence that the barriers to exchange of “up” and
“down” conformers in the sterically congested 1,3,5-triethyl-
benzene and 1,3,5-trimethylbenzene systems are too high to
examine conveniently by MD simulations, we turned instead to
a calculation of the barriers to bond rotation for a given set of
substituents. These calculations were run on models composed
of one of the test substituents (ethyl, pyrazolyl-CH,, or imida-
zolium-CH,) flanked by ethyl groups, methyl groups, or
protons at the ortho and all other ring positions (Figure 4). The

N
S

14.0
12.0
10.0
8.0
6.0
4.0
2.0

0.0 ++ >
-100 -50 0 50 100 150 200 250

Relative energy, kcal/mol

300

Dihedral angle, °

Figure 4: a) Structures used to calculate energy profiles at the starting
geometry. b) An example of an energy profile arising from dihedral
driving calculations on 1g¢. The smoothed line is intended to guide the
reader’s eye.
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dihedral angle between the central benzene ring and the pendant
substituent was constrained at 40° intervals between —180° and
+180° and minimized at each stage in order to generate an
energy profile for simple bond rotation for each type of host.
This type of analysis ignores correlated bond rotations, which
are sometimes important in sterically crowded systems. We
make this assumption because Mislow’s original NMR studies
demonstrated experimentally that there are no such correlated
motions, even in highly crowded hexaethylbenzene [6]. Exem-
plary dihedral driving data, and the barriers thus calculated, are
presented in Figure 4 and Table 7. The calculated rotation
barriers for ethyl directed hosts are in the same range as previ-
ously reported values for related systems, which were deter-
mined by variable temperature NMR to be 9.3—11.8 kcal/mol
[6,20].

Table 7: Calculated energy barriers (kcal/mol) to bond rotation, with
respect to the rotating functional group and neighboring substituents.

ortho substituents

Rotating substituent Et Me H

Et 11.6 9.0 4.3
Pyrazole-CH» 10.3 7.7 1.0
Imidazolium-CH> 15.7 9.5 3.5

As with the MD simulations, these results indicate that both
ethyl and methyl ortho substituents cause high barriers to rota-
tion (7.7-15.7 kcal/mol). Compared to the unsubstituted mole-
cule, the ethyl ortho substituent provides 10.3—15.7 kcal/mol
and the methyl ortho substituent provides 7.7-9.5 kcal/mol. We
also find in this data a strong dependence on the nature of the
rotating substituent, which is not easily explained by sterics. In
general, the lowest barriers are calculated for pyrazole-CH>,
while the nearly isosteric imidazolium-CH, has significantly
higher barriers across the board. In this result, again, we see that
the rotation barriers offered by the ethyl groups confer some
energetic advantage over the methyl groups, but the size of this
advantage can be small and is dependent on the groups
involved.

A consideration of entropic effects

So how do these collective data inform us on the relative abili-
ties of ethyl-, methyl-, and unsubstituted hosts to bind guests?
The energies (£) calculated here are most closely akin to
enthalpies (AH), and neglect differences in entropy (AS) from
one host type to another. The aspects of host entropy that might
contribute to guest binding, i.e., translational, vibrational, solva-
tion, and configurational entropy, are worth separate discus-
sions. Entropic effects arising from translation are not likely to

depend strongly on host conformation (i.e., all conformations



experience the same degree of reduced translational freedom
upon binding), and we can assume that the presence of ethyl or
methyl groups has little effect on translational entropy. We
expect that changes in both vibrational entropy and solvent
entropy will be highly variable for different systems in this
class. While they might yield significant differences, their influ-
ence on binding energies cannot be predicted in a general way
that depends on ethyl or methyl substitution. But the configura-
tional entropy of “preorganized” systems like these is a fertile
ground for discussion. In binding equilibria, the configurational
entropy of a host is most frequently discussed in terms of the
number of rotatable bonds (N,y) in free and bound states, which
is a surrogate for considering the probability that a given con-
formation is occupied before and after binding [21,22]. Various
schemes have been proposed for calculating the energetic
contributions of these differences based on differences in N,
between free and bound states; whatever the details of the
calculations, a negative value for AN, upon binding (i.e., a
transition to a more ordered state) is unfavorable. The unsubsti-
tuted hosts, such as 1y, lose three rotatable bonds upon forming
a host—guest complex (AN,o; = —3), as do the methyl-substi-
tuted hosts such as 1yje. Consideration of the ethyl-substituted
hosts, such as 1g¢, becomes a bit tricky. If one considers that the
system is perfectly fixed before and after binding then AN, is
0 (which is more favorable for binding). This kind of analysis
was used by Raymond, in which it was estimated that the instal-
lation of ethyl groups produced a favorable TAS of 4.5 kcal/mol
(of the total of the 5.4 kcal/mol favorable binding energy).
However, we have turned up no report that was published since
with such a dramatic difference in overall binding energy.
While host 3g¢ has been shown to bind citrate in an entropy-
driven manner, no comparison to 3 or 3pe Was made, and the
authors posit a significant role of solvent entropy in explaining
their experimental data [23]. Overall, no specific measurement
exists that correlates a large favorable change in entropy to the
installation of ethyl groups.

Some insight is offered by the crystallographic survey we
present above, which contains many structures for which either
binding arms or ethyl groups (or both) are disordered. Our
computational data suggests that these alternate conformations
can be disfavored by small energies and may be significantly
populated at room temperature (depending on the identity of the
substituents). Further, the calculated bond rotation barriers for
any of our ethyl-substituted model hosts are low enough that
they would be easily surmounted at room temperature. It is
interesting, therefore, to consider the possibility that, with a
AN, ot of up to —6 (depending on the number of bonds free in
unbound state and frozen in the bound state), some ethyl-substi-
tuted hosts may have an entropic disadvantage relative to

methyl- and unsubstituted hosts. Given our analyses of existing
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data, it is likely that the true nature of the configurational
entropic contributions lies somewhere between the two
extremes. While entropic effects have surfaced in general in
some classic studies [23], there is little or no experimental data
on the separation of entropic contributions to host behavior in
these systems, so this must remain, for now, a hypothesis
awaiting experimental conformation.

Conclusion

The picture that emerges from the combined surveys of crystal-
lographic structures and binding affinities measured in solution
is that the effect of installing ethyl or methyl groups onto supra-
molecular hosts is often favorable (as expected), but that the
correlations between preorganized structures and binding affini-
ties is nontrivial. Our computational data adds to this survey a
basis for understanding the observed differences in energies that
are most often invoked when discussing host preorganization,
while also contributing additional evidence for variable behav-
iors that depend on the identities of molecular recognition
elements and not purely on the scaffolds. The evidence
collected here and elsewhere suggests that the installation of
ethyl or methyl groups at 1,3,5 positions leads to consistent but
relatively small increases in binding affinity relative to unsub-
stituted hosts. Given the overall variability we observe (and the
desire of most researchers to synthesize only a single host for
any given job), we suggest that carrying out the simple, broadly
accessible calculations of the types described here may guide
researchers in the selection of optimum substituents and scaf-
folds before synthesis begins.
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A bi-macrocycle with an incorporated isophthalamide substructure was synthesized by double amide formation between an iso-

phthaloyl dichloride and two equivalents of a bis(alkenyloxy)aniline, followed by ring-closing metathesis and hydrogenation. In

contrast to many related isophthalamides, the concave host exhibits a better binding for oxides, such as DMSO or pyridine-N-oxide,

than for halide anions. A general method for a quick estimation of the strength of binding derived from only a few data points is

presented and gives an estimated K, of pyridine-N-oxide of ca. 40 M~!, NMR titration confirms 25 M.

Introduction

In the last decade, isophthalamide derivatives have become
attractive neutral hosts as anion receptors [1,2]. Some of these
derivatives show a high selectivity for one anion over others
[3]. Isophthalamide units have also been incorporated into
macrocycles [4,5] or bi-macrocycles for ion-pair and ion-triplet
recognition [6-9]. During the last few years, it was also shown
that the orientation of the amide bonds of the isophthalamides
plays an important role in the effectiveness of anion binding and
subsequently in applications such as transmembrane anion
transport. Rotation along the amide—aryl bonds leads to syn/
anti, syn/syn and anti/anti conformers (syn and anti defined
with respect to the relative orientation of the NH atoms), and
only the syn/syn conformer of an isophthalamide is capable of

simultaneously binding an anion by both NH groups. The syn/

syn conformation can be stabilized by using isophthalamide
derivatives capable of intramolecular hydrogen bonding to the
CO part of the amide groups [10,11], or by other means of
bridging [12]. Due to the preorganization of such molecules, the
binding constant for chloride is impressively increased with
respect to the non-preorganized isophthalamides. However, an
intramolecular hydrogen bond can be easily broken in polar
solvents, hence destroying the preorganization and thus
decreasing the binding affinities for the anions. Herein we
describe the facile synthesis and the binding properties of a
concave host 1 with a different type of preorganization. This
contains an isophthalamide unit in a bi-macrocyclic structure
(Figure 1). Concave hosts and especially concave reagents are

best envisioned as having the form of a lamp in a lampshade in
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which the light bulb is the reactive centre [13-15]. The preorga-
nization and the exact shape of the “lampshade” determine the

selectivity and the difference in binding of various guests.

Y©Y

OMe MeO

Figure 1: Bi-macrocyclic concave host 1 and its non-macrocyclic
model 2.

Results and Discussion
Synthesis

Besides the desired bi-macrocycle 1, isophthalamide 2 was
synthesized in order to compare the binding properties of a non-
macrocyclic host with the concave host 1. The syntheses of the
concave host 1 and its analogue 2 are depicted in Scheme 1.

The preparation of concave host 1 starts with aniline 4, which
was synthesized as previously published [16]. The reaction of
two equivalents of this aniline 4 with isophthaloyl dichloride 3
gave the open diamide 5. This tetraalkene 5 was then converted
to bi-macrocycle 1 by ring-closing metathesis followed by
catalytic hydrogenation. Model compound 2 was obtained by
reacting isophthaloyl dichloride 3 with 2,6-dimethoxyaniline
(6). The two products 1 and 2 were isolated and characterized.
The preorganization of the binding region was investigated by
NOESY experiments. While two cross peaks between the NH
protons and both types of protons in the central aromatic region
were observed in the case of the more flexible compound 2,
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Scheme 1: Synthetic scheme for the syntheses of concave host 1 and
non-macrocyclic derivative 2. a) EtsN, THF, 16 h, room temp., 61%; b)
Grubbs 1st gen. cat., CH,Cly, 24 h, room temp.; ¢) Pd/C, Hy, MeOH,
24 h, room temp., 77%; d) EtsN, THF, 18 h, room temp., 97%.

there was only one cross peak of an aromatic proton of the iso-
phthalamide of bi-macrocycle 1 with the NH protons: The
endo-proton in the 2-position of the isophthalic unit is in close
proximity to the NH protons. Thus, the binding region of 1 is
preorganized (for details see Supporting Information File 1).

NMR binding studies

Each of the isophthalamides, 1 and 2, was dissolved in CD,Cl,
and 'H NMR spectra were recorded after addition of five
equivalents of different tetrabutylammonium halide salts
(TBAHal). The chemically induced shifts (CIS) of the NH and
the isophthalamide endo-CH protons (i.e., the 2-position of the
aromatic ring) were analyzed (Figure 2). Further addition of
guests led to larger CIS, but no saturation was observed. The
shallow curvature and absence of saturation suggest small
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Figure 2: Expansion of a part of the "H NMR spectra (200 MHz, 298 K) of pure 1 and 2 in CD,Cl, (bottom) and after addition of TBACI, DMSO, pyri-
dine-N-oxide (PyNO), triphenylphosphine oxide (TPPO), from bottom to top, respectively. NH proton (red circles), endo-CH proton (red squares).



binding constants. The different magnitudes of the CIS suggest
that concave host 1 binds halides with lower affinity than its
acyclic relative 2, although the magnitude of the CIS need not
be correlated with the binding constants.

However, when sulfoxides were added as neutral guests, the
relative binding of these guests by 1 and 2 showed drastic
differences. Dimethyl sulfoxide (DMSO), methylphenyl
sulfoxide (MPSO) and diphenyl sulfoxides (DPSO) induced a
shift of the endo-CH in the concave host 1 of 0.24 ppm,
0.20 ppm and 0.25 ppm, respectively (for DMSO see Figure 2,
left, see also Supporting Information File 1), while the addition
of these guests had almost no effect on the endo-CH of model
compound 2 (for DMSO see Figure 2, right). Although there is
almost no CIS observed for the endo-CH of model compound 2,
a small shift for the NH protons is observed. However, for
DMSO, the CIS of the NH is larger for the concave host 1 than
for model compound 2 (0.57 ppm for 1 and 0.25 ppm for 2), in
contrast to the results of the anion-binding experiments (see
above). To the best of our knowledge, this is the second host
capable of binding DMSO in an organic solvent [17]. In this
regard, concave host 1 seems to be selective and a better binder
for negatively polarized oxygen atoms when compared to
acyclic compound 2.

Next, element oxides other than sulfoxides were chosen as
guests, namely pyridine-N-oxide (PyNO) [18,19] and triph-
enylphosphine oxide (TPPO). PyNO showed the same behav-
iour as DMSO, i.e., large CIS for concave host 1, and small CIS
for the linear compound (Figure 2, PyNO, endo-CH, 0.34 ppm
for 1 and 0.14 ppm for 2). In contrast, with TPPO as guest,
model compound 2 showed a larger CIS when compared to
concave host 1 (Figure 2, TPPO). This may be explained by the
large steric bulk of TPPO, which may be too extreme to allow
TPPO to fit nicely inside the cavity of concave host 1 but still
allows a binding to the sterically less demanding non-macro-
cyclic host 2.

In order to reliably determine small binding constants, a titra-
tion up to a large excess of guest has to be carried out but, even
then, a limiting value for the CIS often is not reached and thus a
second parameter besides K¢, namely the maximum of the
observed CIS Ad,ax, has to be obtained by curve fitting, which
adds to the overall error. In our host—guest systems, saturation
was not reached even when 20 equivalents of guests were used.
An even larger excess of guest changed the polarity of the
solvent to such an extent that all signals were affected, not only
those involved in the binding [20].

If most guests only bind very moderately, an exact (and tedious)

determination of all binding constants K, is not interesting. It
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would be sufficient if a quick screening of the binding poten-
tials of the hosts were possible and host—guest pairs with
significant association constants were identified. Estimation
rather than an exact determination of K,¢ would be fair enough.
Once a good candidate is recognized, a standard determination
of the association constant, for example, by NMR titration, can
be done.

With Adax unknown, the magnitude of the CIS cannot distin-
guish between weak and strong binding. However, when NMR
titrations of different host—guest pairs are carried out with iden-
tical concentrations, small and large association constants can
be differentiated by the different curvatures of the titration
graphs. In a titration curve of strong binding, the curvature is
more extreme, and the final value of Ad,,x is approached faster
than in the case of weak binding. Beyond 1:1 stoichiometry, the
CIS values converge more the stronger the binding is.

Can this be a method for the quick estimation of binding
constants? We have tested this alternative for hosts 1 and 2. All
measured 'H NMR shifts were normalized to a CIS at high
guest concentration, but not at saturation: The CIS from all
experiments that used ca. 20 equivalents of a given guest were
arbitrarily defined as 100%, and the CIS measured for ca. 5
equivalents of the same guest were divided by that CIS value
measured with 20 equivalents. The resulting normalized CIS
were plotted against the guest equivalents (Figure 3). With a
more strongly binding guest, the titration curve possesses a

normalized CIS

equivalents

Figure 3: Normalized 'H NMR CIS (see text) for concave host 1 with
different anionic and neutral guests. The deviations of the data points
at ca. 5 equivalents, from the straight line connecting the origin and the
data points at 20 equivalents, describe the strength of binding. The
binding strength decreases from top to bottom. The dashed lines have
no physical significance but help to demonstrate the deviation from
linearity.



more extreme curvature, and thus, in this normalized form, the
data points at 5 equivalents lie further away from the linear line

that connects the points corresponding to 0 and 20 equivalents.

The validity of this estimation has been checked with calcu-
lated titration curves for different association constants K, and
different maximum CIS (see Supporting Information File 1).
For an application on host 1, see Figure 3; for 2, see Figure 4.
For each host, only those guests that are bound most strongly
are listed. For the full data set, see Supporting Information
File 1. Data points below the straight line are physically mean-
ingless, and simply reflect the large errors for very weak
binding (the method of normalizing the shifts should preferably

not be carried out for guests with very small CIS).

---m-- C|
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normalized CIS
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Figure 4: Normalized "H NMR CIS (see text) for concave host 2 with
different anionic and neutral guests. The deviations of the data points
at ca. 5 equivalents, from the straight line connecting the origin and the
data points at 20 equivalents, describe the strength of binding. The
binding strength decreases from top to bottom. The dashed lines have
no physical significance but help to demonstrate the deviation from
linearity.

In Figures 3 and 4, the relative strengths of binding can be
obtained from the vertical deviations of the normalized CIS at
ca. 5 equivalents from the straight line connecting the origin
and the values at 20 equivalents. The magnitude of the binding
decreases from top to bottom.

By using this methodology, it is possible and easy to determine
the relative binding strengths of the two hosts 1 and 2 even for
weak binding constants and situations where maximal chemi-
cally induced shifts Ad,,x cannot be determined from only a
few measurements. When the two graphs for 1 and 2 with
different guests are compared, the different selectivity of the
two hosts becomes evident. Concave host 1 shows a better

affinity for negatively polarized oxygen atoms than for anions,

Beilstein J. Org. Chem. 2012, 8, 11-17.

except in the case of the bulky TPPO. The affinities of concave
host 1 lie in the following order: PyNO > DMSO > DPSO =
MPSO > CI™ > TPPO. In contrast, the affinities of the non-
macrocyclic analogue 2 are: CI” > PyNO = DMSO = TPPO >
MPSO = DPSO (see Supporting Information File 1). When the
plot was compared with the simulated titration curves (see
Supporting Information File 1, page S12), K, for the best
binder to 1, pyridine-N-oxide (PyNO), was estimated to be ca.
40 M~!. A subsequent NMR titration of host 1 with PyNO
provided an association constant of 25 M~! (see Supporting
Information File 1). Remarkably, chloride ions are only very
weakly bound by concave host 1, and binding constants are
moderate anyway. A possible explanation may be a repulsion
between the negatively polarized oxygen atoms in the 2- and
6-positions of the bridge heads of 1 and the negatively, or
partially negatively charged guests.

Conclusion

1 is a readily synthesized concave host molecule in which the
isophthalamide moiety is the central binding unit, and it is
preorganized by its incorporation into the bi-macrocyclic struc-
ture. This concave host, although it does not exhibit strong
binding, is selective for negatively polarized oxygen atoms and
selects them according to the steric bulk of the guests. These
initial experiments now open the way for the synthesis of new
modified concave hosts based on isophthalamide units with im-
proved binding selectivity and/or for organocatalysis [21].
Concave host 1 can also be applied as a carrier in transport
experiments. When applied to chloride-loaded liposomes [22],
it showed twice as much transmembrane chloride transport with
respect to acyclic compound 2 (see Supporting Information
File 1). Even if the chloride binding is lower for concave host 1,
the transport through a bilayer membrane is faster. Additional

transport experiments are under investigation.

Experimental
General remarks

All reagents were obtained from commercial sources and used
without additional purification unless otherwise indicated.
5-tert-Butylisophthaloyl dichloride (3) was prepared from
S-tert-butylisophthalic acid and thionyl chloride according to
Vogtle et al. [23]. 2,6-Bis(pent-4-enyloxy)aniline (4) was
prepared from 2-nitroresorcine according to Winkelmann et al.
[16]. 2,6-Dimethoxyaniline (6) was synthesized from 2-nitrore-
sorcine according to Mechoulam and Srebnik [24] and was
finally reduced to 2,6-dimethoxyaniline (6) according to Franck
and Kauffmann [25]. THF was freshly distilled from lithium
aluminium hydride (triphenylmethane as indicator). All reac-
tions were carried out in an atmosphere of nitrogen. NMR
spectra were recorded with Bruker AC 200, DRX 500 or AV
600 instruments. Assignments are supported by COSY, HSQC



and HMBC. All chemical shifts are referenced to TMS or
residual solvent peaks. Mass spectra were recorded with
Finnigan MAT 8200 or MAT 8230. ESI mass spectra were
recorded with an Applied Biosystems Mariner Spectrometry
Workstation. IR spectra were recorded with Perkin-Elmer Spec-
trum 100 spectrometer, equipped with an ATR unit. Elemental
analyses were carried out with a EuroEA 3000 Elemental
Analyzer from Euro Vector. MALDI-TOF spectra were
recorded with Bruker-Daltonics Biflex III. 4-Chloro-o-
cyanocinnamic acid (CI-CCA) was used as the matrix.

TH NMR experiments

Each NMR tube was filled with 600 uL of a stock solution
(5 mg/mL) of 1 or 2 in CD,Cl,, and subsequently ca. 5, and
later ca. 20 equivalents of the respective guest were added. The
exact amount was recalculated from the integrals by using
Bruker Topspin® 2.1. All experiments were carried out on a
Bruker AC 200 NMR equipped with an autosampler at 300 K.
The spectra are referenced to the residual solvent peak.

Synthesis of 255-tert-Butyl-2,11,13,22-tetraoxa-
23,27-diaza-1,12 (1,3,2)-25 (1,3)-
tribenzenabicyclo[10.10.5]heptacosaphan-24,26-
dione (1)

A solution of 255-tert-Butyl-2,l 1,13,22-tetraoxa-23,27-diaza-
1,12(1,3,2)-25(1,3)-tribenzenabicyclo[ 10.10.5]heptacosaphan-
6,17-dien-24,26-dione (186 mg, 284 pumol), Pd/C (10%,
150 mg) and methanol (30 mL) was stirred under an atmos-
phere of hydrogen for 24 h. The mixture was filtered through a
syringe filter (0.450 pm) to remove all Pd/C, and the solvent
was removed under reduced pressure to obtain 1 as a white
solid (144 mg, 219 pmol, 77%); mp 225 °C (decomp.);
TH NMR (500 MHz, CDCl3) & 8.30 (s, 2H, 25*%-H), 8.06 (s,
1H, 252-H), 7.24 (br. s, 2H, NH), 7.14 (t, 3J = 8.4 Hz, 2H,
1°,125-H), 6.59 (d, 3J = 8.4 Hz, 4H, 1*9,1246-H), 4.19 (ddd, 2/
= ca. 9 Hz, 3J = ca. 9 Hz, 3J = ca. 2 Hz, 4H, OCH,Hy), 3.85
(ddd, 27 =9.7 Hz, 3J=9.7 Hz, 3J = 2.1 Hz, 4H, OCH,H};), 1.79
(mg, 4H, OCH,CHHy), 1.62 (m, 4H, OCH,CH,H}), 1.43 (s,
9H, CH3), 1.32 (m,, 8H, CH,), 1.25 (m, 8H, CH,); 13C NMR
(125 MHz, CDCl3) & 165.4 (s, C=0), 154.0 (s, 113,121:3-C),
153.3 (s, 25°-C), 134.8 (s, 2513-C), 129.6 (d, 25%°-C), 127.1 (d,
1°,125-C), 121.1 (d, 252-C), 115.6 (s, 12,122-C), 105.4 (d, 1*9,
1246-C), 69.2 (t, OCH,), 35.3 (s, C(CH3)3), 31.2 (g, CH3), 30.6
(t, OCH,CH,), 29.7 (t, O(CH)3CH,), 27.4 (t, O(CHy),CH,);
IR (ATR) v: 3430 (w, NH), 2930, 2848 (2 w, aliph. CH), 1683
(m, C=0), 1589 (w, arom. C=C), 1509 (m, arom. C=C),1392 (s,
CHj3) cm™ L. EIMS (70 eV): m/z (% relative intensity) 656 (100)
[M]*"; CIMS (isobutane): m/z (% relative intensity) 657 (30) [M
+ H]"; ESIMS (CHCI3): m/z (% relative intensity) 679 (100) [M
+Na]", 657 (75) [M + H]"; MS (MALDI-TOF, CI-CCA): m/z
695 [M + K]%, 679 [M + Na]", 656 [M]*; HRMS calcd for
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C4oHs5oN7Og 656.38251; found: 656.38257 (A = —0.1 ppm);
caled for C39!'3CHs,N,0¢ 657.38586; found: 657.38597 (A =
—0.2 ppm); Anal. calcd for C4oH5,N,O¢: C, 73.14; H, 7.98; N,
4.26; found: C, 73.04; H, 8.04; N, 4.39.

Synthesis of 5-tert-Butyl-N,N*-bis(2,6-
dimethoxyphenyl)-isophthalamide (2)

A solution of 5-tert-butylisophthaloyl dichloride (3, 550 mg,
2.12 mmol) in tetrahydrofuran (5.00 mL) was added dropwise
over 45 min to a stirred solution of 2,6-dimethoxyaniline (6)
(650 mg, 4.24 mmol) and triethylamine (2.35 mL, 1.72 g,
17.0 mmol) in tetrahydrofuran (20 mL). The solution was
stirred for 24 h. The solvent and excess of triethylamine was
evaporated under reduced pressure. The residue was dissolved
in chloroform (25 mL) and water (25 mL). The water phase was
extracted once with chloroform (25 mL), the combined organic
layer was dried with magnesium sulfate and evaporated under
reduced pressure to yield a yellow solid, which was purified by
column chromatography (silica gel, dichloromethane/methanol,
40:1, Rg=0.11) to give 2 as a white solid (1.02 g, 2.07 mmol,
97%); mp 122 °C; '"H NMR (500 MHz, CDCls) & 8.24 (s, 1H,
Arl-2-H), 8.14 (s, 2H, Ar!-4,6-H), 7.43 (br. s, 2H, NH), 7.21 (t,
3J = 8.4 Hz, 2H, Ar?-4-H), 6.62 (d, 3J = 8.4 Hz, 4H, Ar%-3,5-
H), 3.84 (s, 12H, OCH3), 1.38 (s, 9H, CH3); 13C NMR
(125 MHz, CDCl3) § 165.8 (C=0), 155.1 (Ar%-2,6-C), 152.4
(Ar!-5-C), 134.7 (Ar'-1,3-C), 128.2 (Ar!-4,6-C), 127.6 (Ar2-4-
Q), 123.4 (Ar'-2-C), 114.6 (Ar-1-C), 104.4 (Ar?-3,5-C), 56.0
(OCH3), 35.1 (C(CH3)3), 31.3 (q, CH3); IR (ATR) v: 3387 (w,
NH), 3231 (w, arom. CH), 2947 (m, aliph. CH), 1663 (m,
C=0), 1593 (m, arom. C=C), 1519 (s, arom. C=C) cm™!; EIMS
(70 eV): m/z (% relative intensity) 492 (83) [M]™", 340 (100)
[M — CgH{(NO,]"; CIMS (isobutane): m/z (% relative
intensity) 493 (100) [M + H]". Anal. calcd for
C,g3H37N704°0.1CH,Cly: C, 67.36; H, 6.48; N, 5.59; found: C,
67.42; H, 6.53; N, 5.74.

Synthesis of N,N"-Bis(2,6-bis[pent-4-enyloxy]-phe-
nyl)-5-tert-butyl-isophthalamide (5)

In 20 mL anhydrous tetrahydrofuran, 2,6-bis(pent-4-
enyloxy)aniline (4, 1.95 g, 7.46 mmol) and anhydrous triethyl-
amine (4.14 mL, 3.02 g, 29.7 mmol) were dissolved. A solution
of 5-tert-butylisophthaloyl dichloride (3) (970 mg, 3.75 mmol)
in anhydrous tetrahydrofuran (10 mL) was added dropwise. The
solution was stirred for 16 h at room temperature. The solvent
and excess of triethylamine were evaporated under reduced
pressure and the residue was dissolved in chloroform (25 mL)
and water (25 mL). The aqueous phase was extracted with chlo-
roform (25 mL). The organic layers were collected, dried with
magnesium sulfate and the solvent was evaporated under
reduced pressure. The product was isolated by column chroma-

tography (silica, cyclohexane/ethyl acetate, 1:1, R¢=0.34) as a



white solid (1.63 g, 2.30 mmol, 61%); mp 136 °C; IH NMR
(500 MHz, CDCls) & 8.18 (s, 1H, Ar!-2-H), 8.08 (s, 2H, Ar!-
4,6-H), 7.28 (br. s, 2H, NH), 7.16 (t, 3J = 8.4 Hz, 2H, Ar?-4-H),
6.59 (d, 3J = 8.4 Hz, 4H, Ar2-3,5-H), 5.78 (ddt, 3J=16.9 Hz, 3J
=10.2 Hz, 3J = 6.6 Hz, 4H, CH=CH,), 4.97 (m,, 4H, Hy), 4.91
(mg, 4H, Hg), 4.01 (t, 3J = 6.5 Hz, 8H, OCH), 2.16 (m,, 8H,
CH,CH=CH,), 1.85 (m,, 8H, OCH,CH>), 1.38 (s, 9 H,
CH3).13C NMR (125 MHz, CDCl3) 8 166.1 (s, C=0), 154.8 (s,
Ar2-2,6-C), 152.3 (s, Arl-5-C), 137.6 (d, CH=CH,), 135.4 (s,
Arl-1,3-C), 127.6 (d, Ar'-4,6-C), 127.6 (d, Ar%-4-C) 123.3 (d,
Arl-2-C), 115.1 (t, CH=CH,), 106.2 (s, Ar>-1-C), 105.4 (d, Ar*-
3,5-C), 68.1 (t, OCHy), 35.1 (s, C(CH3)3), 31.2 (q, CH3), 30.1
(t, CHyCH=CH,), 28.4 (t, OCH,CH>); IR (ATR) v: 3207 (br.
w, NH), 3076 (w, arom. CH), 2946 (m, aliph. CH), 1669 (m,
C=0), 1647 (m, aliph. C=C), 1589 (m, arom. C=C), 1520 (s,
arom. C=C) cm™!; EIMS (70 eV): m/z (% relative intensity) 709
(49) [M]™", 708 (100) [M — H]"; CIMS (isobutane): m/z (%
relative intensity) 710 (25) [M + H]*, 709 (59) [M]*", 708 (100)
[M — H]*; ESIMS (CHCly): m/z (% relative intensity) 732 (25)
[M + Na]*; HRMS: caled for C44Hs56N>Og: 708.41382; found:
708.41390 (A = —0.1 ppm); calcd for Cy43'3CHs6N,Oq:
709.41718; found: 709.41706 (A = 0.2 ppm). Anal. calcd for
C44Hs6N»06°0.3C¢H |:0.3C4HgO5: C, 74.18; H, 8.24; N, 3.66;
found: C, 73.95; H, 7.93; N, 4.04.

Synthesis of 255-tert-Butyl-2,11,13,22-tetraoxa-
23,27-diaza-1,12(1,3,2)-25(1,3)-
tribenzenabicyclo[10.10.5]heptacosaphan-6,17-
dien-24,26-dione

Anhydrous dichloromethane (800 mL) was added to a mixture
of N,N'-bis-(2,6-bis[pent-4-enyloxy]-phenyl)-5-tert-butyl-iso-
phthalamide (5, 1.00 g, 1.41 mmol) and Grubbs Catalyst 1st
gen. (162 mg, 141 pmol). The solution was stirred for 24 h at
room temperature. The reaction was quenched with ethyl vinyl
ether (2 mL) and the mixture was stirred for 1 h. The solvent
was removed under reduced pressure and the crude product was
filtered over silica gel (1 cm, dichloromethane/methanol, 40:1).
The solvent was removed and cyclohexane/ethyl acetate
(150 mL, 1:1, v/v) was added to crystallize the product. The
product was filtered off and washed with ethyl acetate (10 mL)
to obtain a white solid (186 mg, 284 pumol, 20%). 'H NMR
(500 MHz, CDCl3) & 8.25 (s, 2H, 25%6-H), 7.98 (s, 1H, 252-H),
7.20 (br. s, 2H, NH), 7.15 (t, >J = 8.3 Hz, 2H, 1°,125-H), 6.61
(d, 3J=8.3 Hz, 4H, 14:,124:0-H), 5.36-5.27 (m, 4H, CH=CH),
4.22-3.82 (m, 8H, OCH,), 2.20-1.60 (m, 16H, CHy), 1.42 (s,
9H, CH3) ppm; '3C NMR (125 MHz, CDCl3) & 154.2 (s,
113,1213.0), 153.8 (s, 25°-C), 134.6 (s, 2513-C), 130.3 (s,
CH=CH), 129.6 (d, 25*%-C), 127.0 (d, 15,125-C), 121.7 (d, 252-
Q), 116.1 (s, 12,122-C), 105.4 (d, 146,1246-C), 69.5 (t, OCH,),
35.3 (s, C(CH3)3), 31.2 (g, CH3), 30.7 (t, OCH,CH,), 24.9 (t,
O(CH;),CHy); The C=0 signal was too weak to be detected in

Beilstein J. Org. Chem. 2012, 8, 11-17.

this 13C spectrum. MS (MALDI-TOF, CI-CCA): m/z 676 [M +
Na]*, 654 [M + H]*.

Supporting Information

NMR spectra and product analyses for 1 and 2 are available
in the Supporting Information as well as details of the
NMR CIS titrations, the evaluation of the normalized CIS
method, 'H,'H NOESY experiments, and the transport
experiments.

Supporting Information File 1

Product analyses and experimental data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-2-S1.pdf]
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For the condensation of anions such as phosphate and ADP to form ATP and water, nature employs sophisticated supramolecular

systems to overcome coulomb repulsion and activation barriers. For an attempt to create a simple, analogous chemical system, the

dimerization of vanadate is probably the simplest model. We have investigated Zn-benzylcyclene which favors the dimerization

thermodynamically as shown by NMR titration. Moreover, EXSY NMR experiments reveal that the vanadate dimer is also kineti-

cally stabilized with respect to hydrolysis by complexation with Zn-cyclene.

Introduction

Driving endergonic reactions with external energy sources is
one of the challenging and so far unsolved problems in supra-
molecular chemistry. The best known example in nature is
probably the condensation of phosphate and ADP to ATP,
driven by a proton gradient across a membrane [1]. There are a
number of preconditions that have to be met for such an energy
driven condensation of inorganic anions. At least three steps
(four stages) are required (Figure 1): a) Moving both complex-
ated anions together, b) bond formation (condensation), and c)

product release/reactant binding. In the ATP synthase, the

energy is put into the system mainly in step c), thus, avoiding
product inhibition [2].

In a first attempt towards the very ambitious goal of creating an
artificial ATP synthase model, the a) — b) — c) energy profile
has to be carefully designed to operate such a system. Here, we
focused on step b). To further simplify the system, we chose the
dimerization of vanadate as a model for the phosphate conden-
sation for the following reasons: The condensation of phos-

phate has a very high activation barrier (disodium phosphate
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Figure 1: Simplified free energy scheme for driving an endergonic condensation (elimination/addition of water is omitted for simplicity). The non-
driven reaction is depicted by a dashed line. a) Moving both complexated anions together, b) bond formation (condensation), and c) product release/

reactant binding.

condensates to pyrophosphate at temperatures >250 °C) which
is likely difficult to be realized in a prototype artificial system
[3]. In contrast to phosphates, mono-, di- and higher vanadates
are in equilibrium at room temperature depending on the pH.
Moreover, 51V is one of the most sensitive NMR nuclei in the
periodic table [4]. The concentration of the different vanadate
species can be easily determined even in very diluted solutions
by integration of the corresponding NMR peaks [5]. Although
vanadates are slightly larger than their corresponding phos-
phates (V-0 bond approximately 0.170 nm, P-O bond approxi-
mately 0.152 nm) they exhibit a striking similarity in their
chemistry [6]. Vanadates are accepted by a number of phos-
phatase enzymes [7]. Thus, the plethora of information on both
natural and artificial phosphate binding systems can be used to
design vanadate coordinating ligands. Vice versa, the vanadate
model systems will provide insight into the phosphate conden-
sation, e.g., the formation of ATP [8].

A large number of thoroughly investigated enzymes hydrolyze
phosphates and provide insight into conceivable mechanisms of
phosphate or vanadate condensations. In phosphatases, kinases

and ATP synthase, the catalyzed transfer of phosphate usually

requires the presence of metal cations such as Zn*", Mg2* and
Mn2" in the active site [9]. It is generally assumed that the coor-
dination of the metal cations to the phosphate oxygen atoms
reduces the Coulomb repulsion in the transition states or in the
intermediates, thus, lowering the activation barrier [10]. In tyro-
sine phosphatase, this role is taken by hydrogen bonding of the
phosphate ion to the positively charged arginine side chain [11].
In the key step of the hydrolysis of pyrophosphate by the yeast
phosphatase, two MgZ" jons and arginine H-bonds assist the
P-O bond cleavage [12]. A number of artificial enzymes that
catalyze phosphate ester hydrolysis have been synthesized and
investigated [13]. Kimura et al. demonstrated the acceleration of
phosphate ester hydrolysis by Zn*" complexes of triazacyclodo-
decane and tetraazacyclododecane (cyclene) [14]. The effi-
ciency was increased by tethering two or three Zn-cyclene units
in an appropriate distance to allow multiple coordination to the
phosphate oxygen atoms [15]. Brown et al. were able to
catalyze the cyclization (hydrolysis/intramolecular conden-
sation) of 2-hydroxypropyl aryl phosphate using a tethered
dimeric Zn-triazacyclododecane [16]. Lehn et al. catalyzed the
condensation of acetyl phosphate and phosphate to pyrophos-
phate using a protonated macrocyclic polyamine [17-19].
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Results and Discussion

Investigation of the thermodynamic effect

To investigate the fundamental thermodynamic and kinetic
effects of metal coordination in inorganic condensation reac-
tions, we focused on the influence of benzyl Zn-tetraazacyclo-
dodecane (Zn-benzylcyclene) 1 on the aggregation of vanadate

in water.

According to DFT calculations (B3LYP/6-31G*) of a number
of different geometries, the monovanadate anion is bound to the
Zn-cyclene unit by forming one coordination bond to the Zn2"
ion and two hydrogen bonds to the NH groups of the cyclene
ring (Figure 2). The formation of a bidentate complex (two
vanadate oxygens coordinating with Zn%") is considerably less
favorable. This is also in agreement with X-ray structures of
Zn-cyclene phosphate complexes [15].

For the analysis of the multicomponent system, 1-D >!V NMR
titrations of Na3VO, with ligand 1 were performed at three
different pH values at 25 °C (pH ~9.5 CHES buffer (N-cyclo-
hexyl-2-aminoethanesulfonic acid); pH ~8.5 EPPS buffer (3-[4-
(2-hydroxyethyl)-1-piperazinyl]propanesulfonic acid); pH ~7.6
HEPES buffer (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesul-
fonic acid)) (Figure 3, see also Supporting Information File 1).
These alkaline pH values were chosen because monovanadate is
the main species in this range. Like the monovanadate, the di-

and tetravanadate exist primarily in the neutral region.

@NH'"O_ A 2.199

Zn2+ ) o\v OH
AN

HN NH--- O
[1-HVOZ]

2131
|
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The >!'V NMR titration at pH 9.5 is shown in Figure 3 (for the
corresponding spectra recorded at pH 7.6 and 8.5 see
Supporting Information File 1). The addition of Zn-benzyl-
cyclene 1 leads to an upfield shift of the monovanadate and the
divanadate signal at all pH values that were investigated. This
shift indicates that Zn-benzylcyclene 1 is capable of complexing
both mono- and divanadate. The monovanadate signal remains
the main signal throughout the titrations, however, the signal of
the divanadate increases upon addition of Zn-benzylcyclene. By
raising the concentration of benzylcyclene 1; from 0 to 7.5 mM
in a system with a total concentration of vanadium [V]; of
1.5 mM at a pH value of 9.5, the ratio of vanadium bound in
divanadate species rises from 5% to 23%, while the ratio of
vanadium bound in monovanadate decreases from 95% to 77%.
Hence, Zn-benzylcyclene 1 favors the condensation of mono-
vanadate to divanadate.

To determine the stoichiometry and stability of the most impor-
tant species in this system, we included all vanadate oxo-anions
that are known to exist in aqueous solution [20,21] and the
corresponding complexes with ligand 1 in different stoichiome-
tries as basis of a complex formation model. This model was
refined with respect to the experimental data.

In the approach mentioned above, the equilibria of the multi
component system were described mathematically by mass

balance equations. When the equilibrium species are written

2.216

2123

.-1.865 « 1.878

V

©

- /\,

1.825

Figure 2: Binding motive of a vanadate zinc benzylcyclene complex (left) as suggested by the results of DFT calculations (B3LYP/6-31G*) (middle).
Bond lengths of coordinative bonds and H bridges are given in A. Metal coordination as well as H-bond formation are operative in binding the oxo-
anion to the zinc cyclene unit. The schematic representation (right) is used to improve clarity.
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Figure 3: 'V NMR titration at pH 9.5 ([V]; = 1.5 mM, [1];= 0 to 7.5 mM
(0 to 5 equiv), 100 mM CHES). [V]; and [1]; are the total molar concen-
trations of vanadium and Zn-benzylcyclene 1. The predominant
species in equilibrium are represented schematically (Figure 2).

with HT, VO43~, and Zn-benzylcyclene 1 as components, they
are formed according to the general expression (Equation 1)
[21]:

+ 3— 2+ (p—-3q+2r)
pH +qVO; +r1l — H,(VOy,), 1 Q)

The formation constants of the species B4, are defined using
the concentrations of 1, VO43~ and of the protons according to
Equation 2.

_ |:Hp (VO4)q ]7(])_3‘1+2r):|

TR T[]

@
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The substitution of the complex species concentration in the
mass balances of the components leads to the mass balance
equation system (3). The concentrations of the free components
are the variables; the stability constants are the parameters to be
optimized.

]S o) ol (2]
{Voi_ l =>4 Bpyr ~[H+ }P {VOZ_ T [12+ :|r o

par
[12+]t =3 B _[qu’ [Voi T |:12+:|r
par

In the 3!V NMR titrations for the analysis of the vanadate/Zn-
benzylcyclene system the total vanadium concentration [V]; at
each pH value was 1.5 mM, and the total concentration of 1
([1];) was varied from 0 to 7.5 mM. The NMR data were
obtained by careful deconvolution and integration of the signals
using routines included in the MestreNova program [22]. The
mathematical analysis of the NMR data was performed with the
program system LAKE [23] for chemical equilibrium analysis
and with MS-Excel [24]. Data of all titrations (78 titration
points in total) were included in the calculation. The formation
constants for the vanadium oxo-anions of the VO3~ /H*-
subsystem [21], the pK, value of Zn-benzylcyclene 1 [14] as
well as the pK, values of the buffers [25] were adopted from
literature. The influence of the ionic medium was taken into
account in the calculation by means of the Davies equation [26].
The most important ternary species in the equilibrium model
that fit the recorded data are presented in Table 1.

Table 1: Stoichiometry and formation constants of the complex
species in the proton/vanadium/Zn benzylcyclene system.

p,q, ré formulab 19 Bogr® (30)
1,1,1 HVO1 16.7 (0.3)
2,2,1 V0712~ 32.2(0.1)
2,2,2 V50715 35.7 (0.8)
3,2,1 HV,071~ 40.6 (0.3)
3,22 HV,071,2* 43.6 (0.4)
8,4,2 V404215 99.9 (0.7)
8,4,4 V4012144 105.6 (1.8)

aStoichiometric coefficients according to the formation from the compo-
nents H*, VO43~ and 1 (Equation 1); ®formula of the oxo-anion com-
plex. The water formed according to the formation reaction from the
components is not given; Cionic strength, / = 150 mM, T = 298 K.

According to these data, the association constant for the proto-
nated monovanadate HVO4%~ with 1 is about 1038 M1, while
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the association constant for Vo074 is K, = 1092 M. The pK,
value for the coordinated divanadate is 8.4 and therewith,
1.9 pK, units lower than for the uncoordinated V,07* ion. The
binding of a second Zn-benzylcyclene unit proceeds with an
association constant of 103- M. Consequently, the affinity of
the divanadate for both the proton and the second Zn-benzyl-
cyclene is lowered by the coordination of the first Zn-benzyl-
cyclene unit. A speciation diagram for the titration at pH 9.5
based on these data is given in Figure 4. Fits of calculated and
experimental 5Ty NMR integral data at pH 7.6, 8.5, and 9.5 are
given in the Supporting Information File 1.

The formation constants given in Table 1 can be used to calcu-

late the free enthalpy (AG;%, AG,°, AG3%) of the condensation
reactions (Equations 4-9):

©:0=09

K
L. v,03" +H,0 “

2—
2 HVO,

lg K} =1gBro—2-1gBy19 =0.15
AG? =0.9 kJ mol™!

®)
100
90 -
80 -
70 ©
60 -

50 -

% of [V]otal

40 A
30
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10 - RRLTE Il

equiv Zn-benzylcyclene 1

% .....0.........'..
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Beilstein J. Org. Chem. 2012, 8, 81-89.

NCRUE (T
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V,0,L"” +H,0 (6

2- K,
HVO,> +HVO,L —2=

lgKy =1g By —1g P10~ 18111 =26

7
AGY =—-14.8 kJ mol ™! @
© =09
Ky
2HVO,L —= V,0,L, +H,0 ®)
lgK3 =1g Py —2-1gfy11 =23 )

AGY =-13.1kJ mol™!

The analysis reveals that the free reaction enthalpy for the con-
densation of hydrogen monovanadate is lowered by the com-
plexation of the vanadium oxo-anions with Zn- benzylcyclene.
In the absence of the ligand, the dimerization of monovanadate

3 4 5

Figure 4: Speciation of vanadium in a solution containing 1.5 mM Na3VO4, 100 mM CHES (pH = 9.5) and a Zn-benzylcyclene 1 amount varying from

0 to 5 equiv.
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is almost thermoneutral (AG ;% = 0.9 kJ mol™!). However, the
condensation of a free monovanadate with a monovanadate
bound to Zn-benzylcyclene is exothermic (AG,% = —14.8 kI
mol™!) and the reaction of two complexed monovanadates is
less exothermic (AG3® = —13.1 kJ mol™!). Hence, the conden-
sation is favored by the complexation with Zn-benzylcyclene
and one equiv of the ligand is more effective than two.

Further insight into the stabilization of divanadate by
Zn-benzylcyclene is obtained by analyzing the ligand exchange
reactions (Equation 10 and Equation 12). While the transfer of a
ligand from hydrogenmonovanadate to divanadate is exergonic
(AGmO =—13.7 kJ mol™!), the transfer of a second ligand from
another hydrogen monovanadate is endergonic (AG,? = 1.1 kJ

mol ™).

o0 Yo ="6©-0

Ko

V,0%” + HVO,L V,0,1% + HVO3~ (10)

lg Ko =1g B +1gB110 —18B111 —2-18 Bano
=24
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oo \©="69-0

K
V,0,127 + HVO, L <2

V,0,L, + HVO3~ (12)

g Ky =1g Bron +1gBr1o —18B111 =218 Bany
=-0.2

AGY, =1.1kJ mol™

(13)

Accordingly, a complexed divanadate is destabilized by the
coordination of a second ligand.

Investigation of the kinetic effect

The influence of the complexation on the rates of condensation
and hydrolysis of the involved vanadium oxo-anions was exam-
ined by 'V EXSY NMR experiments [27,28]. 7'V EXSY
NMR data were collected for solutions buffered with EPPS and
HEPES and 1.5 mM total vanadium concentration at 25 °C. For
each buffer solution, the amount of Zn-benzylcyclene 1 was
varied. The mixing time was 1 ms (Figure 5).

(11) The data show a decrease for the pseudo first order rate constant
AGIOO —_137K] mol_l of the C(.)ndens?tion (k¥2 in Equat’ion 14? as well as for the
hydrolysis (k| in Equation 15), while the influence on the rate
constant of the hydrolysis is stronger.
NN
- -580
0.05 0.11 ~-575
—-570
565
—-560
1.00 0.04 L
—-555
[ ppm
T T T T T T T T T T T T
ppm -555 -560 -565 -570 -575 -580
3 [ppm]

Figure 5: 31V EXSY NMR spectrum (tmix = 1 ms) of a solution containing 1.5 mM NazVOy, 3 mM Zn-benzylcyclene and 100 mM EPPS (pH = 7.9).
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In the HEPES buffered solution (pH 7.6), the rate constant for
the condensation decreased from 73 5! to 68 s™! upon the addi-
tion of Zn-benzylcyclene (3 mM), while the rate constant for
the hydrolysis decreased from 206 s™! to 89 s™!. Compared to
that, in the EPPS buffered solution (pH 8.0), the rate constant
for condensation decreased from 23 s™! to 14 s~! upon the addi-
tion of Zn-benzylcyclene 1 (3 mM), while the rate constant for

the hydrolysis decreased from 164 s™! to 70 s™1.

The fact that the condensation of monovanadate is slower in the
presence of the ligand is probably due to steric reasons. The
nucleophilic attack on the complexed monovanadate is only
possible from the non-shielded side. Moreover, the role of the
monovanadate acting as the electrophile is defined by com-
plexation which reduces the probability of effective collisions
and, thus, decreases the entropy of activation. Both effects,
obviously, overcompensate the increased reactivity of the vana-
date acting as the electrophile which is induced by complexa-
tion (decreased Coulomb repulsion of the two negatively
charged reactants). The same arguments are true for the hydrol-
ysis of divanadate (attack of water). However, the thermody-
namic stabilization of divanadate further increases the barrier of
hydrolysis (provided that the transition state is less effected).
Therefore, the rate constant of the divanadate hydrolysis is
lowered more strongly by complexation than the rate constant
for the condensation of monovanadate.

Conclusion

In conclusion, the condensation of monovanadate to divanadate
is considerably favored in the presence of the ligand 1 (Zn-
benzylcyclene). In the absence of the ligand at pH 9.5 the con-
densation is almost thermoneutral (AG]O = 0.9 kJ mol™})
whereas upon addition of the ligand the dimerization reaction is
exergonic (AG,? = —14.8 kJ mol™!). This is mainly due to the
fact that the free binding enthalpy of ligand 1 to divanadate is
13.7 kJ mol™! larger than the complex formation with mono-
vanadate.

Complexation with 1 also favors the formation of divanadate
kinetically by decreasing its rate of hydrolysis from 164 s~ to
70 s~ ! upon addition of ligand 1, as determined by 5!V EXSY
NMR experiments.

Dimerization, however, is less favorable if both reacting mono-

vanadate units are complexed with ligand 1 (AG3% = —13.1 kJ
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mol™!) compared to the reaction of a complexed vanadate with
a free monovanadate (AG,? = —14.8 kJ mol™!). For the design
of an artificial system driving endergonic condensations
(Figure 1), we draw the conclusion that only one of the binding
sites should provide metal coordination to the vanadate (or
phosphate) and the other binding site should associate the
nucleophilic anion by neutral hydrogen bonds.

Similar effects obviously hold for natural systems — particu-
larly ATP synthase, phosphatases and kinases catalyzing the
condensation, hydrolysis and phosphate transfer in phosphate
esters and phosphate oligomers — which are unsymmetric with
respect to metal complexation of the substrates. In the P-O
bond forming/cleaving step of yeast pyrophosphatase, the phos-
phate group acting as the electrophile is activated by coordina-
tion to Mg?" as well as by hydrogen bonding to a guanidinium
group [12]. The electrophilicity of ADP in ATP synthase is
even further increased by electron transfer to MgZ" forming a
radical ion pair [29]. Similar to the ATP synthase, a simplified
artificial system should prevent product inhibition by actively
releasing the product. This could be realized by a (photo)-
switchable ligand, see step a) and c) in Figure 1.

Experimental

Synthesis

1-Benzyl-1,4,7,10-tetraazacyclododecane (benzylcyclene):
Benzylchloride (1.00 mL, 8.69 mmol) and cyclene (6.00 g,
34.8 mmol) were dissolved in dry chloroform (240 mL). Under
nitrogen atmosphere, triethylamine (1.45 mL, 10.4 mmol) was
added and refluxed for 20 h. After cooling, chloroform
(200 mL) was added, and the organic phase was washed three
times with 1 N sodium hydroxide solution (200 mL) and three
times with distilled water (200 mL). The organic phase was
dried over potassium carbonate and the solvent was removed
under reduced pressure [30].

For efficient purification, the crude product (2.27 g) was
protected with di-terz-butyl dicarbonate (3 equiv) in dry di-
chloromethane (100 mL). After removal of the solvent the prod-
uct was purified by column chromatography (cyclo-
hexane:ethylacetate = 1:1, Ry = 0.58). Yield: 4.24 g (87%);
TH NMR (500 MHz, CD,Cl,) & 7.3-7.2 (m, 5H, CHary1), 3.65
(s, 2H, Ar-CH>), 3.52 (br s, 4H, CH;), 3.4-3.1 (m, 8H, CH>),
2.60 (brs, 4H, CH,), 1.41, 1.36 (2 s, 27H, CH3) ppm; 13C NMR
(125 MHz, CD,Clp) 8 155.7 (C=0), 137.5 (Cyry1,q)> 128.5,
127.6, 123.6, (Cyry1), 80.0, 79.5, 79.4 (C(CH3)3), 57.5 (Ar-
CH»), 50.7, 50.1, 48.2 (CH,), 28.8, 28.6 (CH3) ppm.

To release the free amine, the boc-protected benzylcyclene

(3.76 g, 6.69 mmol) was dissolved in dry dichloromethane
(30 mL). Trifluoroacetic acid (5 mL) was added under a
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nitrogen atmosphere and the mixture stirred at room tempera-
ture for 12 h. Under ice cooling sodium hydroxide (3 g) and
distilled water (30 mL) were added. The organic layer was sep-
arated, and the aqueous phase extracted five times with 50 mL
dichloromethane. The combined organic phases were dried over
potassium carbonate and the solvent was removed under
reduced pressure to yield a colorless solid (1.52 g, 86%);
TH NMR (500 MHz, CD,Cl,) & 7.3-7.2 (m, 5H, CHypy), 3.64
(s, 2H, Ar-CH>), 2.8-2.4 (m, 16H, CH>) ppm; 13C NMR (125
MHz, CD,Cl) & 139.9 (Cary1,q), 129.5, 128.6, 127.4 (Cyry),
60.1 (Ar-CH,), 51.8, 48.1, 46.6, 46.1 (CH,) ppm.

In order to regain the excess of cyclene used in the first step, the
aqueous phase was concentrated under reduced pressure and
neutralized with 1 N HCI until a white precipitate formed. The
precipitate was filtered to yield pure cyclene (2.8 g). 'H NMR
(200 MHz, DCl3) 6 2.65 (s, 16H, CH,) ppm.

Zinc-1-benzyl-1,4,7,10-tetraazacyclododecane nitrate (1):
1-Benzyl-1,4,7,10-tetraazacyclododecane (1.00 g, 3.81 mmol)
was dissolved in methanol (20 mL). A zinc nitrate solution in
water (49.7 mM, 76.6 mL) was added and the solution was
stirred for 1 h at room temperature. The solvent was removed
under reduced pressure and the colorless solid was dried. Yield:
100 %; '"H NMR (500 MHz, D,0) & 7.4-7.3 (m, 5H, CHary),
3.94 (s, 2H, CH,), 3.2-3.0 (m, 4H, CH>), 2.9-3.0 (m, 12H,
CHy) ppm; 13C NMR (125 MHz, D;0) 8 138.5 (Cary1 ), 131.3,
129.1, 128.7 (Cary1), 56.7 (Ar-CHy), 49.1, 44.5, 43.6, 42.2
(CHj) ppm; ESI m/z (%): 363.1 (100), 364.1, 365.1, 366.1,
367.1, 368.1 [C15sH6N4Zn(OH;),], 326.1 (78), 327.1, 328.1,
329.1, 330.1, 331.1 [C5H,5N4Zn].

NMR experiments

NMR titrations

For the NMR titrations three different buffer stock solutions
were used: pH 7.6: HEPES (4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid), pH 8.5: EPPS (4-(2-hydroxyethyl)-1-
piperazinepropanesulfonic acid) and pH 9.5: CHES (2-(cyclo-
hexylamino)ethanesulfonic acid). The stock solutions had a
total buffer concentration of 100 mM and 50 mM of sodium
hydroxide. They were prepared by dissolving the appropriate
amount of buffer and sodium hydroxide in 90% deionized water
and 10% deuterium oxide. To obtain the vanadate stock solu-
tion (50 mM) sodium orthovanadate (92.0 mg) was dissolved in
the respective buffer solution (10 mL). For the receptor stock
solution (10 mM) the receptor 1 (45.2 mg) was dissolved in
10 mL of the respective buffer solution.

All measurements were carried out at a 1.5 mM total vanadate
concentration and a 100 mM buffer concentration. The samples

of the 31V NMR titrations were prepared by mixing the appro-
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priate amount of the vanadate stock solution and the receptor 1
stock solution in an NMR tube. Finally, the volume of each
sample was brought to a volume of 600 pL by addition of the
appropriate amount of the respective buffer stock solution. All
NMR spectra were recorded on a Bruker FT-NMR-spectrom-
eter DRX 500. Vanadium chemical shifts are reported relative
to the external reference VOCI;3 (0 ppm).

EXSY measurements

The EXSY measurements were performed at two different pH
values (pH 7.6 and pH 8.0) and at a total vanadate concentra-
tion of 1.5 mM. The concentration of 1 was 3.0 mM. For all
stock solutions deionized water was used as solvent. The
samples were prepared in the following way: The buffer stock
solutions had a total buffer concentration of 500 mM (HEPES
for pH 7.6, EPPS for pH 8.0) and 250 mM of sodium
hydroxide. The vanadate stock solution contained of 50 mM
sodium orthovanadate, and the concentration of the Zn-benzyl-
cyclene 1 stock solution was 10 mM. For each experiment
60 pL of the vanadate stock solution, 400 pL of the respective
buffer stock solution, and 600 puL of the Zn-benzylcyclene 1
stock solution were mixed with 100 uL deuterium oxide and
840 pL deionized water. The NMR tubes were then filled with
600 pL of the mixture. In all experiments a mixing time of 1 ms
was applied.

Supporting Information

Supporting Information File 1

31y NMR spectra and data fitting results.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-8-S1.pdf]
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We used dynamic '"H NMR spectroscopic methods to examine the kinetics and thermodynamics of CH3CCl; (2) entering and

leaving the gated molecular basket 1. We found that the encapsulation is first-order in basket 1 and guest 2, while the decomplexa-

tion is zeroth-order in the guest. Importantly, the interchange mechanism in which a molecule of CH3CClj; directly displaces the

entrapped CH3CCl3 was not observed. Furthermore, the examination of the additivity of free energies characterizing the encapsula-

tion process led to us to deduce that the revolving motion of the gates and in/out trafficking of guests is synchronized, yet still a

function of the affinity of the guest for occupying the basket: Specifically, the greater the affinity of the guest for occupying the

basket, the less effective the gates are in “sweeping” the guest as the gates undergo their revolving motion.

Introduction

Covalent and self-assembled molecules with a natural cavity,
i.e., molecular capsules [1,2], employ several mechanisms to
trap and release guests capable of residing in their inner space
[3-5]. The so-called “slippage” scenario [6], in which a guest
makes its way to and from the host by forcing the expansion of
its aperture [7], appears frequently. The “gating” scenario [8],

on the other hand, includes a conformational change in the host

to create an opening that is large enough for a guest to
“squeeze” its way in or out of the host. In the case of self-
assembled hosts, however, the slippage, gating and possible
partial or full disassembly of the capsule constitute mechanistic
alternatives for the exchange of guests [4]. In the last decade,
we [9-14] and others [7,8,15-18] have studied gated molecular

encapsulation in artificial and natural systems [19].
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In particular, we designed gated molecular baskets (Figure 1)
and employed both experimental and theoretical methods to
gain an understanding of their mechanism of action [4]. These
dynamic hosts comprise a semirigid platform with three
aromatic gates appended to its rim through CH;, “hinges”
(Figure 1). The gates were set to interact by hydrogen bonding
to control the opening and closing of the basket and thereby the
rate by which a guest enters or departs the cavity of the basket
[12-14]. Indeed, the action mechanism of the basket has been
addressed [14], yet the exact role of the gates in the process of
the in/out guest exchange necessitates additional scrutiny. In
particular, a careful inspection of the additivity of free energies
[21] pertaining to the constrictive AG¥y/ou and intrinsic AG®
binding energies of the guests [11] as well as the racemization
of the basket AG*,,. (i.e., opening and closing, see below in
Figure 6) reveals a systematic disparity (AG® + AG¥,pe +
AGHerics # AGY oy, see below in Figure 7). In order to address
this conundrum, we have employed methods of experimental
(dynamic NMR) and computational chemistry (steered molec-
ular dynamics, SMD) to inspect the relationship between the
gates revolving at the rim of the host and the in/out exchange of
guests. The results of our study suggest that for guests with a
greater propensity to occupy the interior of the basket (i.e.,
more negative AG®) the process of gating is poorly synchro-
nized with the guest exchange. The gates undergo a revolving
motion to sweep the space but are concurrently less effective in
enforcing the ejection of the guest from the cavity. Moreover,
the results of dynamic '"H NMR measurements of CH3CClj (2)
entering and departing basket 1 (Figure 1) suggest the absence
of an interchange mechanism [22] in which a molecule of
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CH3CClj; directly displaces another CH3CClj residing in the
interior of the gated basket.

Results and Discussion

The encapsulation stoichiometry and the
intrinsic binding (AG®)

In an earlier study [13], we reported on the tendency of basket 1
to trap CH3CCl3 (2) as a guest, and we hereby elaborate on the
equilibrium thermodynamics of the recognition event
(Figure 2). The incremental addition of 2 to a CD;Cl, solution
of 1 (0.67 mM, 298.0 K) caused considerable 'H NMR chem-
ical shifts of the resonances corresponding to the presence of
the basket (Figure 2). At 298.0 K, the formation and degrad-
ation of [basket—-CH3CCl3] complex was sufficiently fast on the
“NMR time scale”: The nonlinear least-squares fitting of the
binding isotherm to a 1:1 binding model provided K, = 54 £ 1
M1 (R% = 0.998, Figure 2) [23].

Indeed, the results of a variable temperature '"H NMR study
(400 MHz, CD;,Cl,) of 1 (0.67 mM) containing CH3CCl3 (2)
(1.07 mM) was in line with the formation of the 1:1 complex;
note that extrapolation of the fitted line gives K, of 86 + 16 M ™!
at 298.0 K, which is akin to the value obtained in the titration
experiment. Furthermore, the van't Hoff analysis of the 'H
NMR data revealed that the encapsulation is also driven by
enthalpy (AH® = —3.56 £ 0.06 kcal/mol, Figure 2). Indeed, the
computed electrostatic potential surface (AM1, Spartan) [20] of
guest 2 is complementary to the one corresponding to the
concave interior of 1 (Figure 1). Furthermore, compound 2 (93
A3, Spartan) occupies 42% of the inner space of 1 (221 =9 A3)

50.000

37.500

12.500
0.000

-37.500

. -50.000

Cl Cl

Hee” el

Figure 1: Chemical structure of gated molecular basket 1 and 1,1,1-trichloroethane (2). Electrostatic potential surfaces of basket 1 and guest 2 were

computed with Spartan (AM1) [20].
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Figure 2: (Left): "H NMR spectra (400 MHZ, CD,Cl,) of 1 (0.67 mM) obtained upon incremental addition of 1,1,1-trichloroethane (2) (0.00-0.65 M) at
298.0 K. (Middle): Nonlinear least-squares fitting (SigmaPlot) of the N—H chemical shift of 1 as a function of the concentration of 2 gave K, = 54 + 1
M~ at 298.0 K [23]. (Right): The van't Hoff plot was generated from variable temperature "H NMR measurements (400 MHz, 180-250 K) of 1 (0.67

mM) containing CH3CCl3 (1.07 mM).

[11], which is close to the packing coefficient of liquids and
thereby a good indicator of a stable assembly [24].

The rate law characterizing guest exchange
and the constrictive binding (AG¥n/0ut)

We performed 'H,'H-EXSY [25] and selective inversion-
transfer [26,27] NMR measurements (400 MHz, CD,Cl,) to
examine the rate laws characterizing the trafficking of CH3CClj
(2) to and from basket 1. At concentrations of CH3CClj as a
guest comparable to those of host 1, the EXSY measurements

-

1

(250.0 = 0.1 K) allowed us to extract (MNova software) the
magnetization rate coefficients k*;, and k*,, (Figure 3).

At higher concentrations of CH3CCl3 with respect to host 1,
however, we noticed an intense 7'} noise coinciding with the
[CH3CCl3]oyt signal, thus preventing the accurate determin-
ation of the volume of the corresponding cross peak. Accord-
ingly, we had to turn to selective inversion-transfer NMR
measurements to obtain the values of k*;, and k*,,;. The
exchange rate constants k*;, and k*, (characterizing the longi-

—

1

A

3.0 2.0

-2.0

-1.0

-3.0

6 (ppm)

[CH3CClg]in

[CH3CC|3]0ut

Figure 3: Chemically equivalent CH3 protons (black) in 1,1,1-trichloroethane (2) alter their magnetic environment from 2.70 ppm in bulk solvent to

-2.45 ppm inside the basket.
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tudinal magnetization of the hydrogen nuclei in CH3CClj
altering the chemical/magnetic environment) are by the nature
of the experiment pseudo-first-order in character (see below)
[25,26].

On the basis of the reaction stoichiometry (Figure 2), we
initially made the assumption that the entrapment is first-order
in both [basket] and [CH3CCl3]. Accordingly, the rate of the

forward reaction is given as:

vin = kiy [ basket |-[ CH;CCl; | )

As per the earlier discussion, the pseudo-first-order constant
k*;, describes the longitudinal magnetization of the hydrogen
nuclei in CH3CClj3 transferring from the bulk solvent (5 = 2.70
ppm, Figure 3) to the interior of 1 (6 = —2.45 ppm, Figure 3).

Correspondingly, the rate of the forward reaction (entrapment)
can be formulated as:

vip =k *, [ CH;CCl; | )

1

From Equation 1 and Equation 2, we furthermore derive:

kiy [ basket |-[ CH3;CCl3 | = k*,, [ CH3CCl; |

k*, = ki, [ basket | @

If the proposed model is valid, then the experimentally deter-
mined k*;, will be linearly proportional to the concentration of
free basket 1. Indeed, when the value of £*;; is plotted against
the concentration of free basket 1, there is an apparent linear
dependence, with the slope of the fitted curve k;, = 2.1 £ 0.3 x
103 M~1-s71 (at 250 + 0.1 K, Figure 4). Using Equation 4, we
derive Equation 5, which upon insertion into Equation 3 gives
Equation 6:

K, =[basket-CH;CCl; ]/([basket ]-[CH3CCL ) (4)
[basket] = [basket—CH3CC13 ]/(Ka [CH3CC13]) (5)
k¥ = kiy [ basket-CH3CCly ]/(K, [CH;CCL])  (6)

This particular dependence suggests that k*;;, should be directly
proportional to the concentration of the host—guest complex,

[basket—-CH3CCl3], but inversely proportional to the concentra-

Beilstein J. Org. Chem. 2012, 8, 90-99.

tion of CH3CCl3. At higher concentrations of CH3CCl3,
however, there should be a negligible variation in the concentra-
tion of basket-CH3CCl3 and the magnetization rate coefficient
k*;, becomes inversely proportional to the concentration of
CH3CCl3.

085 ;
0.80 -
Kin 075 i
070 |-
0.65 |- E
Il 1 | 1 Il
030 032 034 036 038

concentration of free basket (mM)

Figure 4: Nonlinear least-squares fitting (SigmaPlot) of magnetization
rate constants k*j, (2-D EXSY, 250.0 + 0.1 K) as a function of the
concentration of the free basket to a linear function gives a slope of ki,
=21203x103M s,

In accordance with this theoretical model, we completed a
series of selective inversion-transfer [27] NMR measurements
of 1 (1.65 mM) and CH3CCl3 (16-200 mM) in CD,Cl, at 250.0
+ 0.1 K (Figure 5). In the experiment, the proton resonance
corresponding to [CH3CCl3],,¢ Was selectively inverted,
resulting in the perturbation of the longitudinal relaxation of
both [CH3CCl3]oy¢ and [CH3CCl3];, due to chemical exchange
over the course of variable delay time T (180° x (selective) — T —
90° x (nonselective) — 14). Upon the integration of both signals
(Iin and Ioy¢), we subjected the data to nonlinear least-squares
fitting of iy out Versus T using the proposed solutions of the
McConnell equations [27] describing the relaxation of the
hydrogen nucleus residing in two environments (Figure 5A).
For the fitting, the longitudinal relaxation rate (1/7}) of
hydrogen nuclei in CH3CCl3 was determined separately by
using a classical selective inversion-recovery NMR pulse
sequence. When the experimental k*;, was plotted against the
equilibrium concentration of CH3CCl3, there indeed appeared a
hyperbolic dependence (Figure 5B) in agreement with
Equation 6 (k*;, o« 1/[CH3CCl3]). The fitting of the data to
Equation 6 was inaccurate as only a few experimental points
characterize the dependence (Figure 5B), although computing
kin from each data point would give a value of this coefficient
(~2 x 103 M~ s7!) similar to that determined in the EXSY
experiment (Figure 4). In accordance with the 2-D EXSY and
selective inversion-transfer results, we conclude that the entrap-

ment is first-order in both basket 1 and guest 2.
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Figure 5: (A): Nonlinear least-squares fitting of '"H NMR signal intensities (linjout) Of [CH3CClaJinjout @s function of the time variable T (250.0 + 0.1 K)
was completed with the assistance of the Bloch—-McConnell equations [27,28] describing the relaxation of hydrogen nuclei in two different environ-
ments; in this particular experiment [basket]g = 1.65 mM and [CH3CCl3]p = 50.0 mM. Magnetization transfer rate coefficients k*i, (B) and k*oyt (C)
were further obtained [27,28] from selective inversion-transfer measurements and plotted as a function of the concentration of free CH3CCls.

On the basis of the reaction stoichiometry (Figure 2), the rate
law for 2 leaving the encapsulation complex can be described

as:

Vout = kout | basket-CH3CCly | )

Alternatively, the rate of the same process expressed through

the NMR magnetization transfer rate coefficient k*,, is:

Vout = k *out | basket-CH3CCl; | ®)

As in the case above, the manipulation of Equation 7 and Equa-

tion 8 gives Equation 9:

k¥ out = Kout O]

In accordance with this theoretical model, we increased the
concentration of guest 2 (16-200 mM) with respect to 1 (1.65

mM) and measured k* ¢ using the selective inversion-transfer

NMR pulse sequence. Markedly, there was essentially no inter-
dependence between k*,y (21 + 3 s71) and the concentration of
guest 2 (Figure 5C); the curve indeed shows a small slope, but
the intercept of 18.1 suggests that this is likely an artifact. 2-D
EXSY measurements would give a rate coefficient £*,,, = 10 +
0.1 s71, which was also found to be independent of the external
concentration of the basket/guest (Figure 4). The departure of
CH3CClj3 from its complexed form [basket—CH3CCls], there-
fore, follows a dissociative mechanism [4]. Notably, a mole-
cule of solvent CD,Cl; and not another CH3CClj (interchange
mechanism) displaces the encapsulated guest. In fact, the
inspection of CPK models as well as molecular dynamics
studies (see below) revealed that the departure of CH3CCl3 (93
A3) demands (a) “opening” of at least two gates, (b) disruption
of internal N-H-"N hydrogen bonds, and (c) distortion of the
framework of the basket. We further reason that in the case of a
direct exchange of two CH3CCl3 molecules, the departure of
CH3CCl3 would create an empty host, and therefore vacuum,
before another guest of the same kind can take its place. Note
that two large compounds (overall ~186 A%) cannot simultane-

ously occupy the interior of 1 (~220 A3).
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Computational examination of the in/out traf-
ficking

To gain mechanistic insight into the departure of CH3CCl; (2)
from the interior of basket 1, we completed a series of steered
molecular dynamics (SMD) simulations using the AMBER 10.0
suite of programs [29-32]. Without applying any external force
on the entrapped CH3CCl3, we first found that this guest would,
within 10 ns, adopt many positions inside host 1, although the
one depicted in Figure 6A is obtained after 1 ns (Supporting
Information File 1). The N-H--"N hydrogen bond contacts along
the top of the basket were also monitored throughout the 10 ns
simulation. Importantly, the distance between each pair of
amide-hydrogen and pyridine-nitrogen atoms was found to be
invariant (~2 A, see Supporting Information File 1).

In addition, the width of each side aperture (the span between
adjacent carbonyl oxygen atoms) also remained constant at
~6.3 A throughout the simulation (Figure S3, see Supporting
Information File 1). We then selected multiple trajectories for
“pulling” the guest from the host (Figure 6A). Markedly, the
departure of CH3CClj3 necessitated the cleavage of at least two
intramolecular N—H--'N hydrogen bonds in 1 (Figure 6B) with a
simultaneous expansion of the host (Figure 6B). That is to say,
the “slippage” of CH3CCl; (with gates in the “closed” position)
does not appear to be a viable mechanistic scenario. Note that

our simulation did not include solvent molecules (CD,Cl5)

"pull up" "pull on the side"

—
o
—

— NS51-H114
— NS57-H116
— N67-H115

—-
o
T

H-bond distance (A)
N A OO ®

Time (ns)
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displacing the entrapped CH3CCl3, as suggested by the kinetic
study. The substitution of the guest by the solvent should
perhaps cause an even greater distortion of the framework of the
basket.

The revolving of the gates and the racemiza-

tion of basket 1

The aromatic gates in basket 1 interact through hydrogen
bonding, as exemplified by a large downfield shift of the signal
corresponding to (O=C)N—H protons (6 = 11.6 ppm at 298.0 K,
Figure 2) [13]. In addition, the aromatic gates are dynamic, each
one revolving about its axis to give rise to two enantiomeric
conformers 14 and 1g (Figure 7A). The interconversion kinetics
of the 1,,g racemization can be followed by dynamic NMR
spectroscopy in which a singlet corresponding to H,/Hy, nuclei
at high temperatures is seen to split into two doublets at low
temperatures. In particular, the revolving rate of the gates is
temperature dependent, thereby governing the lifetime of H, or
Hjy, nuclei, each residing in a particular chemical environment (t
= 1/kgac); the hydrogen nuclei are observed as separate reso-
nances when t >> 1/Av(H,,) [33]. Accordingly, we performed
the classical line-shape analysis of H,/H} resonances
(WinDNMR-Pro software) to obtain the rate constants (k;,c)
and corresponding activation energies AG#,, characterizing the
racemization of basket 1 (Figure 7B). Evidently, the rate at

which the aromatic gates in 1 revolve is a function of the com-

0-0 distance (A)

1.0
Time (ns)

Figure 6: (A) Four different trajectories were used for examining the departure of CH3CCl3 guest from basket 1 with steered molecular dynamics. (B)
The variation in N-H-*N and —C=0---O=C- distances during SMD simulation with CH3CCl3 being pulled on the side.
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Figure 7: (A) The interconversion of conformational enantiomers 14 and 1g, having anticlockwise and clockwise senses in the orientation of the
intramolecular N-H:--N hydrogen bonds, contributes to the process of racemization, i.e., the opening and closing of the basket [13]. (B) Eyring plots
describing the linear relationship between In(koc/T) and temperature for basket 1 containing CH3CCl3 (black squares) and solvent CD,Cl (red trian-
gles). The plots were generated from the results of the line-shape analysis (WinDNMR-Pro) of TH NMR Hgy, signals of 1 (1.65 mM, CD,Cly) at vari-

able temperatures.

pound occupying the inner space: With CH3CClj the gates are
less dynamic than with CD,Cl, occupying the cavity
(Figure 7B).

On the action mechanism of the basket

Is there a relationship between the aromatic gates sweeping the
space and guests trafficking to and from the basket [11]? That is
to say, will the gates expel the entrapped guest each time that
they alter their propeller-like orientation (Figure 8)? First, our
kinetic measurements suggest that guest CH3CCl3 (2) enters
basket 1 by substituting solvent (CD,Cl,) molecule(s), while
exactly the opposite occurs during the dissociation (Figure 8).
Given this exchange scenario, we deduce that 1,—CH3CClj3
shall transform into 1g—CH3CCl3 via intermediate 1-CD,Cl,
(Figure 8). That is, the formation of 1-CD,Cl; from
1,—CH3CClj3 is accompanied by either reorientation or rein-
statement of the gates, and therefore, there is an equal likeli-
hood that 1-CD,Cl, will yield 1,—CH3CCl3 or 13—CH;3CClj3
(Figure 8); this reasoning is also supported by the fact that the
gates of the solvated basket revolve at a higher rate (Figure 7B).

In accordance with such a racemization mechanism, we apply

the statistical correction to the measured k;,¢ to obtain ke (kpacr
= 2k = 616 571, Figure 7B) [34]. This particular rate coeffi-
cient should more precisely describe the process of racemiza-

tion.

One could describe the free energy characterizing the guest
departure (AGxout) as a linear combination of AGiracr +AG° +
AG}gerics representing (1) the opening of the gates (AGH,c), (2)
the decomplexation of the guest (AG®), and (3) the “slippage”
of the guest while exiting the open host (AG¥gerics)
[8,11,21,35]. The encapsulation kinetics is first-order in guest
CH;CClj suggesting that this species creates van der Waals
strain (friction) during the in/out trafficking, thereby justifying

the use of the AG¥gerics term.

In addition, the decomplexation of CH3CClj follows a late tran-
sition state [14] whereby its affinity for populating the interior
of the basket should decrease to a somewhat smaller value than
described by AG°. Given the delicacy of the proposed parti-
tioning, will the additivity of free energies and the relationship
AGH a0 + AG® + AGgierics ~ AGH oy still hold?
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Figure 8: The departure of CH3CCl3 from 14—CH3CCl3 gives rise to the less stable 1-CD,Cl,, which upon entrapment of another CH3CCl3 gives
either 1p)—CH3CCl3 or 1—CH3CCl3. The 155—CH3CCl3 interconversion occurs with CH3CCl3z departing (BR41 mechanism) or remaining (BR, mecha-

nism) in the cavity.

When AG¥.,. of 11.4 £ 0.1 kcal/mol (at 250.0 + 0.1 K,
Figure 7) is added to the intrinsic binding energy of CH3CClj3
(| AG°| =2.79 + 0.09 keal/mol at 250.0 + 0.1 K, Figure 2), a
value of 14.2 kcal/mol is obtained. Without even including
AGHgerics (as a positive number), there is an apparent disagree-
ment between the sum value (>14.2 kcal/mol) and the experi-
mentally determined AG¥ o, = 13.4 £ 0.1 kcal/mol (from 2-D
EXSY, koyt = 10 £ 1 s71). Is there a missing factor needed in

order to understand this phenomenon?

In reality, when the internal hydrogen bonds are broken and the
gates open up the guest does not have to depart the basket
cavity. That is to say, the gates should be able to revolve to
allow the interconversion of 1,—~CH3CClj3 into 13—CH3CCl3
without even ejecting the guest. Accordingly, we hereby
propose that the conversion of 1,—~CH3CClj into 13—CH3CCl;
(i.e., racemization) occurs by two routes, BR; and BR,, one
with (BR) and another without (BR;) the concomitant guest
exchange (Figure 8).

It follows that, during the departure of CH3CCl3, the measured
racemization of 1 (AG;,¢) includes energetic contributions from
two pathways (AGirac! = AG¥gr; + AGIBRz) of which only BR;
should be incorporated in the additivity assessment. It is there-
fore convenient to partition the energetic contribution of the two
“competing” BR; and BR, routes to AG¥, (AGY,0 = AG¥gR|
+ AG*gRr») to corroborate fully the role of the gates. However,
this is a difficult task, but for guest molecules holding strongly
onto the basket (more negative AG®) there should be a greater

contribution from the RG; pathway during the racemization.

In one of our prior studies [13,14], we measured kinetic and
thermodynamic parameters pertaining to the exchange of five
isosteric (same-size) guests 3—7 to and from basket 1 (Figure 9).
When AG¥, + AG® is computed for each guest and the values
plotted against AG%,,, a linear relationship appears (R2 = 0.99,
Figure 9A). Note that AG%gerics is not included in this analysis
as it is unknown; however, we anticipate that the value of the
parameter should show minimal fluctuations for the series of
isosteric guests 3—7. Importantly, the greater the affinity of a
particular guest for occupying the interior of the basket (AG®),
the greater the deviation of the calculated AG¥,, + AG® (black
line, Figure 9A) from the experimental AGiout (red line,
Figure 9A). The variation of AAG = (AG¥ ¢ + AG®) — AGF o
with intrinsic binding energies AG® of 3—7 is shown in
Figure 9B. The trend is evident, supporting the notion that for
guests having greater propensity to occupy the basket (AG®) the
BR; pathway is more greatly involved in the 1,—CH3;CClj3/
13—CH;3CClj3 racemization. As already discussed, the BR;
pathway contributes to the measured AG¥,,, yet it is not
involved in the exchange of guests.

Conclusion

Describing mechanisms by which dynamic hosts entrap/release
guests is a challenging task necessitating experimental and
computational scrutiny. Notably, one can use NMR spectro-
scopic methods for understanding the equilibrium kinetics char-
acterizing the rate law of molecular encapsulation processes.
Our study, accordingly, describes the rate law characterizing the
encapsulation of guest CH3CClj by the gated basket 1. Impor-

tantly, the entrapment reaction is first-order in each compound,

97



(A)
(CH3),C (CH3)CBrp CBr,

3] 5]

(CH3)3CB|' CHacBrs

4] 8]

18- —| 18
5
E
S17F -7 2
< g
& 16~ -6 3
< =
+ 5
§15— —| 15 %o
<
Q14 —| 14
13 = —|13

1 1 1 1 1 1 |
13.0 13.5 14.0 145 15.0 155

AG! ot (kcal/mol)

Beilstein J. Org. Chem. 2012, 8, 90-99.

(B)
(CHg),C (CH3),CBry CBr,
3] 5]
(CHg)sCBr CH3CBrg
| ]
20
g 15 g
3
< 10+
©
| .
0.5 .
0.0
L | L l | L
13.0 135 140 145 150 155

AG oy (kcal/mol)

Figure 9: (A): Kinetic and thermodynamic parameters [13,14] characterizing the departure of isosteric guests 3—7 from the basket. (B): The computed

AAG = (AGY ;¢ + AG®) - AGE, is apparently a linear function of AGT .

while the complex dissociation is zeroth-order in guest
CH3CCl3. Furthermore, examination of the additivity of free
energies corresponding to different molecular events can assist
in the understanding of the operation of gated hosts and, in par-
ticular, can help to reveal the explicit role of the gates. On the
basis of these results, we deduced that the synchronicity in the
revolving motion of the gates and in/out trafficking of guests is
a function of the affinity of the guest for occupying the gated
basket. The greater the affinity, the less effective the gates are in
“sweeping” the guest as the gates undergo their revolving
motion. This result is important for exploring the utility of
gating for controlling the outcome of chemical reactions occur-
ring in confined space but also for the understanding of the
effective conversion of energy at the molecular level and the
preparation of molecular machines [36,37].

Experimental

Procedure for 2-D EXSY experiments [25]: A solution of
basket 1 and guest 2 in CD;,Cl, (J. Young NMR tube) was
cooled to 250.0 + 0.1 K inside the NMR probe and allowed to
equilibrate for 1.0 h. A series of gradient NOESY experiments
was run with a relaxation delay of 5 X T’} and mixing times (ty,)
of 0 ms and three others ranging from 40 ms to 250 ms, such
that the cross-peaks were clearly resolved; the spin—lattice
relaxation time (7] = 3.30 s) for the free guest was determined
by performing a standard inversion-recovery pulse sequence
with a relaxation delay (tq) of at least 5 x Ty. Each of
the 128 F; increments represented the accumulation
of at least two scans. The corresponding integrals were deter-
mined by using MNova software from Mestrelab Research,
after phase and baseline corrections in both dimensions. The

magnetization exchange rate constants (k*;;, and k* ;) were, at

each mixing time 1, calculated by using the EXSYCalc
program (Mestrelab Research). The mean values of £*;, and
k* oyt are reported with the standard deviation as an experi-
mental error.

Procedure for 'H-selective inversion-transfer experiments
[27]: A solution of basket 1 and guest 2 in CD,Cl, (J. Young
NMR tube) was cooled to 250.0 + 0.1 K inside the NMR probe
and allowed to equilibrate for 1.0 h. The 'H spin—lattice relax-
ation time (7'} = 3.30 s) for the free guest was determined by a
standard inversion-recovery pulse sequence with a relaxation
delay (tq) of at least 5 x T'|. By using a selective 1-D inversion-
recovery pulse sequence [180° x (selective) — T — 90° x (nonse-
lective) — t4], 32 transients were obtained for each variable
delay time (t) with a relaxation delay (tq) of at least 5 x 7. The
absolute integrals corresponding to encapsulated and free guest
molecules were, at each mixing time, determined by using
TopSpin software from Bruker, and the resulting data was fitted
by using the two-site exchange equations described by Led et
al. [27] to obtain magnetization exchange rate constants k*j,
and £* .

Supporting Information

Supporting Information contains details of the
computational studies.

Supporting Information File 1

Details of the computational studies.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-9-S1.pdf]
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Hexahomotrioxacalix[3]arenes, commonly called oxacalix[3]arenes, were first reported in 1962. Since then, their chemistry has

been expanded to include numerous derivatives and complexes. This review describes the syntheses of the parent compounds, their

derivatives, and their complexation behaviour towards cations. Extraction data are presented, as are crystal structures of the macro-

cycles and their complexes with guest species. Applications in fields as diverse as ion selective electrode modifiers, fluorescence

sensors, fullerene separations and biomimetic chemistry are described.

Introduction

Calixarenes, macrocycles which are widely used in supra-
molecular chemistry, are 2,6-metacyclophanes with a methylene
bridge between their phenolic groups, as shown in Figure 1
[1-3]. In 1994, the term “homocalixarene” was coined by
Brodesser and Viogtle to describe analogues of calixarenes with
two or more methylene groups between the aromatic moieties
[4]. When one or more CH, bridges are replaced by CH,OCH,
groups the macrocycles are known as homooxacalixarenes, or
simply oxacalixarenes. The presence of the heteroatom is
reflected in the name of the compound, for example, p-tert-
butylcalix[4]arene (1) with a CH,OCH, group instead of a CH,
bridge is p-tert-butyldihomooxacalix[4]arene (2) [5]. “Dihomo”

implies two additional atoms in the bridge and “oxa” that one of
them is oxygen. The remainder of the calixarene nomenclature
denotes any substituents attached to the phenolic oxygens,
known as the “lower rim”, and substituents found in the para-
position of the phenols, also known as the “upper rim”
(Figure 2). For the purposes of this review the term
“oxacalix[n]arene” will be used as a generalization for this class
of compounds.

Although some aspects of homooxacalixarene chemistry have

been reviewed [4,6-8], notably by Shokova and Kovalev in
2004 [9,10], it is timely for the 50t anniversary of Hultzsch’s
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Figure 1: Calixarenes and expanded calixarenes: p-tert-Butylcalix[4]arene (1), p-tert-butyldihomooxacalix[4]arene (2), p-tert-butylhexahomotrioxa-

calix[3]arene (3a).

R! upper-rim substituent
in the para position

* O\«
)\n number of
ORZ = repeat units

\ lower-rim substituent
attached at the

phenolic oxygen

Figure 2: Conventional nomenclature for oxacalix[n]arenes.

discovery of p-tert-butylhexahomotrioxacalix[3]arene (3a) [11]
to reflect on the history of these compounds and assess recent
advances in the field. Many other expanded calix[n]arenes are
now known, including the methyl ethers of dihomooxa-,
tetrahomodioxa-, hexahomotrioxa- and octahomotetra-
oxacalix[4]arenes, which have been described in detail by
Masci [12]. Despite these advances, the oxacalix[3]arenes have
remained the main focus of attention for researchers and are the
subject of this review.

Review

1 Synthesis of parent oxacalix[3]arenes

1.1 Thermal dehydration

The first oxacalix[n]arenes to be reported were the hexa-
homotrioxacalix[3]arenes, and these remain the most-studied
members of the class. p-fert-Butylhexahomotrioxacalix[3]arene
(3a), initially reported by Hultzsch in 1962, was isolated in less
than 1% yield by heating 2,6-bis(hydroxymethyl)-4-tert-butyl-
phenol [11]. Elemental analysis gave an empirical formula
of CoH 0, and molecular weight determinations gave
values corresponding to a trimer. Despite interest in novel
phenol-formaldehyde polymers and macrocycles and character-
ization of 3a in 1979 [13], it took a further 20 years for a repro-
ducible synthesis to be published. In 1983, Gutsche reported
that the thermally induced dehydration of 2,6-bis(hydroxy-
methyl)phenols in xylene under reflux gave rise to the forma-
tion of homooxacalixarenes, some of them in reasonable yields,

as shown in Scheme 1 [14].

Although not discussed by Gutsche, both cyclotrimers and tetra-
mers are usually formed by this method and, in 1991, Vicens
and Zerr performed a thermal dehydration of 2,6-bis(hydroxy-

R
3a:R=t-Bu 3g:R=Ph
3b: R=Me 3h:R=H
R R 3c:R=Et 3i: R=Bz
3d:R=iPr 3 R=1
I 0 OH O 3e:R=ClI 3k: R = CO,Et
i ii 3f: R=Br
OH HO
OH OH OH OH
(0]

Scheme 1: Synthesis of oxacalix[3]arenes: (i) Formaldehyde (37% aq), NaOH (aq), 1,4-dioxane; glacial acetic acid, acetone; (ii) refluxing o-xylene

[14] or NapSOy4, MsOH, in refluxing DME [15].
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methyl)-4-tert-butylphenol in xylene under reflux
allowing them to isolate p-fert-butyloctahomotetraoxacalix[4]-

arene (4a), illustrated in Figure 3, along with 3a [16].

Figure 3: p-tert-Butyloctahomotetraoxacalix[4]arene (4a) [16].

To finally prove that the main product from thermal dehydra-
tion was indeed a trimer, Vicens reported the X-ray crystal
structure of 3a in 1992 (Figure 4) demonstrating it to be exclu-
sively in the bowl-shaped cone conformation [17].

Figure 4: X-ray crystal structure of 3a showing phenolic hydrogen
bonding (IUCr ID AS0508) [17].

In 1994, Hampton et al. used an alternative acid-catalyzed
procedure to prepare 3a and developed a method that improved
its purity through the formation of the Na™ salt and its
subsequent neutralization with acid [15]. The process separated
3a from the cyclic tetramer; the former precipitates as the
sodium salt in dry methanol due to complementarity between
the arrangement of phenolic groups and the preferred coordina-
tion environment of Na*. Removal of the tert-butyl groups

through a conventional AICl3 driven retro-Friedel-Crafts

Beilstein J. Org. Chem. 2012, 8, 201-226.

de-tert-butylation reaction, as seen in other calixarenes, is
unsuccessful in the case of oxacalixarenes, therefore different
para-substituents must be introduced through the starting
phenol in order to obtain derivatives with different groups at the
upper rim. A number of other para-substituted bis(hydroxy-
methyl)phenols were therefore also cyclized in the presence of
methanesulfonic acid (MsOH) or para-toluenesulfonic acid
(TsOH) and NaySOy4. The corresponding oxacalixarenes were
isolated in varying yields: #-Bu (3a) 32%; Me (3b) 21%; Et (3¢)
21%; iPr (3d) 30%; Cl1 (3e)12% [15].

Although conditions were not necessarily optimal, the prin-
ciples of oxacalix[3]arene syntheses had been established.
Monomers react to give the cyclic trimer, predominantly, when
heated under reflux in high-boiling-point organic solvents along
with an organic acid. Water formed in the dehydration process
must be removed through reaction with anhydrous drying
agents or be collected in a Dean—Stark trap. In Gutsche’s report,
and presumably in the work of Hultzsch too, the bis(hydroxy-
methyl)phenol monomer was isolated as the sodium salt and
neutralized with acetic acid. Upon removal of solvent, traces of
the acid presumably remained and were taken through to the
cyclization step. Cragg noted that acid had to be present for the
cyclization to occur, as carefully purified monomers formed
calix[4]arenes or dihomooxacalix[4]arenes rather than
oxacalix[3]arenes when subjected to standard synthetic methods
[18]. To test this theory, the synthesis of 3a was attempted in
o-xylene under reflux by using either the freshly prepared crude
monomer or the recrystallized monomer. The formation of 3a
was observed in the reaction of the unpurified monomer, but not
under acid-free conditions. Moreover, in separate experiments
MsOH, TsOH or glacial acetic acid (AcOH) were added to
reactions involving the recrystallized monomer. MsOH or
TsOH, having complementary threefold symmetry with the
lower rim of oxacalix[3]arenes, were expected to increase the
yields, but AcOH appeared to be just as effective. Notably, the
addition of TsOH gave the oxacalix[3]arene as the sole product.

1.2 Other synthetic methods

Since the initial reports of oxacalix[3]arene syntheses, several
procedures have been developed to improve both the reaction
conditions and the range of derivatives that can be prepared.
The initial strategy to make oxacalix[3]arenes was a single step
condensation, which can only lead to C3-symmetric com-
pounds bearing the same para-substituted phenol; however, in
host—guest chemistry an asymmetric macrocycle can provide a
site for enantioselective molecular recognition. In the case of
p-tert-butylcalix[n]arenes the fert-butyl substituent can be
removed, as mentioned previously, through a retro-
Friedel-Crafts acylation, and replaced by other groups, but the
dibenzyl ether bridge in the oxacalixarenes is too fragile for this
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to be successful. In 1998, Fuji proposed a stepwise synthesis of
asymmetric oxacalix[3]arenes based on linear precursors
protected with a combination of isopropylidene and methoxy-
methyl groups [19]. As shown in Scheme 2, the phenolic pos-
ition of a monomeric precursor is protected with methyl chloro-
methyl ether (MOMCI). A different monomer is then protected
with 2,2-dimethoxypropane, in the presence of TsOH. This
links one methylol group to the phenol, leaving the second open
to bromination with CBr4 and PPhs. The linear trimer is formed
between one methoxymethyl protected monomer and two
benzyl bromide derivatives in DMF with NaH as the base.
Intramolecular cyclization was achieved in 4 h at room
temperature with 60% HClO4 in CHCI3 under high-dilution
conditions. Pretreatment of the solvent with water was found to
be necessary to remove the ethanol stabilizer and to aid depro-
tection. Yields were up to 50%, and, interestingly, there was no
template effect from any alkali metals. An analogous strategy
was developed by Georghiou in 2001 to prepare asymmetric
oxacalix[3]naphthalene derivatives [20], and this is discussed in

greater detail below.

In a later communication, Fuji reported the crystal structure of
an unusual byproduct of the reaction, a heptahomotetraoxa-
calix[3]arene 5 with #-Bu, Et and H upper-rim substituents
(Figure 5) [21].

In 2001, Komatsu proposed a different way to access com-
pounds in which two, or all three, units are identical [22]. The
method was based on the reductive coupling of silylated deriva-
tives of 2,6-hydroxymethylphenols, in which R is #-Bu, Me,
benzyl (Bz), phenyl (Ph), or a halide, as shown in Scheme 3.
The reaction takes place under conditions of high dilution at

—78 °C to favour intramolecular cyclization over polymeriza-

OH OH OH

L bbby

e‘ e‘

Beilstein J. Org. Chem. 2012, 8, 201-226.

Figure 5: X-ray crystal structure of heptahomotetraoxacalix[3]arene 5
(CCDC ID 166088) [21].

tion. Coupling reactions are successful, whether the groups in
the para-position are the same or different, and this method also
gives access to oxacalix[4]arenes in modest yields up to 42%

for the p-tert-butyl derivative.

1.3 Oxacalix[3]naphthalenes

The oxacalix[3]naphthalenes, e.g., 6a and 6b reported by
Georghiou, have extended aromatic groups with H or #-Bu
groups in the 6-position and can be considered as close relat-

ives of the oxacalix[3]arenes [20]. The synthesis, shown in

e

Scheme 2: Stepwise synthesis of asymmetric oxacalix[3]arenes: (i) MOMCI, Adogen®464; (ii) 2,2-dimethoxypropane, p-TsOH; (iii) CBr4, PPhs,

CH,Cly; (iv) NaH, DMF; (v) HCIO4 (aq), wet CHCI3 [19].
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Scheme 3: Oxacalix[3]arene synthesis by reductive coupling: (i)
MesSiOTf, EtsSiH, CHoCly; R, R2 = 1, Br, benzyl, n-octyl (x = 1 or 2)
[22].

Scheme 4, is analogous to Fuji’s method for oxacalix[3]arenes
[19]. As noted below, this extended aromatic surface is oriented
perfectly for Cgq inclusion [23].

2 Conformational properties

Oxacalix[3]arenes have received significant attention as
receptors, mainly due to their structural features: A cavity
formed by a 18-membered ring, only two basic conformations
(cone and partial-cone), and a C3-symmetry [24]. This last
feature can provide a suitable binding site for species that
require trigonal-planar, tetrahedral or octahedral coordination
environments. The flexibility of the macrocycles can allow
them to establish ideal bond distances and angles to bind
such species. In common with other calix[n]arenes,
oxacalix[3]arenes containing free OH groups are conformation-
ally mobile, leading to cone and partial-cone conformers

R R R

O O
e I o )
O O\| )

o)

(0]

s‘x

~
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(Figure 6). Without lower-rim substituents there is free rotation
of each phenolic unit through the macrocyclic annulus; how-
ever, the presence of a hydrogen-bond motif in the cone

conformer makes it the more stable form.

cone

Figure 6: Conformers of 3a.

In 1985, Gutsche investigated the conformational flexibility of
parent calix[n]arenes (n = 4-8) and oxacalixarenes by tempera-
ture-dependent 'H NMR [5]. The through-the-annulus rotation
barrier for oxacalix[3]arenes was calculated to be much lower
than that for other calixarenes, either in non-coordinating or in
polar solvents, such as CDClj3 or pyridine, respectively. The
'H NMR spectrum of 3a in CDCl3/CS; only showed a singlet
for the CHj resonance, even at —90 °C, and the AG” barrier for
conformational inversion in CDCl; was <38 kJ mol™!, in
contrast with 66 kJ mol™! for the calix[4]arene analogue. To
freeze the oxacalix[3]arene conformer, through-the-annulus
rotation must be prevented. This can be achieved by the intro-
duction of sufficiently large groups on the lower rim of the
macrocycle. Upper-rim inversion is less likely to occur when, as
in the case of 3a, it is hindered by the ferz-butyl group.

3 Oxacalix[3]arene derivatives

3.1 Lower-rim derivatives

Oxacalix[3]arene derivatization at the lower rim has been
achieved through alkylation reactions with simple alkyl halides
or with functionalized alkylating agents. Lower-rim derivatiza-

R

O OH O

i OH HO
o l
6 R

Scheme 4: Oxacalix[3]naphthalene: (i) HCIO4 (aq), wet CHCI3 (R = tert-butyl, 6a, H, 6b) [20].
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Scheme 5: Origin of the 25:75 cone:partial-cone statistical distribution of O-substituted oxacalix[3]arenes (p = probability) [25,26].

tion is relatively straightforward, but conformational control is
harder to achieve. The main drawback of lower-rim substitu-
tion is that statistically only 25% of the product is formed in the

cone conformation, as shown in Scheme 5 [25,26].

3.1.1 Alkyl ethers: Classical O-alkylation of oxacalix[3]arenes
was first achieved by Shinkai et al. in 1993 [24]. Treatment of
3a with the corresponding alkyl halides in DMF in the presence
of NaH afforded Me (7), Et (8), n-Pr (9) and n-Bu (10) deriva-
tives (Scheme 6). Under these conditions, 8 was obtained in the
partial-cone conformation only. When the reaction was
performed in the presence of -BuOK a 1:4 mixture of cone and
partial-cone was obtained and even with Cs;CO3 the cone
conformer could be detected. It seems that K* and Cs* favour-
ably interact with the three phenolic oxygen atoms placed on
the same side, whereas Na* preferentially interacts with them

across the ring.

33mz
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Scheme 6: Synthesis of alkyl ethers 7-10: (i) Alkyl halide, NaH, DMF
[24].

Introduction of heteroatoms, such as nitrogen, into the
oxacalix[3]arene lower rims can also be achieved by O-alkyl-
ation. Pyridine is known to be a good ligand towards metals and
is widely employed in transition-metal coordination chemistry;
therefore, in an attempt to incorporate these binding sites into
oxacalix[3]arenes, Yamato [27] and Cragg [26] independently
reacted 3a with 2-(chloromethyl)pyridine, as shown in
Scheme 7. The presence of Cs,CO3 leads to the formation of
the partial-cone conformer, whereas K,CO3 and NaH increase
the yield of the cone conformer of 11a to about 25%. 'H NMR
analysis of the cone conformer indicates that the nitrogen atoms

point away from the macrocyclic cavity [27].

Scheme 7: Synthesis of a pyridyl derivative 11a: (i) Picolyl chloride
hydrochloride, NaH, DMF [26,27].

When 4-(chloromethyl)pyridine was used instead, NaH was
ineffectual as a deprotonating agent. Na,CO3 yielded the disub-
stituted product only, K,CO3 gave both cone (8%) and partial-
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cone (68%) conformers, and the only isolated product with
Cs,COj3 was the partial-cone conformer (75%) [28].

The X-ray structure of the partial-cone conformer (Figure 7),
reported by Cragg, shows one pyridyl group to be included
within the macrocyclic cavity and the remaining two with their
nitrogen atoms pointing away from it [26].

Figure 7: X-ray crystal structure of partial-cone 11a (CCDC ID
150580) [26].

3.1.2 Functionalized alkyl ethers: Functionalized alkyl halides
of the type XCH,Y, where X is a leaving group and Y is a func-
tional group, have also been used to introduce a variety of
groups into the lower rim of oxacalix[3]arenes. Thus, deriva-
tives containing carbonyl groups (ester, acid, amide and ketone)
and heteroatoms, such as nitrogen and phosphorous, have been
obtained.

O)\* iii

OH o

3a 14a

SN
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In 1993, Shinkai et al. [29] reported the synthesis of the first
ethyl ester derivative 12a. In the belief that the alkali-metal
template effect would lead preferentially to the cone conformer
with NaH, the reaction of excess ethyl bromoacetate with 3a
was carried out in acetone under reflux (Scheme 8). The
partial-cone conformer of 12a was formed exclusively when
weaker bases, KoCO3 or Cs,CO3, were used. NaH or --BuOK
in THF gave a mixture of products, but the yield of the cone
conformer never exceeded 22%. An experiment with the oxa-
calix[3]naphthalene analogue was performed in 2003 by
Georghiou [30], which also gave the cone conformer in 25%
yield.

5

o

3a /\OLO 12a

Scheme 8: Lower-rim ethyl ester synthesis: (i) Ethyl bromoacetate,
NaH, t-BuOK or alkali metal carbonate, THF or acetone [29].

Cone-12a was used by Shinkai as the starting point from which
to construct the chiral capped oxacalix[3]arene 13 as shown in
Scheme 9 [31]. The parent compound was cleaved to form the
tris(acid) 14a, which then reacted with S-phenylalanine methyl
ester. Deprotection of the methyl ester followed by reduction
with LiBH, gave the chiral amide 15, which reacted with 1,3,5-
benzenetricarbonyl chloride to form the capped species 13.
Compound 13 was shown to bind primary ammonium cations
better than an uncapped ester analogue.

3

Ol
HN™ ~O
\\“'Sro\

O
15

Scheme 9: Forming chiral receptor 13: (i) Ethyl bromoacetate, NaH, THF; (ii) NaOH, H,0/1,4-dioxane; (iii) S-PheOMe-HCI, DCC, HOBt, NEt3,
CH3Cly; (iv) LiBH4, THF; (v) 1,3,5-benzenetricarbonyl chloride, pyridine, THF [31].
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In 1995, Vicens reported the crystal structure of a partial-cone
triethyl ester derivative of 4-phenyloxacalix[3]arene illustrated
as 16 in Figure 8 [32]. Few synthetic details were given; how-
ever, it was reported that cyclization of bis(2,5-methylol)-4-
phenylphenol to give 3g was followed by reaction with ethyl-
bromoacetate, but no mention of the yield or isolation of a cone
conformer was made.

Figure 8: X-ray crystal structure of 16 (IUCr ID PA1110) [32].

The first amide derivative was reported by Shinkai in 1995 [25]
through the reaction of 3a with N,N-diethylchloroacetamide
(Scheme 10). Heating under reflux in THF, with NaH as base,
gave cone amide 17a as the only isolated product in 23% yield.
Using the same conditions, Cragg reported an improved yield of
44% through a slight modification of the previous procedure
(recrystallization from MeCN instead of MeOH) [26], and
Yamato later reported a 90% yield [33]. This is in stark contrast
to the maximum yield of 25% for the esterification reaction
discussed above and points to a subtle, yet essential, difference
between the interaction modes of the oxacalixarene, cation and
alkylating agent. Despite much speculation, the reason for this
is not yet understood. As with the esterification reaction, use of
K;,COj3 or Cs,CO3 in place of NaH, and with acetone as the
solvent, reverses the conformer preference with partial-cone-
17a isolated in 45% yield with only a trace of the cone
conformer. This suggests a template effect for both K™ and Cs*
that occurs whether an amide or ester is formed, and a function

for Na™ beyond that of a mere template.

Beilstein J. Org. Chem. 2012, 8, 201-226.
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Scheme 10: Lower rim N,N-diethylamide 17a: (i) N,N-Diethylchloro-
acetamide, NaH, t-BuOK or alkali metal carbonate, THF or DMF or
acetone [25,26,33].

One consequence of this work is that the preferred route to C3
symmetric cone derivatives is through tris(amide) derivative
17a, which can readily be cleaved by hydrolysis employing
sodium hydroxide in 1,4-dioxane/water to give cone-14a. In
2001 Yamato used cone-14a to form a C3 symmetric hydro-
phobic receptor 18 in 13% yield through reaction with 1,3,5-
tris(bromomethyl)benzene in the presence of Na,COj3
(Scheme 11) [33]. As the reaction failed to work when K,CO3
was used, the authors suggested that Na*™ may play a templating
role in addition to that of a deprotonating agent.

The X-ray crystal structure of the product (Figure 9) shows that
the carbonyl oxygen atoms point away from the cavity to create
a large hydrophobic cavity. Extraction studies indicated a slight,
and statistically insignificant, preference for K* over Cs* and
Ag", with a much lower affinity for Na™. The highest affinity
was reserved for n-BuNH3*.

Figure 9: X-ray crystal structure of 18 (CCDC ID 142599) [33].
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Scheme 11: Capping the lower rim: (i) N,N-Diethylchloroacetamide, NaH, THF; (ii) NaOH, H,0O/1,4-dioxane; (iii) 1,3,5-tris(oromomethyl)benzene,

Na,COj3, DMF [33].

14a

Scheme 12: Extending the lower rim: (i) Glycine methyl ester, HOBt, dicyclohexycarbodiimide (DCC), CHxCly; (ii) NaOH, H,0O/1,4-dioxane; (iii) p-tolu-

idine, HOBt, DCC, CH,Cl, [37].

An analogue of 18, which showed little affinity for metal
cations, was prepared with three 4-methylbenzyl substituents on
the lower rim (19).

In 2001, Yamato reported an oxacalix[3]arene with pendant
pyridines linked by amide bonds [34]. The intramolecular
hydrogen bonds between neighbouring amide groups enforced a
flattened-cone conformer for the macrocycle, which prevented
binding to both metal cations and, to a large extent, alkyl
ammonium cations. Extending the link between the macrocycle
and aromatic termini did not disrupt the strong amide interac-
tions, although binding was detected for Ag™, as the triflate, and
for n-BuNH;3", as the chloride salt [35]. Further work on this
class of derivatives showed some anion selectivity in the pres-
ence of n-BuNH3* through intermolecular hydrogen bonding
with amide hydrogens [36].

In 2006, the same group used a similar route in order to
synthesize the extended, uncapped derivative 20 incorporating
three (phenylcarbamoyl)methylcarbamate substituents

(Scheme 12), to mimic the binding sites in a protein, complete

with hydrophobic region [37]. These amides were designed to
act as heteroditopic receptors, capable of binding anions and
cations separately and simultaneously in a cooperative way, and

were shown to bind #n-BuNH;3" halide salts in this manner.

N-Hydroxypyrazinones are known to function as bidentate
ligands for metals such as iron or gallium that require an octa-
hedral geometry. Katoh coupled N-hydroxypyrazinone substitu-
ents to cone-14a in order to prepare 23 (Scheme 13). Binding
Ga3" with remote lower-rim groups induced the cooperative
binding of alkyl ammonium cations by the macrocycle [38].

Recently, Marcos reported the synthesis of an oxacalix[3]arene
ketone derivative (Scheme 14) [39]. Treatment of 3a with
1-adamantyl bromomethyl ketone and NaH in THF under reflux
afforded adamantyl ketone 24 in the cone conformation only.

3.1.3 Phosphorus derivatives: Complete phosphorylation of 3a
was reported by Matt in 1999 and was achieved through reac-
tion with NaH and Ph,P(O)CH;,OTs in toluene at 90 °C for
three days (Scheme 15) [40]. The reaction resulted in the forma-
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Scheme 13: Synthesis of N-hydroxypyrazinone derivative 23: (i) 1-[3-
(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride, HOBY,
Et3N; (i) Hp, 10% Pd-C, MeOH [38].

Scheme 14: Synthesis of 24: (i) 1-Adamantyl bromomethyl ketone,
NaH, THF [39].

tion of a 4:1 mixture of the cone and partial-cone diphenylphos-
phine oxide derivatives 25: The preference for the cone forma-
tion is highly atypical but may be due to the templating effect of

Na™. Separation by column chromatography afforded the cone

Beilstein J. Org. Chem. 2012, 8, 201-226.

conformer in 72% yield although the partial-cone was never
obtained in a pure form. Reduction by phenylsilane (PhSiH3)
gave the corresponding cone and partial-cone phosphines 26
quantitatively.

3.1.4 Silyl derivatives: In 1996, Hampton investigated the
selectivity of silylation on oxacalix[3]arenes to determine the
influence of the group in the para-position, the nature of the
silylating agent and the reaction conditions [41]. Unsurpris-
ingly, the formation of the partial-cone was favoured for all
oxacalix[3]arenes, with small upper-rim substituents having the
highest partial-cone:cone ratio (e.g., 100:1 for the Cl deriva-
tive) when bis(trimethylsilyl)trifluoroacetamide was used as the
silylating reagent. When 1-(trimethylsilyl)imidazole was used,
the ratios were 30 to 45:1 and were independent of the group in
the para-position. A silylated p-tert-butyloxacalix[3]arene 27
was characterized by X-ray crystallography to confirm that it
was in the partial-cone conformation as shown in Figure 10.
These derivatives could serve as reaction intermediates, due to
the ease with which the silicon—oxygen bond can be cleaved in
the presence of fluoride, although this chemistry has yet to be
explored.

3.1.5 Intramolecularly bridged derivatives: Linking two or
more phenolic calixarene oxygen atoms together is a common
method to improve selectivity and complex stability, and
derivatives such as calixcrowns have been known for a
considerable time [42]. Amido-di-O-bridged oxacalix[3]arenes
were reported by Chen in 2005 through reaction of 3a with
N,N’-bis(chloroacetyl)-a,m-alkylenediamines in refluxing
acetone with K,COs as the base (Scheme 16) [43,44]. Those
compounds linked by two (28) or three (29) methylene groups
had a binding affinity for linear primary alkyl ammonium ions
from n-BuNH3" to n-HexNH3*.

3.2 Upper-rim derivatives
Although the lower rim has many advantages as a binding site

for guests, not least in the relative ease with which substituents

Scheme 15: Synthesis of 25 and 26: (i) (Diphenylphosphino)methyl tosylate, NaH, toluene; (ii) phenylsilane, toluene [40].
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Figure 10: X-ray crystal structure of 27 in the partial-cone conformer
(CCDC ID SUP 90399) [41].

O,

3
3a s/_NH HN_Z 28n=1

o \_(_/)n 0O 29n=2

Scheme 16: Synthesis of strapped oxacalix[3]arene derivatives 28 and
29: (i) N,N'-Bis(chloroacetyl)-1,2-ethylenediamine or N,N'-bis(chloro-
acetyl)-1,3-propylenediamine, KoCO3, acetone [43].

can be attached, the upper rim can also function as a molecular
recognition centre. The cavity created by the lipophilic phen-
olic units, particularly when held in place through allosteric
effects of lower-rim substituents bound to metals, can accom-
modate a number of quaternary ammonium ions or buckmin-
sterfullerene, Cgo. Consequently, the ability to vary the upper
rim functional groups after cyclization is of some interest.

3.2.1 Asymmetric oxacalix[3]arenes: Using the synthetic
routes described by Gutsche or Hampton it is possible to create
oxacalixarenes with a range of upper-rim groups [14,15]; how-
ever, these methods can only yield threefold symmetric oxac-
alix[3]arenes. In order to introduce other groups and create
asymmetric derivatives it is necessary to go through a stepwise
synthetic route. Fortunately the strategy described by Fuji in
1998 [19] can be used to prepare linear trimers in which two or
three different substituents are present. Using this method it was
possible to prepare chiral oxacalix[3]arenes incorporating 7-Bu,
iPr, Et or H in the para-position of the phenolic moieties, as

seen in example 30 in Figure 11 [45].

Beilstein J. Org. Chem. 2012, 8, 201-226.
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30

Figure 11: A chiral oxacalix[3]arene [45].

The enantiomers can be separated by a chiral HPLC column and
give opposite circular dichroic spectra, and can be crystallized
out for structural characterization. X-ray crystallography was
again able to determine the structure of compound 30
(Figure 12).

Figure 12: X-ray crystal structure of asymmetric oxacalix[3]arene 30
incorporating t-Bu, iPr and Et groups (CCDC ID 108839) [19].

The work was extended in 2001 [21], and expanded in 2002
[46] to include a single Br substituent (31), which led to an
important advance in oxacalix[3]arene chemistry as debromina-
tion of 31 allowed the introduction of new groups in the vacant
para-position via the mono-unsubstituted derivative 32 as
shown in Scheme 17. The route introduced nitro (33), azide
(34), imidazole (35), phthalimide (36), cyano (37) and meth-
oxyether (38) groups, linked to one of the oxacalix[3]arene
rings by a methylene spacer.

As noted earlier, in Scheme 3, Komatsu’s diformylphenol ap-

proach also generates symmetric and asymmetric oxacalix[n]-

arenes, where n = 3 or 4 [22].
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Scheme 17: Reactions of an oxacalix[3]arene incorporating an upper-rim Br atom with (i) Pd(OAc),, PPh3z, HCO,H, Et3N; (ii) NH4NO3, acetic anhy-
dride; (iii) Eto,NH, HoCO (aq), AcOH, Mel; (iv) NaNg; (v) imidazole; (vi) potassium phthalimide; (vii) NaCN; (viii) NaOMe [46].

3.2.2 Upper-rim esters and their reactions: Formation of the
oxacalix[3]arene 3k with an upper-rim ester [47-49] makes
further derivatives accessible by cleavage of the ester to leave
the carboxylic acid 39 as shown in Scheme 18.

OH OH

3k 39

Scheme 18: Synthesis of acid 39: (i) NaOH, EtOH/H,0, HCI (aq) [47].

Shinkai used this methodology to prepare dimeric
oxacalix[3]arene capsules linked by 1,4-xylylenediamine
spacers. Derivatives of 39, protected at the lower rim by methyl
or N,N-diethylamide groups, were coupled to mono-z-Boc-
protected 1,4-xylylenediamine. Subsequent deprotection and
reaction with a second equivalent of the oxacalixarene acid gave
the dimeric compound (capsule-40) shown in Figure 13. A
nonencapsulating analogue was prepared through reaction of
the acid derivative with benzylamine. The overall yield from the
oxacalix[3]arene is less than 5%, but, given that the dimeriza-

tion proceeds in only 14%, this is nevertheless quite impressive.
However, in addition to the formation of the molecular capsule,
a self-threaded dimer (rotaxane-40) was also isolated, which
had resulted from an upper-rim substituent threading through
the central cavity during dimerization. The existence of the
rotaxane structure was deduced from the complexity of the
patterns observed in the 'H NMR spectrum compared to that of
the capsule. A similar strategy was adopted to incorporate por-
phyrin linkers between two oxacalix[3]arenes, but, due to the
size of the porphyrins and their rigidity, only the capsular form
was found [50]. Treatment with zinc(II) acetate introduced three
equivalents of the metal, one for each porphyrin unit.

3.2.3 Capping the upper rim: Capping the upper rim is also
possible, as shown by Araki in 2000, through a complex syn-
thetic pathway starting from bromooxacalix[3]arene [51]. As
shown in Scheme 19, oxacalix[3]arene 3f was treated with
methyl iodide in the presence of NaH in THF at reflux to afford
its methyl ether 41 in 41% yield. With the lower rim protected,
the upper rim was converted to the aldehyde 42 and then
reduced to the methylol 43. Reaction with 1,3,5-tris(bromo-
methyl)benzene in a boiling suspension of NaH in THF/DMF
afforded the upper-rim capped compound 44 in 26% yield. The
sulfur-bridged analogue 45 was prepared in 36% yield by bro-
mination of the methylol-terminated oxacalix[3]arene,
employing PBr3, and coupling with 1,3,5-tris(methanethiol)-
benzene in the presence of Cs,CO3 in THF.
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Figure 13: Two forms of dimeric oxacalix[3]arene 40 [47].
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Scheme 19: Capping the upper rim: (i) t-BuLi, THF, =78 °C; (ii)) NaBH4, THF/EtOH; (iii) 1,3,5-tris(boromomethyl)benzene, Na,CO3, DMF [51].

3.2.4 Upper-rim coordination chemistry: The functionaliza-
tion of the upper rims of oxacalix[3]arenes has also been
achieved through classical inorganic coordination chemistry.
Shinkai reported that the reactions of 4- and 3-pyridyloxa-
calix[3]arenes, protected on the lower rims by esters or methyl
ethers, with [1,3-(diphenylphosphine)propane]palladium(II)
salts gave dimeric capsules linked by three Pd(II) ions at the
4-pyridyl groups (46, Figure 14) or 3-pyridyl groups (47)
[52,53]. The twist inherent in pyridylphenols, and by
extension oxacalix[3]arenes incorporating these motifs, was
expected to result in two chiral (M and P) forms of the capsules.
The addition of Na* appeared to enhance the twisting of
capsule 46, presumably through an allosteric effect that
occurred when the cations bound to the lower-rim esters,
as indicated by increasingly complex '"H NMR patterns.
When 46 bound to S-2-methylbutylammonium triflate, the pres-
ence of a chiral complex was confirmed by circular dichroism
[53].

4 Oxacalix[3]arene complexes

4.1 Complexation by parent oxacalix[3]arenes

4.1.1 Receptors for ammonium cations: The symmetric cavity
of the oxacalix[3]arenes, with three CH,OCH, bridges and
electron-rich aromatic groups, makes them attractive macro-
cycles to bind ammonium cations. The affinity of 3a for acetyl-
choline and several other quaternary ammonium ions was
investigated by Masci in 1995 [54] who found that K, values
in CDCIl3 were modest, ranging from 38 M~! for N,N,N-
trimethylanilinium to 90 M™! for N,N-dimethylpyrrolidinium,
but significantly greater than those of the dihomocalix[4]arene

and tetrahomooxacalix[4]arene analogues.

4.1.2 Alkali-metal complexes: The parent oxacalix[3]arenes
(calixarenes with free OH groups) show little ability to bind
alkali metals, and extraction studies from water to CH,Cl,
showed that this ability was enhanced only in the presence of

strong bases [15]. Hampton’s purification of 3a involved the
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Figure 14: Oxacalix[3]arene capsules 46 and 47 formed through coordination chemistry [52,53].

formation and precipitation of the Na* salt, which would seem
to indicate a significant affinity for metal cations. Surprisingly,
only para-chlorooxacalix[3]arene, 3e, was found to bind alkali
metals and then only when triethylamine was used to promote
salt formation. The binding constants were determined by
'H NMR as 0.39 M~! for Na™, 0.32 M~! for K" and 0.11 M™!
for Li* in the presence of 10 equiv of the triflate salts. However,
those oxacalixarenes form stronger complexes with transition,
lanthanide and uranyl cations.

Cragg employed the quartz-crystal-microbalance technique to
investigate binding by Na*, K™ and CaZ" to 3a and 3k [48].
Again, Na* was bound preferentially, with computer models
suggesting that this was due to the depth to which the cation
was drawn into the macrocyclic cavity when in the cone
conformer.

4.1.3 Transition-metal complexes: The first example of tran-
sition-metal binding to an oxacalix[3]arene was Hampton’s
variable temperature 'H NMR investigation of the interactions
between titanium(IV) species and 3a [55]. In the absence of
crystallographic evidence the NMR splitting patterns were
compared to simulated spectra. At ambient temperature the
NMR-derived symmetry was C3,, matching that of the macro-
cycle, but upon cooling an asymmetric Cy symmetry emerged. It
was proposed that rapid interconversion between isomers
occurred by a “turnstile” or Berry-pseudorotation mechanism. A
subsequent paper from the group reported the crystal structure
of the titanium(IV) isopropoxide (Ti(iPrO)4) complex [56]. The

structure was dimeric; each macrocycle was present as the

trianion bound to the titanium by all three oxygens and pulled
slightly into the cavity by iPrO™. The paper also reported the
result of a reaction between the lithium salt of 3b and vanadyl
chloride (VOCI3). Based on powder diffraction and >!'V NMR
data it was proposed that the VO group bound within the
macrocyclic cavity, by analogy to the Ti(IV) complex, and that
these units formed linear aggregates held together by
V=0---V=0 interactions. Ten years later, Redshaw was able to
prove Hampton’s assertion regarding the structure by X-ray
analysis of the VO complex shown in Figure 15 [57].

Figure 15: X-ray crystal structure of the 3b-vanadyl complex (CCDC
ID 240185) [57].

Katz used calixarenes to disperse reactive titanium on silica in
order to prepare a catalytically active surface [58]. While p-tert-
butylcalix[4]arene appeared to work successfully, oxacalix[3]-
arene 3a first bound titanium and was then cleaved to give an
acyclic surface-bound product with free methyl and aldehyde
termini (Scheme 20).

214



Beilstein J. Org. Chem. 2012, 8, 201-226.

2

0\ (_Il?i B,O
)

=

o\(T?./
I|
(0]

(0}

Scheme 20: Effect of Ti(IV)/SiO; on 3a: (i) Ti(OiPr)4, toluene; (i) triphenylsilanol, toluene; (iii) partially dehydroxylated silica gel, toluene [58].

Klufers prepared complexes of 3b, 3d and 3k through reaction
of the macrocycles with (Et3N),[Re(CO)3Br3] in acetonitrile
[49]. The X-ray crystal structures of the complexes with 3b and
3d showed binding by Re(CO);3 to two deprotonated phenolic
oxygen atoms as shown in Figure 16. Reaction with ester
derivative 3k at 85 °C resulted in decomposition of the macro-
cycle.

4.1.4 Lanthanide complexation: The first study of the binding
affinities of lanthanides for oxacalix[3]arenes was in 1995 when
Hampton reported the crystal structure and dynamic behaviour
of a scandium(IIl) complex of 3a [59]. Later, the X-ray struc-
tures of lanthanum, lutetium and yttrium complexes with the
same macrocycle showed 2:2 complexes between the cations
and macrocycles [60]. In these structures the lanthanides are
either six-coordinate, with distorted octahedral metal centres, or
eight-coordinate, as in the structure illustrated in Figure 17.

The same group calculated the apparent binding constants of
metal triflates with 3a and 3e [61]. Results showed that the
binding constants for 3e were slightly higher than 3a and that

Figure 17: X-ray crystal structure of the Lay'3a; complex (CSD ID
TIXXUT) [60].

the strength of binding increased in the sequence Ca®", Na*,
Lit < Mg?t < La3* << Y3* < Lu3* << S¢3*. To reinforce this,

the transporting ability of the oxacalixarenes was investigated.

Figure 16: X-ray crystal structures of oxacalix[3]arene complexes with rhenium: 3b-Re(CO)3 (CCDC ID 620981, left) and 3d-Re(CO)3; (CCDC ID

620982, right) [49].
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Aqueous/organic/aqueous liquid-membrane transport experi-
ments were undertaken with both oxacalix[3]arenes in order to
determine their cation selectivities. No transport of Li* or Mg?*
was observed, but 3e transported 44% of the Sc3* over 24 h
when a mixture of three cations (Sc3", Mg?" and Li") was used
as the source phase.

4.1.5 Chelating behaviour with uranium: Complexation of
the uranyl cation by oxacalix[3]arenes has been ongoing since
1999 when Thuéry reported a complex of uranyl (UO,2") and
3a [62]. The X-ray crystal structure showed that the cation was
threaded through a single macrocycle in what was, at the time,
an unprecedented pseudotrigonal geometry, which included a
weak interaction between the nitrogen of Et3N and a uranyl
oxygen (Figure 18). Masci and Thuéry later reported more tetra-
hedrally and pentagonally distorted structures with 3a and 3b
[63]. The nature of the alkylammonium counterion appeared to
be influential in determining the final geometry around the
uranium centre, yet in some cases it did not interact with the
uranyl moiety (Figure 18).

Replacing the alkylammonium cations with protonated
[2.2.2]cryptand resulted in 1:1 and 2:1 complexes in which the
uranyl-oxacalix[3]arene moiety acts as a recognition site for the
[2.2.2]cryptand [64]. Figure 19 shows the crystal structure of
the 2:1 complex.

4.2 Binding properties of oxacalix[3]arene deriva-
tives

One of the most important features of calixarenes in general and
oxacalix[3]arenes in particular is their vast ability to selectively
bind and carry ions and neutral species. This is achieved mainly

with lower-rim derivatives in solution.

P -
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Figure 19: X-ray crystal structure of a supramolecule comprising two
[3g-UO,]™ complexes that encapsulate a diprotonated cryptand (CCDC
ID 181044) [64].

4.2.1 Receptors for ammonium cations: Although the simple
parent oxacalix[3]arene 3a is able to bind quaternary ammoni-
um ions (as described above), several derivatives have also been

studied with respect to these and other ammonium ions. Extrac-

Figure 18: X-ray crystal structures of [3a-UO5]~ with a cavity-bound cation (CCDC ID 135575, left) and without a coordinated cation (CCDC ID

181042, right) [62,63].
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tion studies from alkaline aqueous picrate solutions into CH,Cl,
indicated that the n-butyl ether derivative 10 showed a high
affinity for n-BuNH3* (82% E) as postulated by the authors,
because both host and guest possess the same C3-symmetry
[24]. Ethyl ester 12a was more efficient at extracting n-BuNH3"
picrate from water into CH,Cl, than its calix[4]arene analogue
was, in both the cone (77% vs 24% E) and partial-cone (42% vs
6% E) conformers [29]. In a wider study, Yamato determined
extraction data for 17a with n-BuNH;3™ picrate (98% E cone vs
93% E partial-cone), iBuNH;3" picrate (48% E cone vs 37% E
partial-cone) and -BuNH3" picrate (35% E cone vs 14% E
partial-cone) [34]. The hexaamide derivative 20 bound
n-BuNH;" well, and an anion dependence was determined;
Kassoc values in CDClsy were 536 + 32 M~! for CI™ and
230 £ 17 M~! for Br™ [37].

Studies of the C3 symmetrically capped triamide 13 reported
that this derivative acts as a well-preorganized host for binding
primary ammonium ions, such as phenylalanine methyl ester
[31]. Chiral recognition of optically active primary alkyl ammo-
nium ions was also obtained with an ether derivative of oxa-
calix[3]arene 3a with one methyl and two n-butyl lower-rim
substituents 49, as shown in Figure 20 [65]. The compound was
shown to exist in (+) and (—) enantiomers, and in a partial-cone
conformation, proof of which came from X-ray crystallography.
The compound bound to a-amino acid ethyl esters and
1-arylethylamines with the methoxy and one n-butoxy oxygen.
The (—)-4-tert-butyloxacalix[3]arene derivative bound L-alanine
ethyl ester and L-phenylalanine ethyl ester better than their
enantiomers, with association constants of 4500 M~! and
2000 M1, respectively. (R)-1-Phenylethylamine and (R)-1-
naphthylethylamine cations were bound more strongly by the

(+)-enantiomer.

Allosteric effects can also be employed to affect the binding of
ammonium cations. Katoh’s N-hydroxypyrazinone-containing
oxacalix[3]arene 23 extracted n-BuNH3" picrate and -BuNH;3"
picrate better in the presence of Ga3™, indicating cooperation
between the two binding sites [38]. The association constant for
n-HexNH;3" picrate was found to be 4375 M|, but when Ga>*
was present this dropped to 2833 M™!, suggesting that the
macrocyclic cavity, while preorganized for the smaller cations,
was too rigid for the extended ammonium cation.

One of the more unusual derivatives to have been prepared, 50,
incorporates an N-pyridinium dye on one of the upper-rim posi-
tions, which, in combination with the phenolic unit of the
macrocycle, forms a proton-ionizable Reichardt dye, illustrated
in Figure 21 [66]. The other p-tert-butyl substituted phenols are
blocked from ionization, as are the methyl ethers. The native

oxacalix[3]arene dye is pale green and gives no response to
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Figure 20: X-ray crystal structure of oxacalix[3]arene 49 capable of
chiral selectivity (CSD ID HIGMUF) [65].

benzylamine (BzNH)) or triethylamine (Et3N), but cyclohexyl-
amine (c-HexNHj) and n-butylamine (z-BuNH,) bind with a

concomitant colour change to blue.

Figure 21: The structure of derivative 50 incorporating a Reichardt dye
[66].

4.2.2 Alkali metals: The ionophoric properties of the conform-
ationally mobile ethyl ether of 3a (8) and both cone and partial-
cone n-butyl ether 10 derivatives toward alkali-metal cations
were estimated by extraction experiments from alkaline
aqueous picrate solutions to CH,Cl, [24], with the latter
showing some preference for K™ (59% E) over Na* (6%) and
Cs* (35%).
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Replacement of the alkyl groups by residues with additional
binding sites, such as the carbonyl group, strongly affects the
binding ability of calixarene derivatives. Thus, the binding
properties of derivatives containing esters, amides and ketones,
have been assessed. Extraction studies performed under the
same conditions as described above reported that cone ester 12a
shows high selectivity for Na* whereas the partial-cone
conformer shows K selectivity (Table 1) [29]. Similar extrac-
tion experiments performed with amide 17a [34] reported that
this derivative is a better phase-transfer agent than 12a, but
shows the same trend as 12a: cone-17a exhibits the highest
preference for Na®, while partial-cone-17a prefers K*
(Table 1).

Table 1: Percentage extraction of alkali-metal picrates into CH,Cl,.22

Li* Na* K* Cs*
cone-12a 7 79 64 49
paco-12aP 0 26 88 82
cone-17a - 93 72 -
paco-17a - 28 73 -

aData adapted from references [29] and [34]. Ppartial-cone denoted as
paco.

The association constants, K,gsc, for both derivatives (12a and
17a) were determined in THF/CHCIlj (1:1) at 25 °C by UV
absorption spectrophotometry (Table 2) [25].

Table 2: Association constants (log Kassoc) Of alkali- and alkaline-
earth-metal complexes.2°.

Na* K* Rb* Cs* Mg2?* Ca2* Ba?*
47 42 39 <2 <2 <2
59 55 52 49 >7  >7

62 6.0 55 - - -

cone-12a 4
cone-17a >7
paco-17ab 5.1

aData adapted from reference [25]. Ppartial-cone denoted as paco.

Marcos [39,67] reported binding data for alkali- and alkaline-
earth-metal cations with 17a and 24 (Table 3). Extraction
studies performed under different conditions than the previous

Beilstein J. Org. Chem. 2012, 8, 201-226.

ones (neutral aqueous picrate solutions to CH,Cl,), indicated
that both derivatives show similar extraction profiles, although
17a is a much stronger binder than 24. Both exhibit highest
selectivity for Na™ (50 and 20% E for 17a and 24, respectively)
and 17a is also a good extractant for Ba2" (55% E).

Derivatives with heteroatoms on the lower rim have also been
tested as cation chelators. The binding properties of
2-pyridylmethyloxy derivative 11a in both conformations, have
been established [27,68]. Extraction studies from neutral
aqueous picrate solutions to CH,Cl, showed that, among all the
cations studied, the partial-cone conformer is a better extractant
than the cone.

As well as simple oxacalix[3]arenes and their derivatives,
capped compounds have also been investigated. Association
constants for several metal cations were determined for
Yamato’s lower-rim-capped derivative 18 [33]. Values were
found for Na* (log Kassoc 5.3), K (log Kagsoc 6.7) and Cs*
(log Kagsoc 5-8). This contrasts with log K,gsoc 0f 7.6 for
n-BuNH3* picrate. The extractability of metals from aqueous
solution into CH,Cl, by Araki’s upper-rim-capped derivatives
was also determined [51]. The complementary cavity size and
the rigid structure of the cage molecule 44 probably led to the
high Cs™ selectivity (=45% E) compared to negligible amounts
of Na*, K* or Rb* (<5% E); however, the sulfur-linked com-
pound 45 failed to extract any cations.

4.2.3 Transition metals: The tris(diphenylphosphine) deriva-
tive 26 prepared by Matt [40] was reacted with
[Mo(CO)3(cycloheptatriene)] to give a complex that was deter-
mined to be the symmetrically bound Mo(CO)3 complex
involving all three of the phosphorus donors. The
oxacalix[3]arene also formed a complex with rhodium.
Elemental analysis supported a composition incorporating the
H-Rh—C=0 fragment. '"H NMR indicated that this was threaded
through the macrocyclic annulus, based on the presence of a
peak at —9.70 ppm, and infrared analysis showed a carbonyl
absorption band at 1977 cm™!. This suggested an orientation in
which the hydrogen was endo, and the carbonyl exo, to the
macrocyclic cavity. Gold(I) and silver(I) complexes also form
with the cations most likely adopting a trigonal planar Cj,

Table 3: Percentage extraction of alkali and alkaline earth metal picrates into CH2Cl».

Li* Na* K* Rb*
cone-17a? 25 50 32 27
cone-24° 4 20 5 6

aData adapted from references [67]. PData adapted from reference [39].

Cs* Mg2* Ca?* Sr2+ Ba2*
20 17 34 41 55
6 2 4 4 4
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Figure 22: Phosphorylated oxacalix[3]arene complexes with transition metals: (Left to right) 26-Au, 26-Mo(CO)3 and 26-RhH(CO) [40].

geometry, as shown in Figure 22, based on the symmetric
31p NMR pattern at ambient temperature. At lower tempera-
tures, however, the A3X pattern seen for the silver(I) complex
changes to an A,BX pattern, indicating that the apparent
symmetry is a time-averaged effect.

Cragg reported the reaction of 17a with mercury(Il) chloride
and the X-ray crystal structure of the product (Figure 23) [69].
The structure revealed that a [HgCl,], fragment bridged
between two macrocycles through coordination to one amide
group of each. The cations were thus exo to the macrocyclic
cavity and represented the first example in which a cation was
not bound within the annulus.

Marcos reported on the binding properties and theoretical
studies of 17a [67] and 24 [39] with transition and heavy
metals. Extraction studies from neutral aqueous picrate solu-
tions to CH,Cl, indicated that amide 17a is a good extractant
for Ni2*, Co2", and Ag™, and mainly for Pb2" with 80% E. The
data in Table 4 also shows that ketone 24 is a weak extracting
agent, with a slight preference for Ag*. This is in agreement
with the higher basicity of the carbonyl oxygen in the amide
group compared with the ketone group.

4.2.4 Lanthanides: Marcos investigated the lanthanide extrac-
tion by both 17a [70] and 24 [39] using the same conditions as
described above (Table 5). Ketone 24 is a poor phase-transfer
agent (% FE ranges from 5 to 7), while amide 17a clearly
discriminates between the light and heavy lanthanides. The

Figure 23: X-ray crystal structure of [17a-HgCl,], (CCDC ID 168653)
[69].

lower-weight cations, such as Ce3", Pr3* and Nd3" (34% E) are
preferred over the heavier, such as Er3* and Yb3" (13% E). The
stability constants for the 1:1 complexes with 17a were also

Table 4: Percentage extraction of transition- and heavy-metal picrates into CH,Cly.

Mn2* Fe2* Co?* Ni2* Cu?* Zn2* Ag* Cd2* Pb2*
17a? 19 19 39 45 24 15 40 37 80
24P 2 5 2 4 4 3 13 3 5

aData adapted from reference [67]. PData adapted from reference [39].
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Table 5: Percentage extraction of lanthanide-metal picrates into CH,Cls.

La3* Ce3* Pr3+ Ng3* Sm3*
17a® 28 34 34 34 31
24P 6 5 5 6 6

aData adapted from reference [70]. PData adapted from reference [39].

determined by UV absorption spectrophotometry in methanol at
25 °C, by using chloride salts. The same positive discrimin-
ation for the light lanthanides was observed (log f = 5.5 and 3.4
for La3™ and Yb3", respectively).

The complexing ability of the ionizable tricarboxylic acid 14a
towards lanthanides Pr3*, Eu3* and Yb?" and actinide Th*" was
established in methanol, by potentiometry measurements [71].
Results showed that the complex formed with Th*" was more
stable than the complexes of lanthanides (log S values are 20.5,
19.6, 21.3 and 23.1, respectively).

5 Other applications

5.1 Hosts for fullerenes

One of the remarkable characteristics of calixarenes is the bowl
shape of the molecule. In the case of oxacalix[3]arenes, the
bowl is quite shallow, which indicates that they may be good
hosts for spherical guests and immediately suggests binding to
fullerenes. Furthermore, the macrocyclic bowl is the perfect size
for Cgp and has a complementary threefold-symmetry element.

Based on the knowledge that p-fert-butylcalix[8]arene was able
to complex Cgq [72,73] Shinkai investigated the interaction of
Cgo with 3a in 1997 by UV—vis spectroscopy [74]. In a later full
paper, UV—vis absorption spectra of Cgg were recorded with
calix[n]arenes and oxacalix[3]arenes. The interaction of
fullerenes with calixarenes affected the spectra between 420 and
450 nm [75]. By using the Benesi—Hildebrand method, 3a was
shown to bind to Cgo with a Kassoc of 35.5 M1 in toluene at
25 °C; however, when methylated on the lower rim, no binding
was observed. Molecular modelling was employed to illustrate
how the shallow cavity of 3a allowed for optimum interactions
between the oxacalix[3]arene aromatic rings and Cgy.

While subtle spectroscopic features and computer models
appeared to indicate fullerene binding, structural evidence was
to be more compelling. In 1998, Fuji reported the solid-state
structure of 3f with Cgq as proof of 1:1 binding [76]. Alignment
of the oxacalix[3]arene C3 axis with the same symmetry axis of
the fullerenes is observed. This arrangement maximizes the
number of points of contact within the supramolecular complex,

thereby enhancing the van der Waals interactions. In the same
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Eud* Gd3* Dy3* Er3* Yb3*
30 17 18 13 13
6 6 5 6 7

paper, the association constants of several oxacalix[3]arenes
were calculated by the Rose—Drago method based on absorp-
tion features at 425 or 430 nm in toluene. The strongest
binding was observed for 3a (35.6 M™!) and the weakest for
3h (9.1 M D).

Although spectroscopic methods are widely used to determine
host—guest association constants, Georghiou has argued
persuasively that spectral changes in solution may be due to a
combination of several factors, of which host—Cg( complex for-
mation is only one [77]. Consequently, reported K,gsoc values

determined by this method should be treated with some caution.

Fullerene derivatives that lack some of the symmetry of the
parent compound have been shown to bind to oxacalix[3]-
arenes, as in Fuji’s X-ray structure of 1,4-bis(9-fluorenyl)-1,4-
dihydro[60]fullerene with 3f shown in Figure 24, in which the
oxacalix[3]arene binds to the Cg( derivative with the fluorenyl
substituents oriented away from the macrocycle [78].

Raston reported that p-benzyloxacalix[3]arene (3i) formed a 2:1
complex with Cgg in toluene [79]. The X-ray crystal structure
showed how the two oxacalix[3]arenes bound on opposite sides
of the fullerene, with their benzyl arms interdigitated. When the
complex was isolated and added to CH,Cl; then the fullerene
was released. The method could be used to separate Cg( from
fullerite (a mixture of fullerenes of different sizes) in greater
than 99.5% purity. A similar experiment was undertaken by
Georghiou with 6a leading to much higher association constants
of 296 M™! (toluene) and 441 M™! (benzene) [23]. Crystallo-
graphy revealed a similar interdigitated 2:1 complex to that
observed by Raston for 3i (Figure 25).

One area of interest has been the selective separation of Cyg
from a mixture of fullerenes. Komatsu proposed a method for
the preferential precipitation of C7¢ over Cgo with p-halooxac-
alix[3]arenes [80]. p-lodooxacalix[3]arene (3j) was able to
achieve 90% extraction with a selectivity approaching 90%.

An unexpected effect of fullerene complexation was that a

water-soluble capsule formed from two p-tert-butyloxa-

calix[3]arenes with trimethylammonium groups on the lower
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Figure 24: X-ray crystal structures of 3f with Cgo (CCDC ID 182801, left) [76] and a 1,4-bis(9-fluorenyl) Cgq derivative (CCDC ID 139793, right) [78].

Figure 25: X-Ray crystal structure of 3i and 6a encapsulating Cgo (CCDC ID 102473 and 166077) [23,79].

rims, 51, which bound Cg(, was able to cleave DNA (Figure 26)
[81]. The capsule was solubilized as the MsO™ salt and applied
to a supercoiled form of DNA. In the absence of light, no
change was seen, but in the presence of visible light the DNA
became “nicked”, that is, a phosphodiester bond in one strand
was broken. The authors speculated that the cationic complex
was able to bind to the anionic DNA whereupon 0, generated
by photoinduced electron transfer from guanine and Cgg, or
alternatively photochemically by Cg alone, cleaves the DNA
strand. Ikeda later advanced this line of research to carbo-
hydrate-containing oxacalix[3]arenes that functioned in water
[82].

The same cationic complex was deposited as a monolayer onto
an alkylsulfonate coated gold surface and elicited both a redox

response, as determined by cyclic voltammetry, and a photo-
chemical response to visible light [83,84]. The optical response
was studied further [85], and a transient band was observed
at 545 nm, which was not present in the spectrum of Cg
alone. The origin of the band was ascribed to Cgg-capsule
triplet—triplet absorption.

As discussed above, oxacalix[3]arenes with pyridine in the
para-position and ethyl esters on the lower rim are able to form
capsules through coordination to palladium [53]. Capsule 46
was shown to bind to Cgg by the presence of two peaks in the
13C NMR spectrum, which did not coalesce even at 90 °C.
TH NMR was used to determine an association constant of
54 M~! in C1,CDCDCI, at 60 °C. An asymmetric capsule
incorporating an oxacalix[3]arene and three Zn(II)porphyrin
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51

Figure 26: A Cgy complexing cationic oxacalix[3]arene 51 [81].

moieties, 52, was also able to bind Cg in a similar fashion with

an association constant of 60 ML in toluene-dg at —30 °C [86].

Another strategy to promote fullerene inclusion in an
oxacalix[3]arene was to link the two by a triethylene glycol
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tether to form a molecular cup-and-ball 53 [87]. In addition to
self-inclusion, the authors also proposed the formation of higher
order oligomers arising from Cgq inclusion in a neighbouring
oxacalixarene through the change in conformation illustrated in
Figure 27.

5.2 Fluorescent chemosensors

In order to determine the equilibrium constants with quaternary
ammonium ions, Shinkai [88] prepared an oxacalixarene with
pendent pyrene groups, 54, which fluoresced at 480 nm. Oxa-
calix[3]arene fluorescence was significantly quenched in the
presence of n-hexyl ammonium cations (n-HexNH3"), but only
in the partial-cone conformation, as the ammonium cation
forced the lower-rim pyrene groups apart. The same cation had
a much higher affinity for cone-54 through its complementary
binding sites, but approached these from the upper rim, leaving
the excimer fluorescence unaffected. Yamato also pursued this
path, preparing a tris(pyrenyl) derivative 55 in the cone
conformer by employing “click” chemistry (Scheme 21) [89].
One interesting aspect of the synthesis was that the
tris(propargyl) click precursor crystallized as a mixture of cone
and partial-cone conformers, yet addition of #-BuNH;"ClO,4~
to the conformers in solution pushed the equilibrium towards
the cone. Cone-55 gave a response to Pb2" through the enhance-
ment of minor fluorescence peaks between 370 and 400 nm,
which were unaffected by other metal guests. The group also
reported that the fluorescence intensity at 396 nm increased
linearly when Zn®" was added and that the 1:1 complex of this
macrocycle gave an increasing linear response at 485 nm to
H,PO4 [90].

Figure 27: An oxacalix[3]arene-Cg self-associating system 53 [87].
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Scheme 21: Synthesis of fluorescent pyrene derivative 55: (i)
Propargyl bromide, acetone; (ii) Cul, 1-azidomethylpyrene, THF/H,O
[89].

Rhodamine substituents can be introduced to the lower rim of
the cone-14a through the ethylamine derivative of the dye
(Scheme 22) [91]. Fluorescence enhancement was observed
between 500 nm and 600 nm upon addition of Fe3™, Ni* and
Sb3" to 57, turning the colourless solution fluorescent
orange—yellow, together with a colourless-to-magenta colouri-
metric response.

Kang found that the reaction of 3a with 1-bromo-4-nitrobenzyl
acetate gave the trisubstituted nitrobenzene derivative 58 in
40% yield (Scheme 23) as the partial-cone conformer [92].
When a range of fluorescent ammonium cations incorporating
pyrene, anthracene or naphthalene groups was tested, quenching
was observed. Association constants were determined to
be in the range of 1850 M~! to 78000 M~!. The uncharged

14a
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Scheme 23: Synthesis of nitrobenzyl derivative 58: (i) 1-Bromo-4-
nitrobenzyl acetate, K,COg, refluxing acetone, 3 h [92].

pyrenemethylamine was not bound at all, and a trimethyl-
pyrenium cation was weakly bound (Kyssoe = 300 M),

5.3 lon-selective electrodes

Given the apparent oxacalix[3]arene selectivity for Na* and
certain protonated amines it is likely that they can act as ion-
selective agents in electrodes. This aspect of oxacalix[3]arene
research demonstrates that they are not limited to fluorescent
sensor applications but can also function in the electrochemical
sphere.

5.3.1 Dopamine recognition: The first example of oxacalix-
arenes being used as electrode modifiers was in 1999 when
Odashima incorporated cone p-tert-butyloxacalix[3]arene tri(n-
butyl ether) (10) in a PVC matrix liquid membrane [93]. The
electrode displayed excellent selectivity for dopamine over bio-
logically important alkali-metal cations K™, by a factor of 150,
and Na*, by a factor of 1600. Selectivity for dopamine against

other catecholamine neurotransmitters, such as adrenaline and

NH,

Scheme 22: Synthesis of responsive rhodamine derivative 57: (i) DCC, CH,Cl, [91].
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noradrenaline, was also greater by a factor of at least 100. This
selectivity obtained with 10 is a very promising result with the
potential to be developed into a dopamine sensor for use under
physiological conditions. The dopamine selectivity of the
trimethyl ether analogue 7 was investigated by Arrigan at the
interface between water and 1,2-dichloroethane using cyclic
voltammetry [94]. The log K, Value obtained was 8.3, which
was significantly higher than those for Na* and K*. The log
Kassoc comparative data for dibenzo-18-crown-6 were 7.6 for
the dopamine complex and 10.1 for the K* complex, indicating
that not only was 7 a better host for dopamine but also that K*
would not be bound preferentially as is the case for the crown
ether.

5.3.2 Sensing Pb2*: In 2007, Yaftian incorporated Matt’s phos-
phorylated derivative 26 in a membrane solution, prepared by
dissolving PVC, NaBFy, a plasticizer and the oxacalixarene in
THF, which was then used to coat a graphite electrode [95].
This electrode gave a good Nernstian response of
29.7 mV/decade, over a concentration range of 1 x 1078 M to 1
x 107 M of Pb%" ions, with a detection limit of 0.4 x 1078 M.
When tested in mixtures of several competing cations (such as
alkali, alkaline earth, transition, heavy metal, lanthanide and
Th*" ions) the electrode was able to determine the concentra-
tion of Pb2" correctly within 5%, even when other ions were

present in tenfold excess.

Diethylacetamide 17a was also used as an active material in
ion-selective electrodes to check the detection of different types
of cations [96]. Optimization of the PVC membrane compos-
ition was achieved by using different plasticizers (DEHA,
0-NPOE and BBPA). The performance of the ISE incorpor-
ating 17a indicated a high affinity for Pb®" and the use of
DEHA as the best plasticizer.

5.4 Biological models

The crystal structure of the complex of 17a with NaPFgq
(Figure 28) shows how the lower-rim binding site, composed of
phenolic oxygen and amide nitrogen atoms, is predisposed to
bind Na™ in its ideal octahedral environment [97]. The com-
pound has been proposed to be an artificial analogue for the
filter region in cation channels formed by naturally occurring
transmembrane proteins and has been shown to have some

activity on transmembrane ion transport in cells.

Conclusion

Since their origins in the phenol-formaldehyde chemistry of the
1960s, oxacalix[3]arenes and their analogues have shown them-
selves to be interesting and useful additions to the large array of
artificial macrocycles that has been developed by supra-

molecular chemists. The C3 symmetry of oxacalix[3]arenes,
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Figure 28: X-ray crystal structure of [Nay17a](PFg), (CCDC ID
116656) [97].

commonly encountered in nature but relatively rare in synthetic
host molecules, has made them valuable members of the calix-
arene family, with an affinity for guests with complementary
binding requirements. While the parent compounds do not form
particularly strong complexes with metal ions, their O-alkylated
derivatives are easy to prepare and can show very efficient and
selective cation binding, extending to alkyl ammonium salts.
Advances in upper-rim functionalization allow for the forma-
tion of molecular capsules and chiral recognition sites, and
applications have been found in fluorescence sensors, ion-
selective electrodes and the extraction of pure Cgy and C7¢ from
crude fullerite. Fifty years on from their discovery by Hultzsch,
oxacalix[3]arenes and their derivatives are still able to amaze
chemists with their elegant symmetry and fascinating
complexes.
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A series of di-, tri- and tetravalent axles and wheels for the synthesis of pseudorotaxanes bearing the tetralactam macrocycle/

diamide axle binding motif was prepared. Starting from iodinated monovalent precursors, Sonogashira cross-coupling reactions

were utilized to couple the binding sites to appropriate spacer groups. Through this “Lego” or “toolbox” approach, the convergent

synthesis of host and guests with a well-defined number of the binding sites is possible. In addition, the spatial arrangement of the

binding sites can be controlled through the quite rigid connections between linker and binding sites. Although a quantitative assess-

ment of binding strengths was not possible by NMR titration experiments, typical and significant shifts of the signals of the diamide

moiety indicate qualitatively the formation of pseudorotaxanes from the axle and wheel precursors.

Introduction

Synthetic supramolecular complexes have the great potential to
put those concepts to the test that govern much of the noncova-
lent chemistry in nature. Among these concepts are not only

molecular recognition and the noncovalent bonds themselves,

but also self-assembly, self-sorting, templation and multivalent
binding [1-8]. Consequently, the reductionist investigation of
synthetic supramolecules can help us to understand biological

systems better. Such a synthetic approach can also help in the
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investigation of multivalent binding [9-12], because the number
of binding sites can be altered at will, and studies can be done
with a suitable series of host and guest molecules in which the
nature and number of binding sites is systematically varied.

Interlocked molecules [13-28] are interesting not only because
of their particular topology or the mechanical bond, but also as
they have been intensely investigated with respect to the
construction of molecular machines [29-32]. The mechanical
bond appears particularly suited for this goal, because it
connects the axle and wheel strongly, but leaves freedom for the
relative movement of the two components. Pseudorotaxanes are
the precursors for both rotaxane syntheses by stoppering reac-
tions or catenanes by macrocyclization. The use of weak inter-
actions, e.g., metal complexation [33-47], charge-transfer inter-
actions [48-63], or hydrogen bonding [64-79], between the
single building blocks is necessary for efficient templating
effects, which aim at assembling higher-order molecular archi-
tectures. The synthesis of a multiply threaded architecture
[80,81] thus requires multivalent wheel and axle components as

precursors, which are also interesting with respect to their

Beilstein J. Org. Chem. 2012, 8, 234—-245.

binding properties. Among the examples of such multivalent
pseudorotaxanes [80-82], the “molecular elevators” reported by
Stoddart et al. [83,84] are particularly fascinating, because they
combine multivalency with the ability of a molecular device to
respond to external stimuli, in this case to acids and bases,
which induce motion of the wheel and axle components rela-
tive to each other.

Tetralactam macrocycles (TLMs) [65,66] have widely been
used in the synthesis of amide catenanes and rotaxanes [85-92]
and represent excellent hosts for dicarbonyl compounds [93-
101]. They bear four converging amide groups, which in each
case can form hydrogen bonds to suitable axle molecules in
aprotic and not too strongly competitive solvents such as
CH;Cl, or CHClj. In this contribution, we report the synthesis
and binding behaviour of di-, tri- and tetravalent diamide-
axle—TLM complexes. The design is based on the two building
blocks 1 and 2 (Figure 1). Compound 1 is the wheel component,
and 2 is the axle, which comprises a diamide moiety that binds
to the wheel as indicated in the center of Figure 1 through the
formation of four (wheel)N—H---O=C(axle) hydrogen bonds.

multivalent hosts

multivalent guests

Figure 1: Hunter/Vogtle-type tetralactam macrocycle 1 bearing an iodo substituent at one of the isophthaloyl groups, and the diamide axle piece 2.
The iodoaryl groups in both building blocks are suitable for Sonogashira cross-coupling reactions. Therefore, these monovalent precursors can be

connected to different suitable spacers so that a "toolbox" of multivalent hosts and guests can be synthesized convergently. The center shows the

binding motif, which connects the axle and wheel by four N-H-:-:O hydrogen bonds.
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Through the iodine substituents, both building blocks can be
connected to appropriate spacers in Sonogashira cross-coupling

reactions [102].

This coupling strategy creates rather rigid connections to the
spacers and helps in reducing the entropic penalties that arise
from conformational fixing of the spacers upon multivalent
binding. The building blocks were chosen based on simple
force-field calculations of the resulting pseudorotaxanes and
permit us to synthesize a series of different hosts and guests in a
convergent way. Thus, a "toolbox" [103,104] of multivalent
host and guest molecules becomes available with this synthetic
strategy. In the future, the pseudorotaxanes designed here
should be easily converted into rotaxanes after cleavage of the
Boc protective group at the axle ends and attachment of stopper

groups to the terminal amines.

Results and Discussion
Synthesis of monovalent precursors

Although aryl bromides, triflates and sometimes even chlorides
react efficiently in Sonogashira cross-coupling reactions, our
previous studies [103,104] showed that only the iodinated TLM,
and in some rare cases the corresponding triflate-substituted
wheel, is reactive enough to provide sufficiently high yields.
This is particularly important when the same precursor is to be
multiply connected to the same spacer. Low-yielding reaction
steps would result in mixtures of the desired compounds with
incompletely substituted side products. Therefore, iodo-substi-
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tuted TLM 1 was prepared according to well-documented litera-
ture procedures [64-103] and used for the cross-coupling reac-
tions in this study.

The synthesis of the iodo-substituted monovalent diamide axle
centerpiece 2 was realized by the four-step synthesis shown in
Scheme 1. The free amino group in mono-Cbz-protected N,N'-
dimethylethylene diamine 3 [105] was elongated with the
commercially available N-Boc-protected f-alanine 4 in the pres-
ence of EDC and HOBL as activating coupling reagents. This
step provides the basis for future stopper attachment to the axle
termini, as mentioned above. Product 5 was formed with a yield
of 92% without the need for time-consuming purification steps.
This molecule now contains two orthogonal protecting groups,
and hydrogenation of 5 deprotects the amino group at the
N,N'-dimethylethylene diamine site to yield 6 in 98% yield.
The iodo-substituted acid 8 can easily be prepared under mild
conditions from the iodine-free precursor 7 [106] by using I,
and phenyliodine diacetate (PIDA) and is then available for
amide coupling with 6 yielding binding site 2 in 73% yield.
Since an excess of 7 was used and the 2°/6’-positions are steri-
cally hindered, only monoiodination in the 4’-position was
observed. This synthetic pathway thus gives reasonable overall
yields.

It should be mentioned that the diamide moiety bears two
tertiary amides. All attempts to prepare a similar axle with sec-
ondary amide groups failed because of the low solubility of the

Scheme 1: Synthesis of the monovalent diamide axle 2, which was used for Sonogashira coupling to the appropriate spacers: (a) EDC, HOBt, DMF,
22 h, 92%; (b) Hyp, Pd/C, EtOH, 3 d, 98%; (c) EDC-HCI, HOBt, DMF, 24 h, 73%; (d) I, PIDA, AcOH/Acz0, 1 h, 67%; (EDC = 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide, HOBt = 1-hydroxybenzotriazole, DMF = N,N'-dimethylformamide, PIDA = phenyliodine diacetate).
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products. This is an important aspect, because the threading of
the station into the TLMs requires noncompetitive solvents such
as CH;Cl, or CHCIlj3. Consequently, any polar aprotic solvent,
such as acetone, acetonitrile, DMF or DMSO, which would
solubilize the axles sufficiently well, would interfere strongly
with pseudorotaxane formation. The tertiary amides are much
more soluble and, therefore, appear to be the more appropriate
binding site. However, the better solubility comes at a price.
While secondary amides prefer the trans-conformation, in
which the carbonyl oxygen and the NH proton diverge, the
tertiary amides do not exhibit a similarly strong preference for
one of the conformations. The axle binding sites thus exist in

Beilstein J. Org. Chem. 2012, 8, 234—-245.

equilibrium between (trans,trans)-, (trans,cis)- and (cis,cis)-
isomers in solution, which complicates the analysis of the

binding properties.

Synthesis of multivalent wheels

Monovalent axle 2 and TLM 1 are designed to give a good
complementary fit, when both are connected to the same flat
spacer molecules through Sonogashira cross-coupling reactions.
Therefore, ethynyl-substituted benzene spacers 9, 11 and 13
were used to synthesize a bent divalent (10), a linear divalent
(12), and a trivalent wheel (14) [103] (Scheme 2 and
Scheme 3). From the enormously broad choice of different

Scheme 2: Synthesis of divalent wheels from TLM 1: (a), (b) (Ph3P)2PdCl,, Cul, PPh3, NEt3, DMF, 25 °C, 24 h, 90% (10), 78% (12).
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Scheme 3: Synthesis of trivalent wheel 14 from TLM 1: (a) (Ph3P)2PdCly, Cul, PPh3, NEt3, DMF, 25 °C, 24 h, 40% (14). Compound 14 was

described previously [103] and is included to complete the series.

Pd-catalysts and reaction conditions, we used (Ph3P),PdCl, and
Cul in the presence of PPhj as the coligand, NEtj3 as the base,
and DMF as the solvent. This protocol was successfully applied
previously for the synthesis of 14 [103]. The yields of 90% and
78% obtained for the divalent hosts 10 and 12, respectively,
were even higher than that for 14 (40%).

All attempts to use the same conditions for the fourfold
coupling of 1 to 15 to synthesize tetravalent wheel 16 were
unsuccessful, and we finally used another procedure for the
cross-coupling reaction [107]. Because the Cu(I) catalyst may
interfere with the Zn core of porphyrin 15 or lead to Glaser

coupled side-reaction products, a copper-free Sonogashira

procedure [107,108] employing Pd;(dba); as the catalyst and
AsPhj as the coligand in NEt3/DMF was applied (Scheme 4).
This reaction unfortunately provided only 7% of the desired
tetravalent wheel 16; however, this amount sufficed for charac-
terization by 'H NMR and ESI mass spectrometry. There may
be several reasons for this observation. One reason for the low
yield may be solubility, which in our experience is always low
for tetralactam wheels connected through nicely stacking
spacers.

Synthesis of multivalent axles
In order to prepare the multivalent axles that fit to the wheels

described above, the same spacers 9, 11 and 13 were also used
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Scheme 4: (a) Pdy(dba)s, AsPhs, NEts, DMF, 120 °C, 12 h, 7% (16).

for the synthesis of multivalent guests 17-19, respectively
(Scheme 5). In addition, a triethynyl-adamantane derivative 20
[109,110] was employed in order to prepare an axle component
with a slightly different, nonflat spacer geometry.

For the axle preparation, neither the use of (Ph3P),PdCl,/Cul/
PPhj3 nor that of Pdy(dba)s;/AsPhjy provided the desired prod-
ucts, and therefore the conditions of the Sonogashira cross-
coupling reactions had to be optimized again. Finally, the mix-
ture of Pdy(dba)3/Cul/PPh; gave the di- and tritopic axles 17-19
and 21 in DMF/NEt; with decent yields when the temperature
was raised to 70 °C. The copper-free Sonogashira procedure

was again applied for the synthesis of tetravalent guest 23

(Scheme 6) and yielded 17% of the product. Interestingly, a
homocoupling of axle 2 gave rise to divalent axle 22, which was
isolated as a side product in 37% yield. This molecule may be
useful for other divalent hosts, such as two macrocycles
connected through a butadiyne spacer or a thiophene unit. Such
hosts have been reported previously [103] and are not included

here.

Formation of pseudorotaxanes

In order to determine the binding strengths quantitatively, NMR
titrations, dilution experiments, and ITC experiments were
attempted. The NMR titrations suffer from the fact that different
conformations of the tertiary amide groups hamper an in-depth
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7 N\

Scheme 5: Synthesis of a series of multivalent guests starting from the axle 2. (a), (b), (c), (d): Pdy(dba)s, Cul, PPh3, NEt3, DMF, 70 °C, 3 d; 32%
(17), 37% (18), 24% (19), 64% (21), respectively.
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Scheme 6: Synthesis of the tetravalent axle 23 and its divalent side product: (a) Pdy(dba)s, AsPhs, NEts, DMF, 80 °C, 2 d, 37% (22), 17% (23).

evaluation of the titration data. The diamide N-CHj3 and N-CH,
protons appear with four sets of signals, one for the
(trans,trans)-, two for the asymmetric (trans,cis)- and one for
the (cis,cis)-isomer. This, and significant signal overlaps, make
it impossible to quantify the NMR titration data. For ITC
measurements, the concentration range in which one can expect
reasonable heats to evolve upon binding could not be reached,

due to the low solubility of the wheel components. Furthermore,

mass spectrometry was attempted in order to show the forma-
tion of 1:1 complexes qualitatively, but this was without
success. This does not come as a surprise in view of previous
theoretical calculations on amide/tetralactam macrocycle
complexes [111], which show that simple amide axles dethread
in the gas phase because of a favourable entropy term arising
from the increase in particle number upon complex dissociation.

This entropic contribution overcompensates for the enthalpic
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contribution to the binding. As the calculations were done for
monovalent complexes and monoamide, we nevertheless
attempted to ionize complexes of our di- and trivalent systems,

but unfortunately without success.

However, when 'H NMR spectra of the free axles are compared
with the "H NMR spectra of 1:1 mixtures of axles and wheels,
structure-indicative signal shifts are observed that demonstrate
the axles to be threaded through the wheels (Figure 2). Conse-
quently, the binding event cannot easily be quantified, but there
is qualitative evidence for pseudorotaxane formation. With
IH/!H-COSY NMR experiments, an assignment of, for
example, the N-CHj groups to two singlets at ca. 3.1 ppm is
possible (protons labelled “1” in the spectra of 17, 18 and 19 in
Figure 2). These signals shift to higher field by ca. 0.9 ppm
when 1 equiv of the wheel component is added. These com-
plexation-induced signal shifts are even stronger than similar
shifts observed for other rotaxanes with a diamide moiety [101].
The fact that proton “3” also shifts significantly indicates that
binding may also involve the carbonyl group of the Boc protec-
tive group. A reversible shuttling between both the diamide
station and the outer carbonyl group of that moiety and the Boc
group would rationalize this shift easily. Consequently, this
preliminary NMR evidence qualitatively provides evidence for
binding, while a quantification is not easily possible.

Conclusion

In conclusion, the synthesis of a "toolbox" of multivalent host
and guest molecules has been described, which can be obtained
from the two easy-to-prepare building blocks 1 and 2 by Sono-
gashira coupling reactions to ethynyl-substituted spacers. This
synthetic approach is convergent, and thus the sometimes
limited yields do not detract from this approach. With our
toolbox, the number and position of binding sites can be varied
systematically; hence, the toolbox provides a means to examine
multivalency. However, despite the fact that there is qualitative
evidence for pseudorotaxane formation, the binding motif is not
yet optimal for a quantitative study. Two problems need to be
solved: On one hand, the solubility of the hosts needs to be
increased such that a concentration range can be reached that
enables us to obtain thermochemical data from ITC experi-
ments. On the other hand, a more suitable binding moiety would
be advantageous for use in the axles. The tertiary amides
obscure a precise analysis of NMR titrations because of the
interconverting trans and cis amide conformations. Secondary
amides again cause solubility problems. However, as described
in a recent article [112], diketopiperazines are quite tightly
bound to the TLMs. Equipping our wheels with better solubi-
lizing groups and using diketopiperazine axles should therefore
help us to go beyond the limitations encountered in the present

study.

Beilstein J. Org. Chem. 2012, 8, 234—-245.

Figure 2: Aliphatic regions of the 'H NMR spectra (CD5Cl,, 500 MHz,
298 K, 2.3 mM) of (a) 10 (top), 17@10 (center) and 17 (bottom), (b) 12
(top), 18@12 (center) and 18 (bottom), and (c) 14 (top), 19@14
(center) and 19 (bottom). Because of the low solubility of the wheel
components 10, 12 and 14, the samples were dissolved in CD,Cly/
CD30D (10:1). Red letters assign signals of the wheels as shown in
Scheme 2, green numbers those of the axles as shown in Scheme 5.

Supporting Information

Supporting Information File 1
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[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-24-S1.pdf]
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A ferrocene bis(triazole) macrocycle was synthesised in good yield by the Eglinton coupling of an acyclic bis(alkyne) precursor and

characterised in the solid state by X-ray crystallography. Alkylation gives the corresponding triazolium macrocycle, which binds

chloride and benzoate strongly in CD3CN solution through favourable charge-assisted C—H---anion interactions, as evidenced by

TH NMR titration experiments. Preliminary electrochemical studies reveal that the redox-active macrocycle is capable of sensing

chloride in CH3CN solution.

Introduction

The copper(I)-catalysed cycloaddition of alkynes and azides
(CuAAC) [1,2] to give the 1,2,3-triazole group is increasingly
being exploited in the synthesis of a vast array of materials
since its discovery [3]. Several seminal studies have demon-
strated the ability of acyclic and macrocyclic bis- and
poly(triazole) containing systems to bind anions in organic
solvents through triazole C—H:--anion interactions [4-7]. More
recently, we [8], and others [9,10], have shown that alkylating
the triazole group to give the triazolium group increases the
strength of anion binding significantly by further polarising the
C—H bond of the heterocycle.

With one notable recent exception of an acyclic ferrocene-

appended aryl triazole receptor, which selectively senses phos-

phate species electrochemically in dichloromethane [11], to the
best of our knowledge, redox-active triazole and triazolium
receptors are unprecedented. Herein we describe the synthesis
of a novel ferrocene bis-triazolium macrocyclic receptor and
investigate its anion binding and electrochemical-sensing prop-
erties.

Results and Discussion

Synthesis

The CuAAC reaction of ferrocene bis(azide) 1 [12], with a large
excess of 1,6-heptadiyne afforded 2 in 50% yield. An
intramolecular Eglinton cyclisation reaction was used to prepare
the ferrocene bis(triazole) macrocycle 3, in surprisingly good

yield (54%) after purification by column chromatography, as
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well as a small amount (12%) of the corresponding larger

tetra(triazole) macrocycle, 4 (Scheme 1).

The reaction of macrocycle 3, with an excess of trimethylox-
onium tetrafluoroborate gave a crude product, which was diffi-
cult to purify. Chromatographic purification was required, but
this was complicated by the doubly positively charged macro-
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cycle. Nevertheless, preparative thin-layer chromatography in
17:2:1 acetonitrile:water:saturated KNO3(aq) solution, followed
by removal of the organic solvents under reduced pressure and
precipitation of the product as its bis(hexafluorophosphate) salt
from the remaining aqueous solution (using NH4PF), gave the
desired bis(triazolium) macrocycle 5, in moderate yield
(Scheme 2). Alternatively, 2 could be readily alkylated to give

Scheme 1: Synthesis of bis(triazole) macrocycle 3 and tetra(triazole) macrocycle 4. Conditions and reagents: (i) 1,6-Heptadiyne, [Cu!(CH3CN)4](PFg),
tris[(benzyltriazol-4-yl)methylJamine (TBTA), diisopropylamine (DIPEA), CH,Cly, 50%; (i) Cu'(OAc)y-H0, CH3CN, reflux, 54% of 3, 12% of 4.
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Scheme 2: Synthesis of bis(triazolium) macrocycle, 5. Conditions and reagents: (i) (a) (Me3O)(BF4), CH2Cly, (b) chromatography with 17:2:1
CH3CN:H,0: sat. KNOg(aq), then NH4PF6(aq), 12%; (i) (Me30)(BF4), CHoClp, 77%.
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bis(triazolium)-bis(alkyne), 6, in good yield; however, attempts
to cyclise under analogous conditions to those used to produce 3
were unsuccessful, resulting in decomposition of the ferrocene

motif.

All new compounds were characterised by 'H and 13C NMR
spectroscopy and high-resolution ESI mass spectrometry, as
well as by 1°F and 3!P NMR spectroscopy where appropriate.
Single crystals of 3 were grown by the vapour diffusion of
diethyl ether into an acetone solution of the macrocycle, and of
macrocycle 4 by vapour diffusion of pentane into a chloroform/
methanol solution. The solid-state structures were determined
by synchrotron X-ray crystallography (Figure 1). The structure
of 3 shows that the diyne unit appears to enforce a reasonably
rigid geometry on the rest of the macrocycle, due to its steric-
ally demanding nature, which may help to constrain the anion
binding cleft and lead to selective anion binding. In contrast, the
larger size of 4 gives a much more open structure, with a
diameter of approximately 17 A (Figure 1). Despite this open
structure, no solvent cocrystallises with the macrocycle, with
the structure being tightly packed due to a series of inter-
molecular hydrogen bonds between triazole C—H donors and
triazole N-acceptors on adjacent molecules.

Anion-binding investigations

The anion-binding properties of 5-:2PF¢ were investigated in
CD;3CN solution by 'H NMR titration experiments. Aliquots of
anions as their N-tetrabutylammonium (TBA) salts were added
to 5-2PFg and the chemical shift of the (chemically equivalent)
triazolium protons was monitored. As shown in Figure 2, the
addition of chloride to the macrocyclic receptor resulted in large
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downfield shifts of the triazolium signal, d, concomitant with
relatively smaller perturbations of proton c, which suggests that

halide binding occurs in proximity to the ferrocene group.

WINEQNMR?2 [13] analysis of the titration data (Figure 3)
shows that the cyclic receptor, 5:2PFg, binds both chloride and
benzoate strongly with 1:1 stoichiometries in CD3CN (associ-
ation constants are shown in Table 1), with the more basic
carboxylate anion forming the strongest complex. The larger
halide, iodide, is only weakly bound. The addition of small
amounts (<1 equiv) of dihydrogen phosphate caused precipita-
tion and, hence, no association constant could be calculated.

Table 1: Anion association constants for 5-2PFg calculated by using
WINEQNMR2 [13] based on 'H NMR titration data (500 MHz, 293 K,
CD3CN).

Anion?@ Ky (M1

Benzoate 4.6(2) x 103
Chloride 2.5(2) x 108
lodide 2.0(2) x 102
Dihydrogen phosphate Precipitation

aAll anions added as TBA salts. PEstimated standard errors given in
parentheses.

Electrochemical Investigations

The ability of 5-2PFg to sense anions electrochemically was
investigated by cyclic voltammetry in 0.1 M TBA-PF¢ in
CH3;CN. The macrocycle displays a quasi-reversible oxidation
of the ferrocene/ferrocenium couple, which is shifted to a more
positive potential by 0.38 V relative to ferrocene by virtue of

Figure 1: Solid-state structure of 3 (left) and 4 (right). Hydrogen atoms omitted for clarity, ellipsoids are shown at 50% probability; only one of the two
independent molecules in the asymmetric unit of 3 is shown. Colour scheme: grey = carbon, blue = nitrogen, orange = iron.
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Figure 2: TH NMR spectra of 5-2PFg after the addition of 0, 1.0, 2.0 and 5.0 equiv of TBA-CI (500 MHz, 293 K, CD3CN). Red-shaded peaks corres-
pond to solvent signals (H,O and CH3CN); blue-shaded peaks correspond to signals from TBA cations.
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Figure 3: Titration data (solid points) and fitted binding isotherms (curves) monitoring the triazolium proton, d, for titration of benzoate, chloride and
iodide into a solution of 5:2PFg (500 MHz, 293 K, CD3CN).
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the positively charged triazolium groups of the receptor. Addi-
tion of one equiv of TBA-Cl caused a cathodic shift of the oxi-
dation potential of 25 mV and a loss of reversibility, which may
be indicative of an EC mechanism [14] (Figure 4). Further addi-
tion of TBA-Cl led to increasing cathodic perturbations of the
Epa oxidation wave of up to 40 mV after five equiv. As noted
with other ferrocene based anion receptors [15-17], chloride-
anion binding stabilises the ferrocenium oxidation state, which
results in the cathodic perturbation observed. Analogous elec-
trochemical experiments with benzoate caused an immediate
disappearance of the redox signal, which indicates precipitation
of an insoluble ferrocenium complex upon oxidation.

2 50E-05 1
5.0 equiv CI™
2.00E-05
2.0 equiv CI”
1.50E-05
< 1.0 equiv CI”
€
@ 1.00E-05
5 0 equiv CI”
Q
5.00E-06
0.00E+00
-5.00E-06

Potential (V)

Figure 4: CV of 5-2PFg upon the addition of TBA-CI (electrolyte: 0.1 M
TBA-PFg/CH3CN, [5-2PFg] = 0.50 mM, 293 K. Potential vs. Ag/AgClI
reference).

Conclusion

A new ferrocene bis(triazole) macrocycle was readily synthe-
sised by intramolecular Eglinton coupling of an acyclic 1,1°-
bis(triazolylalkyne) ferrocene precursor. Alkylation of this
macrocycle gave the dicationic bis(triazolium) macrocycle,
which was demonstrated by 'H NMR titration experiments to
bind chloride and benzoate in CD3CN, solely through charge-
assisted C—H---anion hydrogen-bonding interactions. The redox-
active macrocycle was also shown to sense chloride electro-
chemically via a cathodic shift of the Ep, wave of the ferrocene/
ferrocenium redox couple.

Experimental

General Remarks

Bis(azide) 1 [12], and TBTA [18] were prepared as described in
the literature. Dry dichloromethane and acetonitrile were purged
with nitrogen and passed through a MBraun MSP-800 column.
Water was deionised and microfiltered in a Milli-Q® Millipore

machine. Tetrabutylammonium salts were stored in a vacuum
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desiccator under reduced pressure. All other compounds were
bought commercially and used as received. Routine NMR
spectra were recorded on a Varian Mercury 300 spectrometer
with 'H NMR operating at 300 MHz, '3C at 75.5 MHz. Spectra
for anion-binding titrations were recorded on a Varian Unity
Plus 500 spectrometer with 'H operating at 500 MHz. Mass
spectra were recorded on a Bruker microTOF spectrometer.

Bis(alkyne) 2

Bis(azide) 1 (0.148 g, 0.500 mmol) and 1,6-heptadiyne
(0.69 mL, 0.55 g, 6.0 mmol) were dissolved in dichloro-
methane (50 mL). DIPEA (0.17 mL, 0.13 g, 1.0 mmol), TBTA
(0.053 g, 0.10 mmol) and [Cul(CH3;CN)4](PFg) (0.037 g,
0.10 mmol) were added, and the yellow solution was stirred at
room temperature under a nitrogen atmosphere for three days. It
was then taken to dryness under reduced pressure and purified
by column chromatography (silica, 2% methanol in dichloro-
methane) to give 2 as a yellow solid. Yield: 0.120 g (50%).
'H NMR (CDCl3) & 7.24 (s, 2H, trz-H), 5.19 (s, 4H, Fc-CH>-
trz), 4.23 (t, 3J = 1.6 Hz, 4H, Fc-H), 4.19 (t, 3J = 1.6 Hz, 4H,
Fc-H), 2.80 (t, 3J = 7.6 Hz, 4H, trz-CH,-CH,), 2.22 (dt, 37 = 7.0
Hz, *J = 2.6 Hz, 4H, CH,-C=CH), 1.95 (t, *J = 2.6 Hz, 2H,
C=CH), 1.87 (m, 4H, trz-CH,-CH,); 13C NMR (CDCl3) &
147.3, 120.6, 83.9, 82.7, 69.9, 69.6, 69.0, 49.5, 28.1, 24.6, 18.0;
HRMS-ESI (m/z): [M + Na]* caled for CogHogNgFe Na,
503.1617; found, 503.1614.

Bis(triazole) macrocycle 3

The bis(alkyne) 2 (0.120 g, 0.250 mmol) and copper(Il) acetate
monohydrate (0.125 g, 0.625 mmol) were heated under reflux in
acetonitrile (150 mL) under a nitrogen atmosphere overnight.
The green solution was cooled to room temperature and then
taken to dryness under reduced pressure. It was taken up in
water (20 mL) and extracted with dichloromethane (4 x 20 mL).
The combined organic fractions were dried (magnesium
sulfate), taken to dryness under reduced pressure and then
purified by column chromatography (silica, gradient: 3% meth-
anol in dichloromethane) to give 3 as an orange powder. Yield:
0.065 g (54%). 'TH NMR (CDCls) & 7.44 (s, 2H, trz-H), 5.06 (s,
4H, Fc-CHy-trz), 4.15 (t, 3J = 1.9 Hz, 4H, Fc-H), 4.10 (t, 3J =
1.9 Hz, 4H, Fc-H), 2.91 (t, 3J = 6.6 Hz, 4H, trz-CH,-CH,), 2.31
(t, 3J = 6.6 Hz, 4H, CH,-C=C), 1.92-2.01 (m, 4H, trz-CH,-
CH,); 13C NMR (CDCl3) & 146.9, 121.9, 110.9, 84.0, 69.3,
69.1, 66.6, 49.1, 26.6, 24.2, 18.4; HRMS-ESI (m/z): [M + Na]*
caled for CygHygNgFeNa, 501.1461; found, 501.1467.

Tetra(triazole) macrocycle 4

The same procedure as for the synthesis of 3 but switching to
7% methanol in dichloromethane as eluent gave 4 as an orange
powder. Yield: 0.014 g (12%). 'H NMR (CDCl3) & 7.33 (s, 4H,
trz-H), 5.11 (s, 8H, Fc-CH,-trz), 4.14 (t, 3J = 1.7 Hz, 8H, Fc-H),
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4.11 (t,3J = 1.7 Hz, 8H, Fc-H), 2.74 (t, 3J = 6.6 Hz, 4H, trz-
CH,-CH,), 2.23 (t, 3J = 6.6 Hz, 4H, CH»-C=C), 1.76-1.86 (m,
8H, trz-CH,-CH,); '3C NMR (DMSO-dg)  145.8, 121.9, 83.6,
77.6, 69.3, 69.0, 65.7, 48.3, 27.7, 24.0, 17.9; HRMS—ESI (m/z):
[M + Na]* caled for C5oHs5oN5Fey-Na, 979.3029; found,
979.3038.

Bis(triazolium) macrocycle 5-2PFg

The neutral macrocycle 3 (0.048 g, 0.10 mmol) was dissolved
in dry dichloromethane (10 mL). Trimethyloxonium tetrafluoro-
borate (0.032 g, 0.22 mmol) was added and the orange solution
stirred at room temperature under a nitrogen atmosphere
overnight, during which time it took on a brown tinge. Meth-
anol (1 mL) was added to quench the alkylating agent, and the
mixture was evaporated to dryness under reduced pressure. The
crude mixture was purified by preparative thin layer chromatog-
raphy (silica, eluent: 17:2:1 CH3CN/H,O/sat. KNOj3(,q)). The
band containing the product was scraped from the plate and
washed off the silica with the same solvent mixture, and the
acetonitrile was removed under reduced pressure to give an
orange aqueous solution. Addition of NH4PF¢ (0.15 g in 0.5 mL
H,0) caused the precipitation of a yellow solid. This was
extracted into dichloromethane (2 x 15 mL), washed with water
(2 x 15 mL) and thoroughly dried in vacuo to give 5 as a glassy
orange solid. Yield: 0.0098 g (12%). TH NMR (CD3CN) 6 8.32
(s, 2H, Hy), 5.34 (s, 6H, H,), 4.37 (t, 3Ja,b = 1.9 Hz, 4H, Hy),
424 (t, %, = 1.9 Hz, 4H, H,), 4.19 (s, 6H, Hy), 2.99 (t, *Jgq =
6.6 Hz, 4H, Hy), 2.40 (t, *Jgp, = 6.5 Hz, 4H, Hy), 1.95-2.03 (m,
partially obscured by residual acetonitrile solvent peak, 4H,
Hg). Compound lettering shown in Figure 2. 3¢ NMR
(CD3CN) & 145.1, 129.1, 81.6, 77.6, 71.2, 70.3, 66.6, 53.6,
38.7, 25.6, 22.7, 18.4; 19F NMR (CD3CN) & —144.6 (heptet,
Jp =707 Hz); *'P NMR (CD3CN) § ~73.4 (d, Jp f = 707 Hz);
HRMS-ESI (m/z): [M + PF¢]* caled for CogH3,NgFe-PFg,
653.1674; found, 653.1693

Bis(triazolium)-bis(alkyne) 6-2BF4

The neutral bis(alkyne) 2 (0.096 g, 0.20 mmol) was dissolved in
dichloromethane (15 mL). Trimethyloxonium tetrafluoroborate
(0.065 g, 0.44 mmol) was added and the orange solution stirred
at room temperature under a nitrogen atmosphere overnight.
Methanol (1 mL) was added to quench the alkylating agent, and
the mixture was evaporated to dryness under reduced pressure.
Purification by preparative thin-layer chromatography (silica,
eluent: 10% methanol in dichloromethane) gave 6-2BF4 as an
orange powder. Yield: 0.106 g (77%). 'H NMR (acetone-dg) &
8.60 (s, 2H, trz™-H), 5.75 (s, 4H, Fc-CHy-trz"), 4.64 (t, 3J = 1.9
Hz, 4H, Fc-H), 4.42 (t, 3J = 1.9 Hz, 4H, Fc-H), 4.34 (s, 6H,
trz"-CHz), 3.08 (t, 3J = 7.7 Hz, 4H, trz"-CH,-CH,), 2.41 (t, %/ =
2.6 Hz, 2H, C=CH), 2.35 (dt, 3J = 6.8 Hz, 4J = 2.6 Hz, 4H,
CH,-C=CH), 1.93-2.02 (m, 4H, CH,-CH,-CH,-C=CH);
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13C NMR (acetone-dg) & 145.0, 128.6, 83.5, 80.9, 71.6, 71.5,
71.2, 53.7, 38.1, 26.5, 22.8, 18.0; 19F NMR (acetone-dg) &
—-150.9 (m); HRMS-ESI (m/z): [M + BF4]" calcd for
C28H34N6FG'BF4, 597.2218; found, 597.2239.

X-ray crystallography

Single crystal X-ray diffraction data for 3 were collected by
using synchrotron radiation (A = 0.6889 A) at the Diamond
Light Source, Beam 119. The diffractometer was equipped with
a Cryostream N, open-flow cooling device [19] and the data
were collected at 100(2) K. A series of w-scans was performed
in such a way as to collect a half-sphere of data to a maximum
resolution of 0.77 A. Cell parameters and intensity data
(including interframe scaling) were processed with CrysAlis
Pro [20].

The structures were solved by charge-flipping methods with
SUPERFLIP [21] and refined using full-matrix least-squares on
F2 within the CRYSTALS suite [22]. All nonhydrogen atoms
were refined with anisotropic displacement parameters.
Hydrogen atoms were generally visible in the difference map,
and their positions and displacement parameters were refined by
using restraints prior to inclusion into the model employing
riding constraints [23].

Crystallographic data for the structures have been deposited
with the Cambridge Crystallographic Data Centre, CCDC:
859564 and 859565. Copies of these data can be obtained free
of charge from The Cambridge Crystallographic Data Centre at
http://www.ccdc.cam.ac.uk/data request/cif.

NMR titration protocols

Initial sample volumes were 0.50 mL and concentrations were
2.0 mmol L™! of host. Solutions (100 mmol L™1) of anions as
their tetrabutylammonium salts were added in aliquots, the
samples thoroughly shaken and spectra recorded. Spectra were
recorded at 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5,
3.0, 4.0, 5.0, 7.0 and 10 equivalents. Stability constants were
obtained by analysis of the resulting data with the
WinEQNMR2 [13] computer program, following the triazolium
C—H protons in all cases.

Electrochemistry protocols

Cyeclic voltammetry was performed on an Autolab Potentiostat/
Galvanostat model PG-STAT 12, controlled by General
Purpose Electrochemical System Software v. 4.9 (Eco Chemie).
A standard one-compartment three-electrode electrochemical
cell, located inside a Faraday cage, was used with a glassy
carbon solid-disc working electrode, a platinum-wire auxiliary
electrode and an Innovative Instruments, Inc. LF-2 leak-free

silver/silver chloride reference electrode. A 0.50 mM ferrocene
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sample was used in order to check the reference electrode and
internal resistance of the equipment. The electrolyte solution
used in all experiments was 0.10 M TBA-PFg in CH3CN. CVs
were recorded with a 1 s equilibration time and a step potential
of 1 mV.

The receptor 3 was dissolved in 3.0 mL of the electrolyte solu-
tion, such that the receptor concentration was 0.50 mM, and
cyclic voltammograms were recorded. Scan rates of 25, 50, 100,
200, 300, 400 and 500 mV s~! were used in order to test for re-
versibility. Aliquots of TBA-Cl or TBA-BzO (as a 0.50 M solu-
tion of electrolyte solution) were added to the receptor solution,
stirred and the cyclic voltammograms recorded at a scan rate of
100 mV s L.
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NMR-spectra of new compounds.
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Abstract

Coordination-driven self-assembly of binuclear half-sandwich p-cymene ruthenium(II) complexes [Ruy(pu-n*-C,04)(MeOH),(n%-p-
cymene),](03SCF3), (1a) or [Ruy(p-n*-N,N'-diphenyloxamidato)(MeOH),(n%-p-cymene),](O3SCF3), (1b) separately with an
imidazole-based tetratopic donor L in methanol affords two tetranuclear metallamacrocycles 2a and 2b, respectively. Conversely,
the similar combination of L with 2,5-dihydroxy-1,4-benzoquinonato (dhbq) bridged binuclear complex [Rua(p-n*-
CgH,04)(MeOH)»(n%-p-cymene),](03SCF3); (1¢) in 1:2 molar ratio resulted in an octanuclear macrocyclic cage 2¢. All the self-
assembled macrocycles 2a—2¢ were isolated as their triflate salts in high yields and were characterized fully by multinuclear ('H,
13C and 1°F) NMR, infrared (IR) and electrospray ionization mass spectrometry (ESIMS). In addition, the molecular structure of
macrocycle 2a was established unequivocally by single-crystal X-ray diffraction analysis and adopts a tetranuclear rectangular
geometry with the dimensions of 5.53 A x 12.39 A. Furthermore, the photo- and electrochemical properties of these newly synthe-
sized assemblies have been studied by using UV—vis absorption and cyclic voltammetry analysis.

Introduction

Self-assembly of metal-based molecular architectures through
coordination has emerged as an active field of research as large
numbers of intricate structural motifs can easily be derived in a

single step from predesigned molecular building units. In the

last two decades several interesting molecular architectures of
defined shapes, sizes and functionality have been discovered
with the aid of this powerful protocol [1,2]. The basic require-
ment for successful metal-ligand-directed self-assembly resides
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in the judicious designing of information-encoding molecular
building blocks having complementary binding sites. Large
numbers of molecular polygons and polyhedra have been
synthesized mostly from cis-blocked Pd(I1)- and Pt(II)-based
building units due to their rigid square-planar coordination
geometry as well as to their interesting photophysical prop-
erties [3-5]. However, we and others have recently reported
several shape-persistent discrete macrocycles/cages using half-
sandwich octanuclear Ru(II) piano-stool complexes in combina-
tion with polypyridyl or polycarboxylate donors [6-10]. Ligands
with an imidazole functionality are of considerable interest due
to the presence of imidazole in many biological systems, and
also the better donor character of imidazole compared to widely
used pyridyl donors. Owing to these properties, we were inter-
ested in incorporating an imidazole functionality into discrete
molecules of defined shapes, and also to investigate their influ-
ence in terms of directionality in controlling the geometry of the
resulting molecular architectures. Herein, we report the self-
assembly reactions of [Ruz(u-n4-C204)(MeOH)2(n6-p-
cymene),](03SCF3), (1a) or [Ruy(p-n*-N,N'-diphenyloxam-
idato)(MeOH),(n%-p-cymene),] (03SCF3), (1b) and [Ruy(p-n*-
CeH204)(MeOH)o(n%-p-cymene),](03SCF3), (1¢) with a
tetratopic imidazole-based donor L in methanol at room
temperature to generate two tetranuclear macrocycles of general
formula [Rua(p-n*-C,04 or N,N'-diphenyloxamidato),(L)(n%-p-
cymene)4](O3SCF3)4 (2a, 2b) and an octanuclear macrocyclic
cage [Rug(u-n*-CeHr04)4(L)2(n%-p-cymene)s](03SCF3)g (2¢),
respectively in quantitative yields [L = 1,2,4,5-tetra-
kis(imidazol-1-yl)benzene]. The final assemblies were charac-
terized by multinuclear (‘*H, 13C and !°F) NMR, IR and ESIMS
analyses. The molecular structure of tetranuclear macrocycle 2a
was determined by single-crystal X-ray diffraction analysis,
which reveals a tetranuclear geometry with the dimensions of
5.53 A x 12.39 A. In addition to their synthesis and characteri-
zation, the UV—vis absorption and cyclic voltammetry studies
are reported.

[4+2]

-~

self-assembly

1aor1b

octanuclear cage
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Results and Discussion
Synthesis and characterization of the tetra-

nuclear complexes

According to the “directional-bonding approach” and
“symmetry-interaction model”, one can expect the formation of
either a [4 + 2] assembled octanuclear tetragonal prism or a
[2 + 1] assembled tetranuclear 2D structure upon reaction of a
binuclear “clip”-type acceptor and a tetratopic donor
(Scheme 1) [11].

Instead, the exclusive formation of two tetranuclear assemblies
(2a, 2b) upon mixing of binuclear Ru(II); acceptors 1a or 1b
with an imidazole-based tetratopic donor L is interesting. The
exclusive self-sorting of tetranuclear macrocycles (2a and 2b)
rather than the expected octanuclear molecular cage is, presum-
ably, due to the perfect matching of the distance between two
Ru(Il) metal centers with the distance between the adjacent
imidazole donor sites in L. Moreover, from an entropic point of
view such [2 + 1] self-assembly is expected to be preferred over
[4 + 2] assembly as the loss of entropy in the latter case is more.
As shown in Scheme 2, the binuclear acceptor 1a or 1b was
treated separately with an imidazole-based tetratopic donor L in
a 2:1 molar ratio in methanol at room temperature to obtain
[2 + 1] self-assembled macrocycles 2a and 2b, respectively, in
high yields. The addition of solid L into a methanolic solution
of the acceptor (1a or 1b) lead to the immediate consumption of
the solid and showed a sharp visible color change from light
yellow to intense yellow. Both 2a and 2b are isolated as their
triflate salts and are highly soluble in common organic solvents
such as (CH3),CO, CH3CN, CH30H and CH,Cl,. The forma-
tion of the complexes (2a and 2b) was initially characterized by
IR, multinuclear (*H, '3C and '°F) NMR and ESIMS spectro-

metric analyses.

The IR spectra (Figure S1, Supporting Information File 1) of
the macrocycles showed strong bands at 1624.6 cm™! (2a) and

[2+1]

self-assembly

tetranuclear macrocycle

Scheme 1: Possible octanuclear prism and tetranuclear macrocycle resulting from the combination of a tetradendate donor with a clip-type acceptor

unit.
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ol

MeOH, 24 h

2a, 2b

Scheme 2: Formation of the tetranuclear complexes (2a and 2b) upon the reaction of Ru(ll); based acceptors 1a or 1b and tetraimidazole ligand L in

methanol at room temperature.

1602 cm™! (2b) corresponding to the symmetrical stretching
frequencies (vco) of the carbonyl groups of the coordinated bis-
bidentate oxalato (2a) or N,N'-diphenyloxamidato (2b) ligands.
These bands, due to symmetrical stretching (vco) in the
complexes, are slightly shifted to a higher energy region
compared to those of the starting acceptors (la, vcg =
1623.7 cm™'; 1b, vco = 1605.0 ecm™!) due to the ligand-to-
metal coordination. The appearance of a single peak in the
19F NMR spectrum at —81.03 ppm (2a) or —79.8 ppm (2b) indi-
cated the presence of triflate counter anions in the same chem-
ical environment in the resultant complexes (Figure 1 and
Figure S3, Supporting Information File 1).

Four peaks correspond to the donor L in the aromatic region
(5 6.95-8.10 ppm) were found in the 'H NMR spectra of 2a and
2b. Protons corresponding to the capped p-cymene moiety
appeared in the range of 8 5.14—5.81 ppm. Notably, the 'H
signals of the protons of L exhibited a significant downfield
shift compared to the unbound linker due to the loss of electron
density upon ligand-to-metal coordination (Figure 1 and Figure
S2, Supporting Information File 1). The high solubility of the
assemblies in common organic solvents and the symmetric
nature of 'H NMR spectra primarily ruled out the formation of
a polymer with extended coordination. Although the initial
characterization of the self-assembled species by NMR spec-

|I|3
Hg CH, Hq H »
[of
H O ) -81.03
* \/Ru\—N>\\,\: ° H3
HeA q o ) H,0
H1 S He
CD;0D
SNwE
T T T T T T T T T T T T
8 7 6 5 4 3 2 1 0 —70 -80 -90
ppm ppm

Figure 1: TH (left) and "9F (right) NMR spectra of tetranuclear macrocycle 2a recorded in CD,Clo—CD30D with peak assignments.
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troscopy intimated the ligand-to-metal coordination, it does not
provide any information about the exact composition and

nuclearity of the final products.

Electrospray ionization mass spectrometry (ESIMS) can be
used as a soft-ionization method to elucidate the exact compos-
ition of the product [12]. The ESIMS analysis confirmed the
formation of the rather unexpected [2 + 1] self-assembled tetra-
nuclear macrocycles 2a and 2b by the appearance of multiply
charged fragmented ions (Figure 2 and Figure S4, Supporting
Information File 1). The multiply charged ions for 2a at m/z =
1906.9 [2a — O3SCF37]™, 879.0 [2a — 203SCF37]2*; for 2b at
m/z=1029.53 [2b — 203SCF;3 ]2, 637.27 [2b — 303SCF3; ?"
were observed and these peaks were well resolved isotopically
(Figure 2 and Figure S4, Supporting Information File 1). The
appearance of the expected peaks along with the isotopic
patterns was in strong support of the formation of [2 + 1] self-
assembled products in both cases.

Beilstein J. Org. Chem. 2012, 8, 313-322.

Finally, the molecular structure of the tetranuclear metalla-
macrocycle [(p-cymene)sRus(p-1*-oxalato),(L)]*T(03SCF3 )4
(2a) was unambiguously determined by single-crystal X-ray
diffraction analysis. Single crystals of 2a of high enough quality
for X-ray diffraction were grown by slow vapor diffusion of
diethyl ether into a methanolic solution of 2a at room tempera-
ture. Macrocycle 2a was crystallized in a tetragonal crystal
system with /41/a space group having sixteen formula units per
unit cell. A perspective view of the macrocycle 2a is depicted in
Figure 3 with atom numbering, and its selected bond parame-
ters are summarized in Table S1, Supporting Information File 1.

The crystal-structure analysis of 2a shows a tetranuclear geom-
etry with dimensions of 5.53 A x 12.39 A, and the coordination
geometry around each Ru(Il) is octahedral. Capped p-cymene
occupies three coordinating sites of each Ru(Il). The bridging
dianionic oxalato (C,0427) ligand binds through its two oxygen
atoms. The imidazole nitrogen of the donor L occupies the sixth

'Q w)
100 ®
S
=R =)
&5
=] I -
[2a — 2038CF3‘]2+ S
‘ Zn
>
801 ‘ 3
—_ - |
S it
3
5 601
3 |
o ‘
2 1
[o] i A | |
2 s 35
3 o 2Bk || |
& 40 ,Qi“p/ ‘ i .
5 | ]
2V ninn
874 876 878 880
mlz
[2a — O3SCF3_]+
201
Loattudboallidot
250 750 1250 1750
mlz

Figure 2: ESIMS spectrum of the macrocycle 2a recorded in acetonitrile. Inset: Experimentally observed isotopic distribution for [2a — O3SCF37]* and

[2a - 203SCF37]2* fragments.
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Figure 3: A ball and stick representation of 2a with atom numbering.
Color code: Ru = green; O = red; N = blue; C = dark gray. All hydrogen
atoms, triflate counter anions, isopropyl and methyl groups of the
p-cymene moiety are omitted for the sake of clarity.

coordination site. The oxalato ligand connects to two ruthe-
nium metal centers through four oxygen atoms. The average
Ru—N and Ru-O bond distances are 2.140 A and 2.141 A, res-
pectively. The four donor sites of L are coordinated to four
different Ru(II) metal centers and thereby it adopts a tetra-
nuclear rectangular geometry. The solid-state packing of macro-
cycle 2a along the crystallographic c-axis results in a highly
porous structure with square-type channels due to the n—= inter-
actions between the adjacent macrocycles (Figure S8,
Supporting Information File 1). Triflate (O3SCF37) counter
anions are located outside of the porous channel (Figure S8,
Supporting Information File 1).

)
g

N
L
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Synthesis and characterization of the octa-
nuclear cage

The construction of an octanuclear macrocyclic cage 2¢ was
accomplished following a similar procedure as adopted for the
synthesis of tetranuclear rectangular complexes 2a and 2b.
Drop-wise mixing of a methanolic solution of binuclear
acceptor lc¢ into a suspension of tetradendate linker L in
methanol in 2:1 molar ratio afforded the exclusive formation of
the [4 + 2] self-assembled macrocyclic cage 2¢ in good yield
after 24 h of stirring at room temperature (Scheme 3). The
obvious reason for the formation of an octanuclear macrocyclic
cage 2¢ in contrast to the tetranuclear rectangles 2a and 2b is
attributed to the increased length of the acceptor unit 1c
compared to 1a or 1b. The immediate consumption of the
suspended donor L in the clear solution and the observable
color change from purple to deep red indicated the progress of
the self-assembly reaction. The initial characterization of the
isolated macrocycle by multinuclear ('H, 13C and !°F) NMR
suggested the formation of a single and symmetric macrocyclic

complex.

The infrared spectra (Figure S1, Supporting Information File 1)
of the macrocycle (2¢) showed a strong band at 1521.2 cm™!
corresponding to the symmetric stretching frequency (vcp) of
the carbonyl groups of the coordinated bis-bidentate quinonato
ligand, and this symmetric stretching frequency (vco) in the
isolated macrocycle is slightly shifted to the higher energy

region compared to that of the starting acceptor (1¢, veo =

mE

MeOH, 24 h
rt

oTf 2c

Scheme 3: Formation of an octanuclear macrocycle 2c upon reaction of Ru(ll),-based acceptors 1¢ with imidazole-based tetratopic donor L in

methanol at room temperature.
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1515.8 cm™1) due to the ligand-to-metal coordination. The
'H NMR spectra of the macrocycle 2¢ established the expected
peaks in the aromatic region corresponding to the tetratopic
donor L and the proton resonance of capped p-cymene ligand.
Moreover, the peak of L in the macrocyclic complex exhibits a
significant downfield shift due to the ligand—metal coordination
(Figure 4). The assignment of the proton signals in the 'H NMR
spectra was confirmed by the "H-'H COSY NMR (Figure S5,
Supporting Information) spectral analysis. Furthermore, the
appearance of prominent peaks in the ESIMS spectra of the
multiply charged ions for 2¢ at m/z = 2008.0 [2¢ —
203SCF;37]%%, 1288.0 [2¢ — 303SCF37]3", 928.9 [2¢ —
4O3SCF37]4+ indicated the formation of a [4 + 2] self-assem-
bled octanuclear macrocyclic cage. The peaks corresponding to
the [2¢ — 203SCF371?" and [2¢ — 303SCF37]?" fragments are

Beilstein J. Org. Chem. 2012, 8, 313-322.

well resolved isotopically (Figure S6, Supporting Information
File 1).

Unfortunately, all efforts to obtain diffraction-quality single
crystals of the macrocycle 2¢ have so far been unsuccessful.
However, the analysis of multinuclear NMR ('H, 13C and !°F)
in concurrence with the ESIMS study is fully consistent with
the formation of a [4 + 2] self-assembled octanuclear metalla-
cage. In view toward gaining further insight into the structural
characteristics of the newly designed macrocycle, the energy-
minimized structure of the macrocycle 2¢ was obtained by
means of molecular mechanics universal-force-field simulation
(MMUFF) [13]. A perspective view of the energy-minimized
structure of the macrocycle 2¢ is depicted in Figure 5. The opti-
mized structures of the macrocycle 2¢ suggested the formation

CDsCN
'?3 —79.08
Hﬁ CH2 Hd H
C
M o =T He "l
RUTNGN -
H,C o o 7/ H1
g 020 2w Hy " H,0 —
)
T T T 1 T T T T T T T T
8 7 6 5 4 3 2 1 0 -60 -80 -100
ppm ppm

Figure 5: Side (left) and top (right) view of the energy-minimized structures of the octanuclear macrocycle 2c. Color code: green = Ru, blue = N, red =
O, gray = C. The hydrogen atoms, methyl and isopropy! group of the cymene moiety have been removed for the sake of clarity.
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of an octanuclear macrocycle having an internal diameter of
1.54 nm. Notably, the quinonato-bridged ruthenium clips are
tilted out of the plane of the imidazole donor in 2¢ in order to
minimize the steric influence between the acceptor clips. There-
fore, macrocycle 2¢ adopts a staggered conformation as was
observed in similar types of 3D cages [14].

UV-vis absorption and electrochemical

studies

One of the strongest driving factors to design multifarious func-
tional supramolecular complexes is attributed to their interest-
ing functional properties. In general, the utilization of func-
tional properties would be realized more from macrocycles
containing transition metals, due to their high sensitivity
towards various external stimuli, compared to purely organic
macrocycles. In this regard, substantial efforts have been
devoted to the design of novel, nanoscopic and functional
metallamacrocycles and also to the study of their functional
properties [15]. The photo- and electrochemical properties of
our newly synthesized macrocycles (2a and 2b) are studied by
UV-vis absorption and cyclic voltammetry investigations and
the obtained results are summarized in Table 1.

Beilstein J. Org. Chem. 2012, 8, 313-322.

The UV—vis absorption spectra were recorded from a CH3CN
solution (1.0 x 107> M) of the macrocycles at room tempera-
ture. The electronic absorption spectra (Figure 6) of the macro-
cycles 2a—2c¢ exhibit intense bands at Ay, (€) 309 nm (2.3 x
10*M ! em™), 383 nm (6.8 x 103 M™! cm™!) for 2a; Ay (€) =
328 nm (5.8 x 10* M ! cm™) for 2b and A,y (€) = 293 nm (6.3
x 10* M1 em™), 499 nm (3.2 x 10* M~ em™!) for 2¢. The
peaks in the ranges of 293-309 nm and 328-499 nm can be
ascribed to both intra- and intermolecular n—n* and metal-to-
ligand charge-transfer transitions associated with the capped
p-cymene—ruthenium moiety, respectively. The electrochemical
behavior of the macrocycles (2a—2c¢) was examined by using a
Pt-disk electrode in dichloromethane with 0.1 M n-BuyNPFg as
the supporting electrolyte and at 100 mV s~ ! scan rate. The
obtained redox responses of the macrocycles were found to be
entirely different. Macrocycle 2¢ shows three well-anchored
quasi-reversible reductions at —0.39, —1.09 and —1.54 V and
their corresponding anodic peak current at —0.16, —0.81 and
—1.38 V (Figure 6). On the other hand, complex 2b showed a
single quasi-reversible redox response of the cathodic peak
current at —1.53 V and the anodic peak counterpart potential
approximately at —1.24 V (Figure S7, Supporting Information

Table 1: Results of UV—vis absorption (in CH3CN, 1.0 x 1075 M) and electrochemical (in CHoClo, 0.1 M n-BusNPFg) studies of macrocycles 2a—2c at

298 K.
Macrocycle Absorption maxima?
Amax (nm)
2a 309, 383
2b 328
2c 293, 499

8Values in bold represent the highest absorption (Amax) maxima.

0.81
2a

3 0.61 2b
L 2c
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0.0 -0.5 -1.0 -1.5

E (V) vs SCE

Figure 6: UV-vis absorption spectrum (left) of macrocycles (2a—2c) recorded in CH3CN at 298 K, and cyclic voltammogram of 2c (right) performed in
CH,Cl,/0.1 M (n-Bu)4NPFg with a scan rate of 100 mV s~ versus SCE at 298 K.
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File 1). Surprisingly, macrocycle 2a showed no anodic or
cathodic peak current intensity within the range of +0.2 to
—0.2 V, which implies the electrochemical inertness of 2a
(Figure S7, Supporting Information File 1). The observed
anodic and cathodic peak currents of 2¢ are almost equal, indi-
cating the high chemical stability on the time scale of the
voltammetry experiments. Notably, the cathodic peak current
intensity of 2b is much higher than its anodic peak current, and
this can be attributed to the deposition of macrocycles on the
electrode surface. Based on the electrochemical activity of other
reported ruthenium complexes, the observed cathodic peaks are
roughly assigned to one-electron reductions of the bridged
quinonato or diphenyloxamidato ligands, and the oxidation is
attributed to the Ru(II)/Ru(IIl) redox couples [16,17].

Conclusion

In conclusion, we synthesized two new tetranuclear macrocy-
cles 2a, 2b and an octanuclear molecular prism 2¢, by
coordination-driven self-assembly of an imidazole-based
tetratopic donor linker L in combination with Ru(II)-based
binuclear “clip” acceptors. All three of the self-assembled
macrocycles were fully characterized by multinuclear (!H, 13C
and !F) NMR, IR and ESIMS spectroscopic studies. In add-
ition, the formation of a tetranuclear structure of 2a was unam-
biguously established by analysis of single-crystal X-ray
diffraction data. Though the formation of discrete structures
from pyridyl donors has been well established, the quantitative
formation of 2a, 2b and 2¢ from an imidazole-type donor is new
and suggests the feasibility of using imidazole derivatives as
potential building units. The lengths of 1a and 1b fit well with
the distance between two imidazole units in L to form the
entropically favored [2 + 1] self-assembled structures 2a and
2b, respectively. As the distance between the two Ru(I) in 1¢ is
greater compared to the distance between the neighboring
imidazole units in L, a similar reaction with 1¢ allowed the for-
mation of the 3D cage 2¢. The use of imidazole-based donor
linkers in combination with organometallic half-sandwich
ruthenium(Il) precursors may generate a wide variety of com-
plex molecular architectures with interesting functional prop-

erties.

Experimental

Materials and methods

The acceptor clips [Rus(pu-1*-C204)(MeOH),(n%-p-
cymene);](03SCF3), (1a), [Rua(p-n*-N,N'-diphenyloxam-
idato)(MeOH),(1°-p-cymene);](03SCF3); (1b) and [Ru,(p-n*-
CgH,04)(MeOH),(n0-p-cymene),](03SCF3), (1¢) were synthe-
sized under a dry nitrogen atmosphere by means of a standard
Schlenk technique following the reported procedures [18-20].
The solvents were dried and distilled according to the standard

literature procedures. 1,2,4,5-tetrabromobenzene and a-phellan-
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drene were purchased from commercial sources and used
without further purification. 1,2,4,5-Tetrakis(imidazol-1-
yl)benzene (L) was synthesized by following the reported
procedure [21]. NMR spectra were recorded on a Bruker 400
MHz spectrometer. The chemical shifts (8) in the 'H NMR
spectra are reported in ppm relative to tetramethylsilane
(Mey4Si) as the internal standard (0.0 ppm) or the proton reso-
nance resulting from incomplete deuteration of the NMR
solvents: CD3CN (1.94), CD30D (3.33) and CD,Cl; (5.33).
19F NMR were recorded at 376.5 MHz and the chemical shifts
(8) are reported in ppm relative to the external standard Cl3CF
(0.00). ESIMS experiments were performed on a Bruker
Daltonics (Esquire 300 Plus ESI model) with standard spectro-
scopic grade solvents CH3CN or CH3OH. IR spectra were
recorded on a Bruker ALPHA FT-IR spectrometer. Electronic
absorption studies were carried out on a Perkin Elmer
LAMBDA 750 UV-vis spectrophotometer. The electrochem-
ical measurements were performed in a three-electrode system
consisting of a platinum electrode, a glassy-carbon counter elec-
trode and a standard calomel reference electrode. All the poten-
tials of the macrocycles (1.0 x 1073 M in DCM) were measured
with 0.1 M n-BuyNPFg as the supporting electrolyte at room
temperature with a scan rate of 100 mV s~/

General procedure for the synthesis of 2a—2c: To a solid
form of the tetratopic donor L was added separately a clear
solution of the binuclear acceptor clip (1a—1¢) in methanol
(4 mL) in 1:2 molar ratio, and the mixture was stirred at room
temperature for 24 h in a closed 4 mL glass vial. Immediate
consumption of the suspended tetratopic donor (L) and signifi-
cant visual color changes from light yellow to intense yellow
for 2a and 2b or purple to deep red for 2¢ evidenced the
progress of the reactions. The solvent was removed under
vacuum and the residue was dissolved in the minimum amount
of dichloromethane (DCM) (~2 mL). Diethyl ether was mixed
with concentrated clear solutions to precipitate out the expected
macrocycles in pure form.

2a: Acceptor clip 1a (29.5 mg, 0.032 mmol) and tetratopic
donor L (5.5 mg, 0.016 mmol) were stirred in methanol (4 mL)
to obtain 2a. Isolated yield: 85%. 'H NMR (400 MHz, CD,Cl,/
CD3;0D) 6 8.10 (s, 2H, H,-phenyl), 7.47 (s, 4H, H.-imidazole),
7.37 (s, 4H, Hyq-imidazole), 6.95 (s, 2H, Hy-imidazole), 5.81 (d,
J = 6.0 Hz, 8H, Hy-cymene), 5.70 (d, J = 6.0 Hz, 8H,
Hg-cymene), 2.84-2.77 (septet, 4H, H2-cymene), 2.23 (s, 12H,
H3-cymene), 1.33 (d, 24H, Hl-cymene); 1°F NMR (376.5
MHz, CD,Cl,/CD3;0D) & —81.03 ppm; 13C NMR (100 MHz,
CD3COCD3) 8 171.65, 140.12, 136.08, 131.62, 129.14, 126.36,
124.65, 101.55, 98.10, 82.85, 81.12, 54.51, 31.56, 22.03, 17.79;
IR (neat) v (cm™!): 3128.8 (w, C=C of aromatic), 1624.6 (s,
CO-oxalate), 1254.9 (s, C-F of CF3); ESIMS (m/z): 1907.16
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[2a — O3SCF37]", 879.0 [2a — 203SCF3 127 UV-vis (1.0 x
1075 M, CH3CN) Apmax nm (€): 309 (2.3 x 10* M~ cm™), 383
(6.8 x 10> ML em™!); Anal. caled for CggH79F 13NgO20RU4S:
C, 38.56; H, 3.43; N, 5.45; found: C, 38.84; H, 3.68; N, 5.71.

2b: Acceptor clip 1b (34.3 mg, 0.032 mmol) and tetratopic
donor L (5.5 mg, 0.016 mmol) were stirred in methanol (4 mL)
to obtain 2b. Isolated yield: 88%. 'H NMR (400 MHz, CD30D)
4 8.19 (s, 4H, H.-imidazole), 8.17 (s, 4H, Hg-imidazole), 7.82
(s, 4H, Hy-imidazole), 7.46—7.21 (m, 20H, N-phenyl), 7.17 (s,
2H, H,-imidazole), 5.63-5.14 (m, 16H, Hy g-cymene),
2.50-2.48 (septet, 4H, H2-cymene), 1.71 (s, 12H, H3-cymene),
1.12 (d, 24H, H1-cymene); '°F NMR (376.5 MHz, CD;0D) §
—79.84; 13C NMR (100 MHz, CD3NO,) & 170.89, 147.02,
139.76, 135.54, 132.74, 129.87, 128.63, 127.03, 125.45, 123.82,
123.00, 119.81, 104.32, 99.43, 85.27, 83.99, 82.23, 81.35,
65.70, 31.47, 22.30, 20.99, 17.16, 14.70; IR (neat) v (cm™!):
3136 (w, C=C of aromatic), 1602 (s, CO-oxamide), 1262 (s,
C-F of CF3); ESIMS (m/z): 1029.53 [2b — 203SCF37]2",
637.27 [2b — 303SCF57 3™ UV—vis (1.0 x 107> M, CH3CN)
Amax Dm (€): 328 (5.8 x 10* M~! cm™!); Anal. calcd for
C90H90F12N12016RU4S42 C, 45.88; H, 3.85; N, 7.13; found: C,
46.59; H, 4.17; N, 7.43;

2¢: Acceptor clip 1¢ (31.1 mg, 0.032 mmol) and tetratopic
donor L (5.5 mg, 0.016 mmol) were stirred in methanol (4 mL)
to obtain 2¢. Isolated yield: 80%.'H NMR (400 MHz, CD;CN)
6 7.89 (s, 4H, H,-phenyl), 7.40 (s, 8H, H¢-imidazole), 7.36 (s,
8H, Hg-imidazole), 6.96 (s, 8H, Hyp-imidazole), 5.94 (d, J = 5.6
Hz, 16H, H,-cymene), 5.88 (s, 4H, H4-quinone), 5.75 (d, J =
6.0 Hz, 16H, Hg-cymene), 2.86-2.79 (septet, 8H, H2-cymene),
2.22 (s, 24H, H3-cymene), 1.31 (d, 48H, Hl—cymene);
19F NMR (376.5 MHz, CD3CN) & —79.08; !3C NMR (100
MHz, CD3NO;) 6 183.92, 140.62, 134.75, 131.45, 124.09,
122.92, 119.74, 103.76, 99.10, 84.88, 83.65, 79.47, 78.00,
31.78, 22.27, 17.70; IR (neat) v (cm™!): 3128.8 (w, C=C of
aromatic), 1521.2 (s, CO-oxalate), 1252.1 (s, C-F of CFj3);
ESIMS (m/z): 2008.0 [2¢ — 203SCF37]%", 1288.0 [2¢ —
303SCF5 1?*, 928.9 [2¢ — 403SCF5 ]*"; UV—vis (1.0 x 1073
M, CH3CN) Ay nm (g): 293 (6.3 x 10* M~ em™), 499 (3.2 x
10* M~ ! em™!); Anal. caled for Ci4gH48F24N16040RugSg: C,
41.23; H, 3.46; N, 5.20; found: C, 41.83; H, 4.16; N, 5.60.

X-ray data collection and structure refinements: Crystallo-
graphic data for 2a were collected on a Bruker SMART APEX
CCD diffractometer with the SMART/SAINT software [22].
X-ray-quality crystals were mounted on a glass fiber with traces
of viscous oil. Intensity data were collected by using graphite-
monochromatized Mo Ka radiation (0.7107 A) at 150 K. The
structures were solved by direct methods using SHELX-97
incorporated in WinGX [23-27]. Empirical absorption correc-
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tions were applied with SADABS [25]. All nonhydrogen atoms
were refined with anisotropic displacement coefficients.
Hydrogen atoms were assigned isotropic displacement coeffi-
cients, U(H) = 1.2U(C) or 1.5U (C-methyl), and their coordi-
nates were allowed to ride on their respective carbons.

CCDC-845980 (for complex 2a) contains the supplementary
crystallographic data reported in this paper. The data can be
obtained free of charge from the Cambridge Crystallographic
Data Center via http://www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic data: CggH7oF12NgOo9Ru4S4, M, =2055.86,
tetragonal, space group I41/a, a = 27.975(5) A, b = 27.975(5)
A, c=48.786(17) A, a.=90°, B =90°, y = 90°, V= 38179(16)
A3, Z =16, peaica. = 1.431 g cm™!, Mo Ka radiation (graphite
monochromatic, A = 0.71073 A), T= 150 K, final R indices [I >
26(I)]: Ry =0.1152 (5366), wR, = 0.4337 (18769).

Supporting Information

Supporting Information File 1

Infrared and NMR spectra of the macrocycles 2a, 2b and 2¢
and solid-state packing diagram of macrocycle 2a.
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The facile coupling of azobenzene dyes to the quadruply hydrogen-bonding modules 2,7-diamido-1,8-naphthyridine (DAN) and
7-deazaguanine urea (DeUG) is described. The coupling of azobenzene dye 2 to mono-amido DAN units 4, 7, and 9 was effected
by classic 4-(dimethylamino)pyridine (DMAP)-catalyzed peptide synthesis with N-(3-dimethylaminopropyl)-N’-ethyl carbodi-
imide hydrochloride (EDC) as activating agent, affording the respective amide products 5, 8, and 10 in 60-71% yield. The amide
linkage was formed through either the aliphatic or aromatic ester group of 2, allowing both the flexibility and absorption maximum
to be tuned. Azobenzene dye 1 was coupled to the DeUG unit 11 by Steglich esterification to afford the product amide 12 in 35%
yield. Alternatively, azobenzene dye 16 underwent a room-temperature copper-catalyzed azide—alkyne Huisgen cycloaddition with
DeUG alkyne 17 to give triazole 18 in 71% yield. Azobenzene coupled DAN modules 5, 8, and 10 are bright orange—red in color,
and azobenzene coupled DeUG modules 12 and 18 are orange—yellow in color. Azobenzene coupled DAN and DeUG modules
were successfully used as colorimetric indicators for specific DAN-DeUG and DAN-UPy (2-ureido-4(1H)-pyrimidone) quadruply
hydrogen-bonding interactions.

Introduction

Lehn’s pioneering studies [1] have advanced supramolecular
chemistry to the point where complex hierarchical self-assem-
bled [2] and even dynamically assembled structures are

routinely described [3]. Noncovalent hydrogen bonding, elec-

trostatic interactions, n—7 stacking and metal coordination have
been used alone and in concert to assemble a broad range of
building blocks, from small molecules [4-7] to polymers [8,9]
including dendrimers [10,11]. Among these noncovalent inter-
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actions, hydrogen bonding is especially useful, not only because
of its predictability both in terms of strength and geometry, but
also because of its intrinsically dynamic and reversible nature.
Of the hydrogen-bonding units developed for assembly, those
that feature multiple hydrogen bonding sites are particularly
desirable because they usually pair with high affinity and high
fidelity [12]. High-affinity hydrogen-bonding units have found
particular applications in supramolecular polymers [13,14], in
which the presence of fewer hydrogen bonds means that the
desired assemblies are not achieved, or results in polymers of
lower molecular weight. The utility of these units is further
demonstrated in the broad range of supramolecular architec-
tures that have emerged and the materials to which these units
have been attached, including dendrimers [15-17], polymer
chain-ends [18-20] and polymer side-chains [21,22], modified
polymeric materials, functionalized nano-structures [23] and
surfaces [24].

Of the numerous supramolecular coupling agents developed
those that pair using quadruply hydrogen bonding have
arguably received the most attention in the context of supra-
molecular polymer chemistry. In particular, the highly stable
UPy dimers developed by Meijer and Sijbesma [9,14,25] and
the high-stability and high-fidelity DAN-UG heterodimers
developed in our laboratory [26,27] are appealing because
beyond the stable complexes that they form, they are syntheti-
cally quite accessible (Figure 1) [28]. Indeed, several syntheses
of the DAN unit are now available [29-34]. The original UG
unit contains a labile nucleoside unit, but a DeUG unit [35] and
more recently a DeUG module bearing a range of synthetic
handles for further elaboration [36] were both reported with
more scalable syntheses. With regard to applications, the
DAN-UG (DeUQG) heterodimer has been used to drive the for-
mation of: (1) polymer blends [37], (2) a supramolecular multi-
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DAN-UG complex (X = N)
DAN-DeUG complex (X = CH)

Figure 1: Chemical structures of UPy dimer and DAN complexes with
UG and DeUG.
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block copolymer with a high propensity for alteration [38], and
(3) a supramolecular ABC triblock polymer [39]. Further, a
structure—property relationship has been developed for
DAN-UG-based supramolecular-network polymer blends [40],
and a redox-active eDAN unit was described wherein a
>10*-fold drop in binding affinity occurred upon reversible oxi-
dation [41].

Herein, we extend the chemistry of the heterocyclic hydrogen
bonding units (DAN and DeUG) by their coupling to azoben-
zene dyes allowing them to serve as colorimetric indicators for
supramolecular interactions. Beyond reporting the straightfor-
ward coupling of DAN and DeUG to azobenzene dyes, we
show that the dye-recognition-unit conjugates act as selective
polymer colorants (Figure 2). The development of a recogni-
tion unit opens the possibility of their use as a colorimetric
handle for monitoring and investigating quadruply hydrogen-
bonding interactions at molecular levels and in materials appli-
cations.

Results and Discussion

The azobenzene units were chosen because they are widely
used as dyes and exhibit a range of vivid colors. Furthermore,
the application of azobenzenes in chemistry is quite broad and
includes their use as switches [42], in nonlinear optics [43],
sensing devices [44], and in nanostructured films for optical
storage [45]. Although this work does not focus on switching,
the ability to synthesize these recognition units containing
azobenzene units opens up the possibility to turn hydrogen
bonding on and off. With regard to synthesis, aromatic azo
compounds are commonly prepared by an electrophilic substitu-
tion reaction, the best partners being an electron-rich aromatic

ring and an aryl diazonium cation.

The synthesis of azobenzene-dye-coupled DAN 5 began with
4-aminobenzoic acid tert-butyl ester (Scheme 1). Diazotization
and coupling with phenol afforded 1 in 60% yield, which was
comparable to the reported synthesis [46]. Compound 1 was
alkylated with ethyl 4-bromobutyrate to give 2 in 72% yield
[47]. Acid-catalyzed deprotection of 2 afforded carboxylic acid
3 in 85% yield [48]. The coupling of 3 with the mono-
heptanamide of 2,7-diamino-1,8-naphthyridine (DAN 4)
was effected by using a standard peptide-coupling method.
Thus, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) was used as an activating agent and 4-(di-
methylamino)pyridine (DMAP) was used as a catalyst [49].
Azobenzene—DAN conjugate 5 was obtained in 71% yield as an
orange—red solid following chromatography.

Deprotection of azobenzene 2 under mildly basic conditions
was also investigated, which afforded compound 6 in 88% yield
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Figure 2: lllustration of the use of DeUG-Dye and DAN-Dye as colorimetric indicators for supramolecular interactions through specific quadruply
hydrogen-bonding interactions. Top: DeUG-Dye interacts with DAN modified polystyrene (PS). Bottom: DAN-Dye interacts with UPy modified poly-

butyl acrylate (PBA).
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Scheme 1: Synthesis of azobenzene-dye-coupled DAN 5.
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Scheme 2: Synthesis of azobenzene-dye-coupled DAN 8 and 10.

(Scheme 2). The coupling of monoamide derivatives of 2,7-
diamido-1,8-naphthyridine (DAN), i.e., 7 and 9 with 6 under
similar coupling conditions, yielded 8 and 10 in 60% and 62%
yield, respectively. All three azobenzene-coupled DAN
modules were vivid orange—red in color and had excellent solu-
bility in a range of nonpolar organic solvents.

The initial attempt to couple DeUG unit 11 to azobenzene dye 1
utilized the established Steglich esterification procedure [50]
with DMAP as the catalyst [51]. Thus, DeUG carboxylic acid
11 was coupled with 1 by using EDC and DMAP in methylene
chloride, and the orange—yellow product 12 was isolated in a
relatively low 35% yield (Scheme 3). No attempt was made to

optimize the coupling conditions; instead, attention was turned
to the possibility of coupling the partners by using the copper-

catalyzed azide—alkyne Huisgen cycloaddition (click reaction).

The click approach began with the readily available and inex-
pensive starting material, 4-aminobenzoic acid (Scheme 4),
which was diazotized and treated with phenol to afford 13 in
65% yield, comparable to published procedures [52-54]. To
install the azide functionality, 13 was treated with 1,5-dibro-
mopentane and potassium carbonate to afford bromide 14 in
62% yield. Because of its poor solubility, 14 was esterified to
afford ethyl ester 15 in 76% yield. Treatment of 15 with sodium
azide in the presence of tetrabutyl ammonium bromide as a

0
H 0 o Ot-Bu
N N\ X

| OH 1 Ho
H\N/k\N N EDC, DMAP N |/
ot \\O CH,Cl, H\ N
rt, 24 h, 35% H
o N
11 12

Scheme 3: Synthesis of azobenzene dye-coupled DeUG 12.
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Scheme 4: Synthesis of azobenzene dye-coupled DeUG 18.

phase-transfer reagent produced crude 16, which was used
directly in the next step without purification. Coupling of azide
16 with the known 17 [34] was successfully effected under stan-
dard conditions for the copper-catalyzed azide—alkyne cyclo-
addition [55]. Azobenzene dye-coupled DeUG module 18 was
obtained as an orange—yellow solid in 71% yield. The product
was assigned as the 1,4-substituted triazole by analogy to that
seen in other such cycloaddition reactions [56].

Azobenzene-coupled DAN modules 5, 8, and 10 are bright
orange—red in color and azobenzene-coupled DeUG modules 12
and 18 are orange—yellow in color (Figure 3). All of the azoben-
zene coupled DAN and DeUG modules have excellent solu-
bility in nonpolar organic solvents, wherein their supra-
molecular recognition is most effective.

To study the ability of the DAN and DeUG-coupled azoben-
zene dyes to engage in quadruply hydrogen-bonding interac-
tions and demonstrate the possibility of using these compounds
as colorimetric indicators, two types of polymers bearing DAN
and UPy were used (Figure 4). The DAN modified polystyrene
(PS-DAN) was a gift from Dr. Cyrus Anderson and its syn-
thesis will be published elsewhere. Commercially available

Figure 3: Solution (20 mmol) of azobenzene-dye-coupled DAN and
DeUG in CHyCly; a = compound 5, b = compound 8, ¢ = compound 10,
d = compound 12, e = compound 18.

polystyrene (PS) was used as a control polymer and purified by
dissolving in CH,Cl, and precipitating out with MeOH.

PS and PS-DAN were characterized by SEC with THF as

eluent, with PS molecular weight standards. The loading of the
DAN unit was determined by 'H NMR (Table 1). Poly(butyl

490



PBA-UPy
i
—-H,c—cH - cH-c—
)=0% Y
02
N—H
o H  N-H

H-N N—

chMN

—( A B 0]

Figure 4: Structure of DAN-modified PS and Upy-modified PBA.

acrylate) (PBA) and 2-ureido-4(1H)-pyrimidone (UPy) modi-
fied poly(butyl acrylate) (PBA-UPy) were prepared and charac-
terized by THF SEC against PS standards according to a known
procedure [57]. The loading of the UPy units, determined by
"H NMR, is listed in Table 1.

PS and DAN-modified PS were obtained as white powders
whereas PBA and UPy-modified PBA ranged from viscous
liquids to gels depending on the loading of UPy groups on the
polymer backbone (Figure 5). The supramolecular coupling of
DAN and DeUG units and DAN and UPy units has been well
studied. Thus, the association constant (K,gs0c) for the

Beilstein J. Org. Chem. 2012, 8, 486-495.

Table 1: Molecular weight, molecular weight distribution and mol %
loading of DAN modified PS and UPy modified PBA.

entry polymer M, (kDa) M, (kDa) PDI
A0 PS 138 69 2.0
A1 PS-DAN (2.0 mol %) 148 114 1.3
A2 PS-DAN (5.0 mol %) 131 73 1.8
BO  PBA 84 38 22
B1 PBA-UPy (2.6 mol %) 84 38 22
B2  PBA-UPy (4.1 mol %) 80 38 2.1
B3  PBA-UPy (7.1 mol %) 110 55 2.0

DAN-DeUG heterocomplex was measured as Kyggoe = 108 M7
[36], whereas for the DAN-UPy heterocomplex K, ss0c =
106 M1 [58-60].

Whether these complex stabilities allow for the selective
coloration of the functional polymers was examined by mixing
CH;Cl, solutions of polymer and dye-coupled recognition
units, evaporation of the solvent, and repeated washing of the
residue with CH,Cl,—hexanes in an attempt to remove the
color. These conditions were selected because they were effec-
tive at removing dye from the unfunctionalized polymer. Thus,
as seen in Figure 6 (left panel, vial A), PS did not retain DeUG-
Dye compound 12 after washing. However, PS-DAN (2 mol %)
retained both compound 12 and 18 (vial B and C, respectively),
showing intense coloration. The designed supramolecular
recognition (DAN-DeUG heterocomplex) was shown to be the
key factor by a control experiment featuring PS-DAN and
azobenzene dyes 2 and 15, both of which lack the DeUG unit.
As seen in Figure 6 (left panel, vial D and E), the dye was
washed away from the polymer. Not surprisingly the 5 mol %

Figure 5: Physical appearance of DAN-modified PS and UPy-modified PBA. Left: A0 = PS, A1 = PS-DAN 2.0 mol %, A2 = PS-DAN 5.0 mol %.
Right: BO = PBA, B1 = PBA-UPy 2.6 mol %, B2 = PBA-UPy 4.1 mol %, B3 = PBA-UPy 7.1 mol %.
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Figure 6: Color change after the interaction of azo-benzene dye-coupled DeUG modules with different DAN modified PS, followed by washing.
Left: (A) PS with compound 12, (B) PS-DAN (2.0 mol %) with compound 12, (C) PS-DAN (2.0 mol %) with compound 18, (D) PS-DAN (2.0 mol %)
with compound 2, (E) PS-DAN (2.0 mol %) with compound 15. Right: (A) PS with compound 18, (B) PS-DAN (5.0 mol %) with compound 12, (C)
PS-DAN (5.0 mol %) with compound 18, (D) PS-DAN (5.0 mol %) with compound 2, (E) PS-DAN (5.0 mol %) with compound 15.

PS-DAN performed at least as well in the same series of experi-
ments (Figure 6, right panel). The overall approach is meant to
illustrate the strength and specificity of the recognition process,
not to provide a quantitative method. Thus, although the
washing procedure with a mixed nonpolar solvent
(CH,Cly—-hexanes) proved to be effective in removing non-
specifically associated compounds, over 50% of the polymer
was also lost during the multiple washings.

The generality of this recognition process was demonstrated by
observing the same trend with DAN-Dyes 5, 8 and 10 and UPy-

modified PBA (Figure 7). Thus, after mixing of DAN-Dyes 5, 8
and 10 with UPy modified PBA (both 4.1 mol % and
7.1 mol %) the polymers became highly colored. However, after
being washed repeatedly with CH,Cl,—hexanes, unfunctional-
ized PBA lost its color (Figure 7, left and right panels, vial A)
whereas PBA-UPy retained an intense orange color (Figure 7
left and right panels, vials B and C). Control studies with PBA-
UPy (both 4.1 mol % and 7.1 mol %) mixed with azobenzene
dye 2 and 15 lacking a DAN-recognition unit, showed a
complete loss of color following extensive washing (Figure 7
left and right panels, vials D and E).

Figure 7: Color change after the interaction of azobenzene dye-coupled DAN modules with different UPy-modified PBA, followed by washing.

Left: (A) PBA with compound 5, (B) PBA-UPy (4.1 mol %) with compound 5, (C) PBA-UPy (4.1 mol %) with compound 8, (D) PBA-UPy (4.1 mol %)
with compound 2 (E) PBA-UPy (4.1 mol %) with compound 15. Right: (A) PBA with compound 5, (B) PBA-UPy (7.1 mol %) with compound 8, (C)
PBA-UPy (7.1 mol %) with compound 10, (D) PBA-UPy (7.1 mol %) with compound 2, (E) PBA-UPy (7.1 mol %) with compound 15.

492



Conclusion

In conclusion, we have demonstrated straightforward and scal-
able syntheses of azobenzene dye-coupled quadruply hydrogen-
bonding recognition modules. Specifically, the 2,7-diamido-1,8-
naphthyridine (DAN) unit was linked to azobenzene dyes
through one of its amide groups, giving compounds 5, 8, and
10, and the 7-deazaguanine urea (DeUG) unit was linked to an
azobenzene dye by a Steglich esterification, giving 12, or by the
copper-catalyzed azide—alkyne cycloaddition (click reaction) to
give 18. The synthesis provides access to highly colored recog-
nition units that may serve as useful probes of recognition
events. In this work we have successfully demonstrated that
these units colored two polymers, PBA and PS, but only when
they contain the complementary recognition units along their
backbone.

Experimental

General

With the exception of 1-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC), which was purchased from
Advanced ChemTech and used as received, all other chemicals
were purchased from Sigma-Aldrich and used without further
purification. Compounds 4, 7, and 9 were synthesized according
to the published procedures [34], as were compounds 11 and 17
[36]. Solvents were reagent grade and used without further
purification except as follows: Tetrahydrofuran (THF) was
distilled from sodium benzophenone ketyl immediately prior to
use. Methylene chloride (CH,Cl,) was obtained from an
MB-SPS Solvent Purification System and stored over 4 A mo-
lecular sieves. All reactions were carried out under a dry
nitrogen atmosphere, except for the preparation of compounds 1
and 13. Ambient or room temperature refers to 25 + 3 °C.

Representative procedure for testing polymer

coloration

One representative example each of coloration experiments
with (a) DeUG-Dye 18 with PS-DAN and (b) DAN-Dye 5 with
PBA-UPy: (a) 0.30 g PS-DAN (5.0 mol %) was dissolved in
25 mL of CH,Cl,, then 5.0 mL of a solution of DeUG-Dye 18
in CH,ClI, (20 mM) was added and the mixture was stirred for
3 h. The solvent was removed in vacuo. The resulting solid was
washed with 0.2% CH,Cl,—hexanes (v/v) (10 x 12 mL). Each
washing was carried out in a 20 mL scintillation vial under stir-
ring for 40 min. After settling of the polymer, the washing
solvent was decanted and removed with a pipette. The final
polymer was transferred into a small vial and dried at room
temperature. (b) To a solution of 0.30 g PBA-UPy (4.1 mol %)
in 25 mL CH,Cl, was added 5.0 mL of a solution of DAN-Dye
5 in CH,Cl, (20 mM) and the mixture was stirred for 3 h. The
solvent was removed in vacuo. The resulting solid was washed
with 1% CH,Cly-hexanes (v/v) (10 x 12 mL). Each washing

Beilstein J. Org. Chem. 2012, 8, 486—495.

was carried out in a 20 mL scintillation vial under stirring for
40 min. After settling of the polymer, the washing solvent was
decanted and removed with a pipette. The final polymer was
transferred into a small vial and dried at room temperature.

Supporting Information

Supporting Information File 1

General experimental procedures, detailed synthetic
procedures and characterization data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-55-S1.pdf]
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This review describes the state-of-art in the field of the gas-phase reactivity of diastereomeric complexes formed between a chiral

artificial receptor and a biologically active molecule. The presented experimental approach is a ligand-displacement reaction carried

out in a nano ESI-FT-ICR instrument, supported by a thermodynamic MS-study and molecular-mechanics and molecular-dynamics

(MM/MD) computational techniques. The noncovalent ion—molecule complexes are ideal for the study of chiral recognition in the

absence of complicating solvent and counterion effects.

Review

Enzymes are macromolecular assemblies that make up the
machinery whose structures and dynamics enable and support
life functions. They are invariably characterized by more-or-less
flexible structures with asymmetric cavities of appropriate
shape and size possessing suitable functionalities in specific
positions. The large number of existing enzymes characterized
by a specific function has provided chemists with both the stim-
ulus and inspiration to design “synthetic enzymes” in order to
provide exemplars suitable for improving the understanding of

the amazing properties of natural biomolecules and for attempts

to reproduce them for practical applications. Thus, noncovalent
complexes between chiral receptors and biomolecules represent
an important class of life's supramolecular systems in which the
guest molecule (e.g., amino acids, neurotransmitters, drugs) is
selectively captured into the host macromolecular structure
(molecular recognition) and transformed catalytically at a
specific “active site” (enzyme catalysis) [1-3]. Furthermore, the
biorecognition may require the partial or complete desolvation
of the guest molecule and of the polar groups of the active site

by greatly enhancing its reactivity [4].
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An important step towards the elucidation of enzyme mecha-
nisms requires a comprehensive study of the structure,
dynamics, and reactivity of simplified models under conditions,
such as the gas phase, in which the noncovalent interactions in
the guest—host complex are not perturbed by effects owing to
the medium. As biological function and morphology are
strongly correlated, knowledge of the supramolecular
host—guest structures is expected to shed light on their bio-
logical functions. From the beginning of evolutionary processes
right up to the present biodiversity, life relies on biological
specificity, which arises from the fact that individual biomole-
cules “communicate” through noncovalent interactions.
Resorcin[4]arenes are an important class of tunable macro-
cycles largely studied in the context of host—guest chemistry,
as cavitands [5] and capsules [6]. The great ability of
resorcin[4]arenes to trap several classes of compounds makes
them very suitable for the subtle study of the chemicophysical
properties of their host—guest systems, even in the gas phase.
The most recent advances in this field include several gas-phase
investigations: (i) The size and structure selectivity of tetraethyl
and tetraphenyl resorcin[4]arenes in the recognition of mono,
di-, and oligosaccharides by electrospray coupled with Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR)
[7]; (ii) the gaseous (and solution) selectivity towards several
organic and inorganic anions [8], and tetramethylphosphonium
cation [9]; and (iii) the complexation of saturated, nonsaturated,
and aromatic dicarboxilic acids by a tetraammonium C1-resor-
cinarene, strongly dependent on the isomeric structure of the
used guest [10].

Resorcin[4]arene molecules are characterized by three main
contact regions [11]: (1) The down-region is the cavity of the
receptor, which can be hydrophilic or lipophilic depending on
the nature of the lateral chains; (2) The external-region is
located in the proximity of lateral chains; and (3) The up-region
is defined by the upper rim of the receptor crown. Furthermore,
the nature of the pendants allows for subtle tuning of the
polarity of both the down- and the external-regions, and the size
of the up-region. The capability to discriminate biomolecules
such as the zwitterionic forms of aromatic amino acids [12],
basic amino acids [13-15], aliphatic and aromatic native amino
acids [16-18], and amines and peptides [19], by acting as an
artificial receptor [20-30], is thanks to this structural versatility.

The kinetic measurement of ligand-displacement reactions [31-
37] is one of the different mass-spectrometric approaches used
to promote an efficient chiral recognition [38], as already
mentioned in the last review published in this field [31]. In the
present review the attention will be focussed on the most recent
results obtained by our group with this particular kinetic
method.

Beilstein J. Org. Chem. 2012, 8, 539-550.

Methodology

The proton-bound [M-H-G]" aggregates (M: chiral hosting
resorcin[4]arene; G: guest biomolecule) were generated by elec-
trospray ionization (ESI) of M/G methanolic mixtures (where
the M to G ratio lies in the range of 0.1-1), and then transferred
into the resonance cell of a FT-ICR mass spectrometer by using
an accumulation hexapole and two gradients: (1) The electro-
static gradient was kept by a system of potentials and lenses,
and (2) the pressure gradient was maintained by a differential
pumping system along the ion trajectory. The proton-bound
[M-H-G]" complex of interest was isolated by broad-band ejec-
tion of the other ions and then quenched by collisions with an
inert gas (e.g., methane, argon), which pulsed into the cell
through a magnetic valve. After the thermalization, the com-
plex was allowed to stay in the cell for a variable reaction delay
and then made to collide with a chiral or achiral reagent B intro-
duced into the cell at a fixed pressure (10710 to 1078 mbar,
Equation 1).

[M-H-G]"+B—>[M -H-B]" + G (1)

The extraction of the ligand-exchange rate constant is based on
the decay of the isolated precursor ion [M-H-G]" as a function
of time ¢. If ] is the intensity of the precursor [M-H-G]" at the
delay time ¢ and 10 is the sum of the signals of [M-H-G]" and
[M-H-B]*, a monoexponential In(Z/I%) versus ¢ plot is often
obtained, whose slope provides the pseudo-first-order rate
constant ke, for the reaction in Equation 1. The monoexponen-
tial decay of an isolated system indicates that either just one
reacting species exists or that more than one structure exists but
that they react with similar rate constants (different species with
a rate-constant ratio of less than 10 are kinetically indistinguish-
able, Figure 1).

4.5

35

In % precursor ion

25

0 1 2 3 4 5 6
time

Figure 1: Examples of monoexponential decay: The slope of the line
directly provides the reaction pseudo-first-order rate constant.
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The bimolecular rate constant (kp;) in monoexponential kinetics

was calculated by solving Equation 3:

P

obs

kexp = ki [X] = ki S Rykg T )
2

exp
kb' = (3)
' (Pobs +0F, obs )

(Kexp £ Skexp )-(Sn, £ 08w, ) Rx kg - T

Pgps: Observed pressure corrected for the background pressure.

SN2 (Pobs /Ptme)NZ: Chemical sensitivity of vacuum gauge for
Nj.

Ry (Sx /Sy ,; reacting gas dependent): Calibration factor of the

vacuum gauge.
kg = Boltzmann constant

Less frequently a biexponential decay was observed. This
kinetic behavior indicates the presence of at least two different

reacting structures: One of them decays faster (kf,g) than the
other (kgjow: Figure 2).

45N

+, fast channel
*

In % precursor ion
w
)]

slow channel

time

Figure 2: Example of biexponential decay.
In the latter case the following expression was used:

=1 Ofaste_kSlOWt 1 Oslowe_kSlOWt @)

1%, = intensity of the fast reacting structure at t =0

IOy ow = intensity of the slow reacting structure at £ =0

Beilstein J. Org. Chem. 2012, 8, 539-550.

1% 0w is extractable from the intercept of the slow component
with the y-axis, with its slope giving kgjow. At this point
Equation 4 also provides kg, considering that g + Pgoy =
100. The bimolecular kgp;)fast and k(pi)siow are obtained from
kfast and kgow by using Equation 3. Finally, the calculated ky;
were compared with the thermal capture rate with the neutral
bath (k¢ap) in order to obtain the efficiency of the reaction as
kpilkeap * 100. For this purpose the ion was treated as a point
charge and the polar molecule as a two-dimensional rigid
rotor by using the classical trajectory model (CT) of Su and
Chesnavich [39,40].

When the host and the guest in the complex have the same
absolute configuration, the rate constant of reaction described
by Equation 1 is denoted as kpomo; When instead they have
opposite configuration, the rate constant is denoted as kpetero-
The kinetic enantioselectivity of Equation 1 is obtained by
comparing the second-order rate constants k for the same
reaction involving the diastereomeric [M-H-G]*omo and
[M-H-G]" hetero complexes, by means of the p factor (= kpomo/
Khetero)- Furthermore, when the guest exchange of Equation 1
involves a chiral reactant B (either Bg or Bg), another enantio-
selectivity factor & can be extracted from the kinetic results,
based on the ratio of the rate constants of the same reaction
involving B (kr) and Bg (kg), namely & = kgr/kg. Obviously a
p > 1 value indicates that the reactant B displaces the guest from
the homochiral complex faster than from the heterochiral one.
The opposite is true when p < 1, whereas a p = 1 indicates a
lack of enantioselectivity. Analogously, a & > 1 value indicates
that the displacement of the guest from a given complex is
faster with Br than with Bg. Again, the opposite is true when
& < 1. A & =1 value corresponds to equal displacement rates

irrespective of the configuration of B.

Chiral calixarenes, and their resorcinarene relatives, can be
characterized by a variable conformational flexibility. They
may exist in a highly symmetric bowl-shaped conformation, a
so-called cone conformation, or in several other asymmetric
conformations. In general, the chirality of resorcin[4]arenes can
be due to (1) the presence of stereogenic centers in their side
chains, or (2) the hindered spatial arrangement of achiral
subunits forming a chiral macrocyclic scaffold.

Chiral centers in the side chains

Flexible peptidoresorcin[4]arenes as chiral selectors of
dipeptides. In 2002, the first investigations of chiral
recognition by calixarenes in the gas phase were carried out in
Rome by the group of Prof. Speranza by using ESI-FT-ICR-
MS. They published several other studies [11,41,42] on the
displacement of selected amino acids (G) from a type-1 chiral

amidoresorcin[4]arene Yg (Figure 3) whose molecular asym-
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Figure 3: Amidoresorcin[4]arene Ysg.

metry is due to the four axial pendants containing the chiral
L-valine group. Two chiral effects were experimentally consid-
ered: The configuration of the amine B and that of the guest G.
According to theoretical calculations, the chiral effects are
insignificant if the guest molecule in the [Yg-H-G]* complex is
located outside the cavity of the host, while a bimodal kinetic is
mirrored by the coexistence of a different guest position
depending on the G configuration.

(@)

Ip:

R' = CH,CH(CHj),; R2 = CH(CHg)y; R® = CH3

Beilstein J. Org. Chem. 2012, 8, 539-550.

In 2009, the lengths and the complexity of the lateral chains
were modified in order to investigate the effect of the nature,
and the sequence of the N-linked amino acid residues in the
down-region of the host. The resorcin[4]arene octamethyl ethers
were functionalized with leucyl-valine and valyl-leucine (I and
III; Scheme 1a) methyl esters, and the enantioselectivity toward
the same dipeptide esters used in their synthesis, namely,
leucyl-valine-OMe and valyl-leucine-OMe (1 and 3;
Scheme 1b) was investigated [43].

A configurational preference was pointed out from previous
NMR experiments [44]: In CDClj3 solution the neutral
homochiral aggregate is significantly more stable than the
heterochiral one, while NMR 1D ROESY results indicated that
the dipeptidic guest is not located in the cavity of the host, but
that the interaction that is mainly involved is hydrogen bonding
occurring on the external surface of the resorcin[4]arene. These
preliminary results motivated the gas-phase enantioselectivity
study reported in [43], in which the guest displacement between
proton-bound diastereomeric [M-H-G]" (M: I-IV; G = 1-3)
complexes and (R)-(—)-2-butylamine (B) (Equation 5 and
Equation 6) was monitored. In addition to the displacement

R? O
H
I R! = CH,CH(CH),; R2 = CH(CHa)y; R® = CoH N
L 2CH(CH3), (CHg), 2Hs - —HN)\[( OR3
"ID/L: R! = CH(CH3)2, R2= CHQCH(CHs)z, R3 = CH3 0 R2
|VD/|_Z R'= CH(CH3)2, R2= CHch(CHg)z, R3=H
w “HN  NH-
Vris C =
W Ph Ph
“HN  NH-
w
Vigss ( =
w
(b)
Ton:  R'=CHyCH(CHy)y; R?= CH(CHg)y; R® = CHs R o
H
2: R'= CH,CH(CH3)y; R2= CH(CH3),; RS = C,H5 HZNJ\[(N%ORS
, 0 R?
3piL: R! = CH(CH3),; R2= CH,CH(CHs),; R = CHj

Scheme 1: Studied (a) peptidoresorcin[4]arenes and (b) dipeptidic guests.
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enantioselectivity, the structural analogies between the resor-
cinarene and the dipeptides made other evaluations possible as,
for instance, the effect of the —R in the CO,R groups of the host
and the guest (—CHj3 versus —C,Hs), and the aminoacidic-
sequence effect of the host pendants and the guest.

[M,-H-BT" k—)[MLH Gl <—[ML H-B]* (5)

[Mp-H-BJ'——> [MD H- G]+ 5oy Mo H: ‘B]" (6)

The [M-H-G]*
In(//1°) versus ¢. In contrast, biexponential kinetics are observed
with [IV-H-G]*
the latter kinetic behavior is ascribed to the occurrence of at

(M: I-1II) complexes invariably reveal linear
. As pointed out in the methodology paragraph,

least two stable isomeric [M-H-G]" structures, one less reactive
([TV-H-G]"jow) and the other more reactive ([IV-H-G] " gu50)-
The configuration of B does not appreciably influence the
reactions kinetics of Equation 5 and Equation 6 [43], thus
suggesting that the amine does not need to enter the cavity to
interact with the chiral lower portion of the host before
displacing the dipeptide G from the complex. This hypothesis
agrees well with the external location of G in the [M-H-G]*
complex that was observed in independent solution experi-
ments [44].

The heterochiral [M-H-G]*
efficiently than their homochiral analogues, with the exception
of the “slow” population of the heterochiral [IV-H-3]*. Both the
populations of the diastereomeric [IV-H-1]" react with scarce or

(M: I-1II) complexes react more

absent enantioselectivity.

Concerning the structural effect of the ester tail, the kinetics of
the reactions in Equation 5 and Equation 6 are appreciably
affected by the nature of the -CO,R function of the dipeptidic
guest, while they are not subject to the influence of the specific
ester functions of the host pendants [43], thus, providing further
evidence that the guest is placed outside the host cavity in
[M-H-G]" (M = I-1II). The negligible effect observed between
[IV-H-G]* ¢ and their [III-H-G]*
correlated to a similar spatial arrangement of the guests with

analogues (G =1, 3) was

respect to their receptors, while the relatively slow population
of [IV-H-G]* (G = 1, 3) reacts with an efficiency that is defi-
nitely lower than [III'H-G]*
that the guest in [IV-H-G] 4o is arranged in a completely

. This diverging behavior suggests

different orientation, and this particular feature is due to the
presence of the COOH tail in IV pendants, which acts as a
protonated “hook” for dipeptides [43]. Indeed, the reaction
enantioselectivity factors reflect these differences ([M-H-G]*
(M =1-1II): p < 1; [IV-H-G]*gow: p = 1). Based on the NMR

Beilstein J. Org. Chem. 2012, 8, 539-550.

in which the homochiral [M-H-G]*
complexes appear to be more stable than the heterochiral ones,
a p <1 factor measured with [M-H-G]" (M = I-III) was ratio-
nalized from a thermodynamic point of view. The most enantio-

measurements [44],

selective receptor towards guests 1 and 3 was I1II, while the
lowest selectivity was observed with their [I'H-3]* analogues.
Irrespective of the nature of the host pendants (III or I), the
complex of the guest 3 is more reactive than those of 1, with the
*(G =1, 3). This
enantioselectivity trend was ascribed to structural and steric

only exception of the heterochiral [I-H-G]

factors, given the similar basicity of 1-3 [45-47]. The access of
the amine B to the supramolecular assembly may be influenced
by both steric and orientation factors, which can split the
thermodynamic stability of the complexes and/or determine the
dynamics of the displacement. In summary, the kinetic results
[43] indicate that a dipeptidic guest is located outside the cavity
of an analogous resorcin[4]arene, with the NH; terminus co-
ordinated by the amido group of a pendant and the estereal
terminus H-bonded to the adjacent pendant. When the estereal
tail is substituted by a -CO,H group, the hydrogen-bonding
network is deeply modified. This gas phase arrangement, repro-
ducing quite well the previous NMR experiments, is strongly
influenced by the configuration of the partners in the charged
aggregate.

Flexible peptidoresorcin[4]arenes as chiral selectors of vinca
alkaloids. The interactions of the vinca alkaloids with the same
resorcin[4]arenes were investigated in order to shed some light
on the origin of the anticancer activity, by focusing on the drug/
receptor interaction. Vinblastine and vincristine are “dimeric”
molecules, comprising two subunits, i.e., rearranged (+)-catha-
ranthine (T) and (—)-vindoline (D) (Figure 4) [48]. The gas-
phase ligand-displacement approach was employed to investi-
gate the intrinsic properties of these monomers on a molecular
level [49]. First of all 1, III, and IV were employed as artificial
receptors characterized by more flexible lateral chains. The
effect of the skeleton rigidity was evaluated by further
investigation of the kinetic behavior of the rigid V and VI

resorcin[4]arenes as chiral receptors.

The reaction with (R)-(—)-2-butylamine as the neutral gas B
exhibited a significant enantioselectivity (Table 1).

In all cases the displacement reaction of [M-H-T]" and
[M-H-D]* (M = I-1II) exhibited a monoexponential decay,
while [VR/S'H'D]+
bimodal kinetic. When the COOMe terminus was replaced by
the COOH group ([IIIVp,,-H-TT" —
ciable increase of enantioselectivity in the B-to-T displacement

diastereoisomers react by following a
[VIp,-H-T]") an appre-

process was observed, while the inversion of the pendant

sequence ([Ip/, - H-T]" — [HIp,,H-T]) induced a significant
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Figure 4: Catharanthine and vindoline, monomers constituting the
anticancer vinblastine and the analogous vincristine.

Table 1: Exchange rate constants (k x 10”1 cm3 molecule™ s77).
Complex p

[lD'H'T]+homo

1.70£0.22
[|L'H'T]+hetero
llp-H-T]*
[lip ]+homo 1.02 +0.14
["lL'H'T] hetero
IVp-H-TJ*
[IVp ]+homo 0.70+0.14
[|VL'H'T] hetero
VR-H-TI*
[Vr ]+homo 16.9+2.8
[VsH T] hetero
VIg-H-TJ*
[VIr 1" homo 0.56 + 0.07

[VlR'H'T]+homo

reduction of the reaction enantioselectivity. The investigated
[M-H-D]" complexes basically showed enantioselective paral-
lels to that of the corresponding [M-H-T]* adduct.

Rigid resorcin[4]arenes as chiral selectors of vinca alkaloids.
Further attention was focused on the diastereomeric
[Vr/s'H-T]" complexes whose large enantioselectivity (p = 16.9
+ 2.8) must be essentially promoted by substantial differences
in the relevant reaction pathway [49]. Indeed, from the compu-
tational analysis performed on catharanthine (T), two families
of conformers resulted as stable from the study performed in
vacuum as well as in water: The skew-boat conformation of
catharanthine is about 1 kcal mol™' more stable than the chair

conformation (Figure 5).
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(@ « (b) l
nd ]
chair skew-boat

Figure 5: Stable conformers of catharanthine.

The skew-boat structure of both T and TH" is persistent during
all the MD simulations, while the chair—skew-boat intercon-
version very easily occurs in aqueous TH*. Furthermore, in all
simulations the position of the CO,Me function oscillates
between two orientations differing by 180°, except for TH" in
vacuum, while the ethyl group is invariably free to rotate in the

three-dimensional space [49].

The computational results indicated that the chair conformation
is better stabilized by the solvation and torsional energy terms
than the skew-boat one is. In contrast, the electrostatic factor
may induce a stronger stabilization of the skew-boat minimum,
surpassing all the other effects. It can be concluded that in
vacuum, electrostatic interactions prevail against the other
energy terms, such that the T molecule, and the TH* ion even
more, are locked in the skew-boat. When the dielectric constant
becomes high (water), torsional and solvation factors may
become comparable to intramolecular electrostatic factors, with
the consequence that conformational flexibility of the structure

may increase.

According to the MM and MD calculations, both the
[Vs/r'H-T]" enantiomers of the host tend to orientate two adja-
cent carbonyl oxygen atoms to the basic site of the guest. This
arrangement requires that the structure of the host is strongly
distorted from the uncomplexed form, by formation of a modi-
fied intramolecular hydrogen-bonding network at the lower rim
[49]. The hosting regions of resorcin[4]arenes appear to be one
the mirror image of the other, as does the hydrogen-bonding
network involved in the interaction. Nevertheless, the marked
differences, which finally justify the exceptional enantio-
selectivity measured, concern the orientation of the catharan-

thine in the lower rim of the cavity (Figure 6).

An aspect deserving more attention is the relative energies of
the diastereomeric minima, which are very similar to each
other, and thus this excludes an important contribution of
thermodynamic control in the FT-ICR-MS experiments. The
large enantioselectivity could be explained on the grounds of
the pre-exponential term of Arrhenius, because depending on
the orientation of catharanthine in the cavity there is more or
less space for the approaching amine, which thus strongly influ-
ences the effective probability that the necessary proton transfer

from T to B occurs.
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Figure 6: Global minima of (a) [Vg-H-T]* and (b) [VR-H-T]* complexes.

Rigid resorcin[4]arenes as chiral selectors of amino acids
and neurotransmitters. Further insights into the molecular
recognition of basket resorcin[4]arene V towards representative
chiral molecules were gathered. For this purpose, the proton-
bonded diastereomeric [V-H-G]* complexes [G = tyrosine
methyl ester (tyr®€), and amphetamine (amph); Figure 7] were
generated in the ESI source of an FT-ICR-MS to measure the
kinetics of their ligand displacement towards the enantiomers of
the neutral 2-aminobutane (B) (Table 2) [50].

Jij/\'k/COZMe
NH
OH 2

terMe

Figure 7: Guests studied in [47].

Table 2: Exchange rate constants (k x 10710 cm3 molecule™ s77).

[M-H-G]* B = (R)-(-)-C4HgNH,
P = Knhomo/Khetero
[V'H'terMe]+
[V-H-amph]*

0.93+0.03
1.26 £0.09

Beilstein J. Org. Chem. 2012, 8, 539-550.

Irrespective of the configuration of B the [V-H-tyrO]™, ciero
complex reacts faster than its homochiral counterpart. In
contrast, the selectivity of the amphetamine aggregate strictly
depends on the configuration of the approaching amine, as it
shows p > 1 factors in the reaction with Bg and p < 1 factors in
that with Bg.

To verify whether the measured enantioselectivity is
determined by the relative stability of the starting diastereo-
meric complexes or by the transition states involved in
the reaction path, the collision-induced dissociation spectra
of the [V-H-tyrOMe]™ and [V-H-amph]™ complexes were
recorded ([V-H]" is the unique CID fragment, arising
from the loss of the guest molecule) [50]. The R [51]
values obtained in the CID of the [V-H-tyrO™e]* and
[V-H-amph]" complexes are definitely far from unity (0.32
and 0.48, respectively). These results indicate that both the
homochiral [V-H-tyr®Me]" and [V-H-amph]* complexes are
significantly more stable than their heterochiral analogues.
Based on the CID results, it can be concluded that the

OMe1* complexes is

displacement reaction of the [V-H-tyr
mainly controlled by the relative stability of the starting dia-
stereoisomers, while the ligand-exchange enantioselectivity of
[V-H-amph]* is determined by the effects of the chiral
resorcin[4]arene scaffold upon the transition-state structures
involved in the reaction, similarly to the complex of V with

catharanthine.

Rigid resorcin[4]arenes as chiral selectors of nucleosides.
Nucleosides are the elementary units of the RNA and DNA
biomacromolecules, and their physiological importance at many
different levels [52-54] makes them potential candidates as anti-
cancer drugs. The gas-phase study of the intimate interactions
between the resorcin[4]arene V and several pyrimidine nucleo-
sides can be an inspiration for both the design of new drug
carriers, characterized by high solubility and selectivity, and a
better understanding of the selective uptake of nucleosides by
their respective membrane receptors [55]. The selected pyrimi-
dine nucleosides are reported in Figure 8, i.e., 2’-deoxycytidine
dC, cytidine, Cy, cytarabine CT, an epimer of cytidine, and
gemcitabine GC, which is the gem-difluoro derivative of
2’-deoxycytidine (Figure 8).

B = (S)-(+)-C4HgNH;
P = Khomo!Knetero

0.78 £ 0.04
0.91 +0.06
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GC:R'=R2= F
dC: R‘1 R2 = 2

Cy:R'= R2 = OH (/—\<N

HO R1 N~<

o]
OH R?

Figure 8: Selected nucleosides.

Two reaction products were observed in the reaction with the
enantiomers (2)-aminobutane: the addition [M+-H-G-B]" and the
ligand-exchange [M-H-B]* derivative. The experimental data
was successfully fitted by using the integrated equation
describing the kinetic Equation 7 [55].

[M-H-G]'+ Be—=[M-H-G-B]' 25 [M -H-B]' +G (7

This profile indicates that, once formed, the [M-H-G-B]*
three-body complex can either back dissociate to [M-H-G]" and
B (k-1), or “kick out” G in order to leave the protonated
resorcin[4]arene coordinating to B (k). The 10" %y /k_ and
k_1/ky ratios are reported in Table 3.

Beilstein J. Org. Chem. 2012, 8, 539-550.

The more relevant result was observed for the complexes with
G = dC as guest [55]. Indeed, when the host was in the
R-configuration no reaction products were detected even after
300 s reaction time ([B] = 7.4 x 10° molecule cm3), whereas,
under the same experimental conditions, the reaction carried out
on the [Vg-H-dC]* complex occurred and proceeded to over
20%. These findings indicate that the pre-equilibrium step
involving [Vg-H-dC]*
shifted towards the reactants than that involving [Vg-H-dC]*
(dynamic range of the FT-ICR: ca. 103:1). In other words the
[Vr-H-dC]" complex does not uptake B, whereas its diastereo-

(Equation 6) is ca. 200 times more

isomers are able to efficiently capture B and to proceed to the
nucleoside displacement.

This very sensitive system strongly resembles the electronic
concept of a logic gate. Indeed, depending on the relative con-
figuration of the supramolecular device and of the neutral gas
B, the transported nucleoside can or cannot be released. This
effect is outstanding for the [Vg/g-H-dC]" aggregates, which, if
“stimulated” by a reactant characterized by the correct configu-
ration, can selectively release one enantiomer of a chiral guest

and keep the other enantiomer bound (Figure 9).

+ @
The basicity of the nucleosides decreases in the order:
dC < CT = Cy < GC, and in the same order the 10! k;/k_ ratio
tends to increase, most probably because the partial positive Input
charge on the host pendants becomes larger, thus making the «< >
uptake of the third body B more efficient. The k_;/k, ratio is + @ X~ - dc
invariably above unity, thus indicating that the release of B in _
general prevails on its uptake. Nevertheless, this ratio strongly ©-8
depends on the electron demand of the 2’-substituent and on its
. . Figure 9: Example of molecular logic gate.
orientation (Cy versus CT).
Table 3: Rate constant ratios (Equation 6).
Complexes 10" ky/k-1 (cm3 molecule™) k_1lko
B=BR =BS B=BR B=BS
[VR-H-CT]* 24 0.5 4.6 215
[Vs-H-CTJ* 1.1 0.9 7.6 12.7
[Vr-H-GCJ* 18.4 23.4 6.2 53
[Vs-H-GCJ* 43 7.6 222 4.1
[Vr-H-dCJ* <2x1073 <2x 1073 >5 x 103 >5 x 103
[Vg-H-dC]* 0.5 0.5 25.1 24.4
[Vr-H-CyI* 1.8 24 43.1 70.1
[VsH-Cyl* 6.4 9.8 1.3 2.1
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Cyclochiral resorcin[4]arenes as chiral

selectors

A cyclochiral resorcin[4]arene is characterized by four iden-
tical subunits noncovalently coordinated by hydrogen bonds
[56], three-dimensionally arranged either clockwise or counter-
clockwise. The authors investigated the effect of the mentioned
source of asymmetry by generating, in a nanoESI-FT-ICR mass
spectrometer, proton-bound complexes between resorcinarenes
C (Figure 10) [57] and several polyfunctionalized biomolecules
(G, Table 4), and then by measuring their gas-phase reactivity
towards some primary amines (B: CH3CHQNH, with Q = H,
CHj3, CyHs) [58].

R" = H; R? = CHj3; R3 = (CH3)9CH3: Cyy "
R' = H; R2 = CHg; R® = (CH3)gCD3: Cy P
R' = H; R2 = CHg; R3 = (CH3)gCH3: Cp "
R' = H; R? = CHg; R® = (CH3)gCD3: Cp,s®

Figure 10: Cyclochiral resorcin[4]arenes.

The presence of four decamethylene lateral chains in the struc-
ture of C favored the arrangement of guests on the upper
aromatic cavity of C, and the remote position of labeled or
unlabeled methyl groups enables the kinetic measurements of
the corresponding quasi-diastereomeric complexes under the
same experimental conditions (Equation 8 and Equation 9;
B: CH3CHQNH, with Q = H, CH3, C,Hs) [59,60].

Beilstein J. Org. Chem. 2012, 8, 539-550.

[Cps" -H-G]" +B——[Cps" H-BI'+G  (8)

[Cprr” H-GI" +B——[Cyz” ‘H-BI" +G (9

The selected [C-H-G]* complexes exist as single kinetically
distinguishable structures. The heterochiral complexes mostly
react faster than their homochiral homologues, with the excep-
tion of the [C-H-G]* complexes with G = A4, Ny, N4 (Table 5)
[58].

As previously mentioned, the origin of the enantioselectivities
showed in Table 5 can be due to a thermodynamic and/or
kinetic control of the reaction coordinates. It has been found
that when the proton affinity of the neutral amine increases, and
the reaction becomes enthalpically favored, the measured
enantioselectivity tends to decrease. This finding indicates that
the main reaction control factor is the kinetic one, because the
system is less enantioselective if the involved transition struc-
tures become more similar to the starting diastereomeric reac-
tant complexes, by following the proton affinity order of B.
This interpretation was supported by independent MS tandem
measurements carried out on the [CM,R"-CP,sb-H-G]Jr (G=Ny;
N»; a,b = H,D or D,H) ternary adducts yielding [CM,R"-H'G]+
and [C p’S’“-H-G]Jr as the fragmentation products. The distribu-
tion of the quasi-enantiomer fragments points to the same
relative stability for the starting diastereomeric [C-H-N;]*
complexes and an appreciable energy difference between
the diastereoisomers of [C-H-N,]" ([C-H-N3] hetero >
[C-H-N>1*homo)- The combination of the dependence of p on the
proton affinity of the amine and the independent CID data
clearly indicates that the kinetics of the [C-H-N{]* adducts is
mostly controlled by the cyclochirality determining the differ-
ential energies of the involved transition structures. In contrast,

Table 4: Overview of investigated amino acids, amino alcohols and amino acid esters.

Free AA2

L-Phenylalanine Aq
3,4-Dihydroxy-L-phenylalanine As
L-Tryptophan Az
5-Hydroxy-L-tryptophan Ay
L-Tyrosine As
AA ester

L-Phenylalanine ethyl ester Eq
L-Tyrosine methyl ester Eo
8amino acid.

Amino alcohols

L-Tyrosinol N1
(1R,2R)-2-Amino-1-phenyl-1,3-propandiol N2
L-Epinephrine N3
L-Norepinephrine Ng
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Table 5: Knomo/Knetero Measured for reactions of [CH-H-G]*/[CP-H-G]* complexes with B.

Q=H Q=CHs Q = CyHs5 Q = CyH;5 (S)-

P.A. 210 212.5 2141 2141

G Khomo!knetero (P)

Aq 0.99 +0.07 — 1.10 £ 0.04 1.10 £ 0.08
Ao 0.39£0.01 0.70+£0.05 0.93+0.06 0.94 + 0.04
As 0.56 +0.02 — 0.95+0.06 1.08 £ 0.07
Ay — 2.03+0.11 1.31+£0.08 1.44 £ 0.09
As — — 0.95+0.05 0.99 £ 0.06
E1 0.53+0.03 0.74 £0.03 0.77 £0.03 0.82+£0.08
E, — 0.80 +0.04 0.82+0.04 0.84 +0.05
N1 0.59 +£0.03 0.47 £ 0.02 0.54 +0.03 0.76 £ 0.03
N2 — 3.89+0.29 3.94+£0.23 2.65+0.38
N3 — 0.89 +0.04 1.02+£0.04 0.78 £0.03
N4 — 1.51+£0.09 1.57 £0.09 1.32+£0.08

the significant enantioselectivity exhibited by the diastereo-
meric [C-H-N,]" complexes is due to the synergy between their
different stabilities and the effect of the asymmetric architec-
ture of the cyclochiral resorcin[4]arene.

The presented evidence represents the first example of a kinetic
enantiorecognition mainly due to an exclusive structural factor:
the cyclochirality of the receptor’s cavity.

Conclusion

The high enantioselectivity found in biochemical systems is
essentially due to several intimate noncovalent interactions. In
living systems a covalent bond between a neurotransmitter and
its macromolecular target cannot be imagined, because it would
produce an irreversible inactivation of the receptor primary
functions, which is incompatible with the existence of living
matter itself. In fact, the pharmacological mechanism, so called
suicide, of many drugs (e.g., anticancer molecules) consists in
the formation of a covalent, and thus irreversible, bond with
their target. The main advantage of a gaseous environment is
the exclusion of any counterion and/or solvent effect, while at
the same time the chemicophysical properties of the isolated
system can be subtly studied.

Finally, the application of the displacement-reaction method-
ology provides a variety of information on the dynamic behav-
ior of a supramolecular device: (1) The decay curve of a
selected precursor indicates whether one or several kinetically
distinguishable structures exist; (2) The effect of the neutral
configuration suggests the actual location of the substituted

guest (external or internal); (3) the effect of the neutral proton

affinity on the measured enantioselectivity indicates the preva-
lence of kinetic or thermodynamic reaction control. Further
energetic details can be gained by an independent mass-spectro-
metric approach (Cook’s method on a three-body complex), and
by several computational supports (molecular dynamics and ab
initio optimization). The dynamic point of view is fundamental
for supramolecular ionic aggregates, because the synergy of
several noncovalent interactions confers a pronounced stability
even to very flexible aggregates, and the lifetime of the same
interactions determines the reaction pathway.

The reviewed papers point to the crucial role of the nature and
sequence of the resorcin[4]arene pendants, even in the case of
gas-phase biorecognition, analogous to the enzymatic behavior.
Furthermore, the high selectivity in the reaction of [M-H-drug]*
towards an organic base could efficiently reproduce the driving
forces for the intimate contact between the same drug and its
biotarget.
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We screened a randomized library and identified natural peptides that bound selectively to a chimeric peptide containing a-, - and

y-amino acids. The SPOT arrays provide a means for the systematic study of the possible interaction space accessible to the apy-

chimera. The mutational analysis reveals the dependence of the binding affinities of a-peptides to the afy-chimera, on the

hydrophobicity and bulkiness of the side chains at the corresponding hydrophobic interface. The stability of the resulting

heteroassemblies was further confirmed in solution by CD and thermal denaturation.

Introduction

Coiled-coil domains, which consist of two or more a-helices,
are the most common representatives of a-helix-mediated
protein—protein interactions, which regulate many important
biological pathways [1]. Coiled coils have several advantage-
ous features that, on the one hand, allow them to fulfill a wide
range of important cellular functions [2] and, on the other hand,

make them ideal building blocks in protein design: They are

ubiquitous proteins that have the ability to oligomerize with
high selectivity, forming stable multimers with strong inter-
helical interactions. Recently, their potential as drug targets has
become the focus of medical research [3]. Their effectiveness in
the successful inhibition of membrane fusion proteins of
viruses, such as HIV [4] and avian influenza [5], also supports

the concept of rational drug design based on coiled-coil
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proteins [6]. In this context, the use of unnatural amino acids in
peptidomimetics is advisable, to enhance enzymatic stability,
limit conformational flexibility, and improve pharmacody-
namics and bioavailability [7]. In order to manipulate helix-
mediated interactions to achieve high specificity levels, a
pioneering approach is to design helical foldameric sequences
containing B- and y-amino acids. Foldamers are shown to
form, successfully, a variety of conformations at secondary,
tertiary, and quaternary structure levels [8-10]. In spite of the
increasing number of helical assemblies made of peptidic
foldamers, the combination of artificial oligomers with natural
peptides remains a challenge. The main difficulties arise in the
prediction of a suitable side-chain composition and the geom-
etry of the foldameric binding groove that interacts with
a-peptides [11]. Therefore, elucidating the side-chain compos-
itions responsible for selective intermolecular interactions in an
otherwise natural coiled-coil assembly should facilitate the
design of helix—helix interaction motifs. We broadly surveyed
interaction properties in order to improve the association
between artificial and natural patterns by means of SPOT tech-
nology, which is a simple high-throughput method shown to be
useful for the characterization of intermolecular domains in
general and coiled coils in particular at the amino-acid level
[12-15]. This method assisted in the mapping of a-residues of a
natural peptide strand that interact with key - and y-amino
acids of a chimeric peptide. A wide range of analogues of wild-
type a-partners were synthesized and analyzed in order to eval-
uvate affinity, selectivity, and the binding determinants of the
ofy-chimeric backbone. Further, the stability and the stoichiom-
etry of selected sequences were examined by CD and SEC in
solution.

Beilstein J. Org. Chem. 2012, 8, 640-649.

Results and Discussion

Screening system: Coiled coils are a highly populated class of
protein-folding motifs that exhibit a distinctive heptad repeat
sequence, conventionally labeled with the letters a—g [16,17].
The set of hydrophobic residues at the first (i.e., @) and fourth
(i.e., d) positions pack into the coiled-coil interfaces and play
the main role in helical association, while the e and g positions
frequently consist of polar or charged residues forming the elec-
trostatic interface. A preliminary structural investigation
revealed that one such characteristic heptad can be substituted
by a pentad repeat sequence of alternating B- and y-amino acids,
while retaining folding stability [18,19]. The backbone-engi-
neered coiled-coil system comprises two peptides: A glutamic
acid-rich a-poly peptide (Acid-pp) and a lysine-rich chimeric
B3pB2y sequence. These systems have a high propensity for
heterooligomerization (Figure 1). In B3B2y, the two central
turns of the a-helix are substituted by a pentad of alternating -
and y-amino acids. Our previous study revealed the heteromeric
assembly of natural and chimeric sequences with 1:1 stoichiom-
etry [18]. The heterooligomerization is driven by the burial of
the hydrophobic surface area and is directed by electrostatic
interactions between charged residues that flank the
hydrophobic core. However, substituting an a-heptad with a
pentad of B- and y-amino acids has structural consequences,
such as disruption of the local packing, or conformational chaos
due to the loss of one peptide bond and therewith one H-bond
donor and one H-bond acceptor. More recently, it has been
shown that a careful choice of side chains can provide key
residue contacts and a sufficient number of van der Waals inter-
actions to enable the chimeric sequence to form helical inter-
faces interacting with a native peptidic partner [20]. These

b)  Acid-pp LSALEKELASLEKE @°SA @@ K @~ LASLEKELSALEKE

B3p2y LSALKEKLASLKEK
R3p2y SLKEALKSLKEALK

BLyYDBLYKBK
BLYKBKyDBL

LASLKEKLSALKEK
SLKEALKSLKEALK

Figure 1: (a) Helical wheel representation of the tetrameric Acid-pp/B3B2y helix bundle, (b) sequences of Acid-pp, B3B2y, R3B2y. Red and blue
letters indicate the acidic residues in Acid-pp and the basic residues in B332y and R332y, respectively. The randomized positions are designated by

green circles.
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instructive investigations have revealed that side-chain and
backbone characteristics are tuneable elements for control of the
interaction between afy-chimera and their native partners. To
extend these studies, in the current report, we screen the “inter-
action space” of chimeric coiled coils using a large library of
native peptides in order to search for more efficient interacting
partners.

Library design and synthesis: To investigate the Acid-
pp—chimera interaction, a peptide array (1764 spots), featuring
multiple substitutions at positions a/d/e/g of the central heptad

a) als d18 e19 g21

LSALEKELASLEKEX,SAX X ¢KX4LASLEKELSALEKE

—

b)

Beilstein J. Org. Chem. 2012, 8, 640-649.

of the wt Acid-pp sequence (Figure 2a), was created on
cellulose membrane and probed for binding to the afy-chimera.
The chimeric sequence B3B2y, containing three B- and two
y-amino acids, was synthesized by standard solid-phase peptide
synthesis and labeled at the N-terminus with the fluorophore
5(6)-tetramethylrhodamine (TAMRA). As described above, the
chimera has a modified pentad (B- and y-amino acids) at the
center of its 31-residue sequence (positions 15-19). Thus,
the positions in the complementary heptad of Acid-pp (posi-
tions 15-21) were mutated, as shown in Figure la and
Figure 1b. In order to investigate the contact elements on the

X5 and X, : Ala, Val, Leu, lle, Phe, Tyr
Xe and Xg : Glu, Asp, Ala, Val, Leu, lle, Tyr

q18

Sl above wt

Sl above 50% wt

Sl above 25% wt

Si above 19, g2! Mut

Si below 19, g2! Mut

Sl

5000 10000 15000 20000 25000
wt

g% 0
strong binders

50% wt

25% wt

1764 spots ordered according to Sl

e'9, g2! Mut

weak binders

Figure 2: (a) Sequence for random mutation resulting in 1764 spots. The randomized positions are denoted by Xa, X4, Xe, and Xg, and the amino

acids selected for randomization are listed on the right. (b) The sequence logos (left) indicate the frequencies of specific a/d/e/g substitutions within a
class (the larger the letter, the higher the frequency). The mutated positions a, d, e, and g are denoted by 15, 18, 19, and 21, respectively. The graph
(right) displays the signal intensity (SI) of the 1764 spots and is ordered from strong to weak binders. Indicated are the four interaction classes
grouped according to Sls relative to the Acid-pp wt Sl and the e'9,g2! mutant.
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natural peptide that are crucial for the coiled-coil interaction
with the chimeric sequence, the residues located close to and
within the interhelical core (a,d,e,g), which are most important
for molecular recognition, were mutated. More specifically,
hydrophobic (a'%,d'®) and electrostatic (e!%,g2!) positions were
mutated simultaneously (Figure 2). The 35mer mutants on the
membrane only differ in the positions that interact with side
chains of the B- and y-residues.

15,d18,€19 and

Mutational analysis of the selected positions (a
g%!) was carried out with a chosen set of amino acids
(Figure 2a, right) to characterize the suitable side-chain com-
position for optimal interaction with the fy-foldameric pattern

on the chimeric afy-sequence.

Thereby, the most favorable amino acid side chains at each key
position were identified. Since the a and d positions are typi-
cally occupied by hydrophobic residues in most of the naturally
occurring coiled-coil sequences, the mutations at a5 and d'8
positions incorporated only hydrophobic amino acids, including
the sterically bulky ones. To support heteroassembly between
the afy-chimeric sequences and their natural counterparts, the
complementary negative side chains of Glu and Asp residues as
well as a series of hydrophobic side chains were considered at
the e!? and g?! positions. Interactions between the chimera and
immobilized a-mutants were measured by using a peptide array

assay.

Additionally, to ensure that the chimera interacts with the
surface-bound peptides at the aforementioned hydrophobic

heptad 1 I

o

Beilstein J. Org. Chem. 2012, 8, 640-649.

(a and d) and electrostatic (e and g) positions, several positions
relevant to coiled-coil binding were replaced with glycine. As
depicted in Figure 3, both/either (i) hydrophobic (a'®,d'®) and/
or electrostatic (e12,g%1) positions of the central heptad or (ii)
essential hydrophobic positions in the flanking heptads were
substituted with glycine. This set of sequences was used to eval-
uate the quality of interaction between the side chains of immo-
bilized a-mutants and the complementary afy-chimeric

sequence.

Spot analysis: A peptide array containing the multiple substitu-
tions was incubated with the chimera, and spot signal inten-
sities of the resulting heteromeric associations were measured
and evaluated. The measured signal intensities (SI) obtained
from the TAMRA-labeled modified sequence interacting selec-
tively with immobilized a-peptides, were classified as described
above. Remarkably, despite their limited sequence variability,
the a-mutants exhibited various degrees of binding affinity to
the chimera. Based on the SI values, the a-mutants were classi-
fied into five interaction groups. As depicted in Figure 2 on the
right-hand side, sequences with equal or slightly higher
SI values compared to Acid-pp were classified as strong binders
(only 22 representatives). The second and third classes contain
the mutants with SI values lower than those of the strong
binders but still above 50% and 25% of that of Acid-pp, res-
pectively. The poor binders have SI values below 25% of that of
Acid-pp. This group also contains the aforementioned glycine-
mutants. For each class we computed the residue frequencies at
the mutated positions a, d, e, and g of the central heptad and
summarized the results as sequence logos (Figure 2, left). At

m | Iv | V

abcdefg

€' g?'Mut

a",d"®*Mut

a15,d18,e19‘g21 Mut

hept™Mut

a,d"™ ™ Mut

LSALERKELASLEKE

LSALEKELASLEKE

LSALEKELASLEKE

LSALEKELASLEKE

LSALEKELASLEKE

GSAGEKREGASGEKE

LSALEKE

LSALGKG

GSAGEKE

GSAGGKG

GGGGGGG

LSALEKE

LASLEKELSALEKE

LASLEKELSALEKE

LASLERKELSALEKE

LASLEKELSALEKE

LASLEKELSALEKE

GASGEKEGSAGEKE

abcdefg

15 21

Figure 3: Glycine scanning of Acid-pp sequences. The substituted glycines are highlighted in red. Each sequence is followed by its corresponding
spot (three replicas each). White spots indicate interactions between cellulose membrane-bound variants of Acid-pp and the TAMRA-labeled chimera.
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each position, the residues are arranged in order of predomi-
nance from top to bottom, and the mutants we selected are
named after the respective combinations of four mutated
residues. The frequencies of specific side chains in the recogni-
tion domain indicate the preferred interactions between the -
and y-amino acids and the complementary side chains of the
natural a-partners. These results suggest that only a few mutants
are able to interact efficiently with B3p2y.

The glycine-scan (Figure 3) reveals the nature of the chimeric
coiled-coil interaction. Only the acid-pp wt shows strong
binding to B3p2y. If the hydrophobic or electrostatic regions
essential for coiled-coil binding are blocked by glycine, the
signal breaks down. As expected, the glycine scanning of the
hydrophobic residues at a and d positions of the flanking
heptads (a,d%12"¥Mut) results in a diminishing of interactions
between chimera and the natural partner peptide. Remarkably,
the replacement of only two hydrophobic side chains located at
the central heptad is equally destabilizing for the entire
assembly, indicating the key role of the interhelical interactions
between the third heptad of the native sequences and foldameric
section of the chimera. Manipulation of the interacting native
amino acids on the third heptad (a!'5,d'¥Mut), (e!%,g2'Mut),
(als,dls,elg,gZIMut) resulted in a loss of binding, which
strongly suggests that the quaternary structure does not only
tolerate but is in fact dependent on the interaction of the central
heptad of natural peptides with side chains of the unnatural

amino acids on the chimera.

As a negative control, the binding affinity of the modified
sequences was tested against a randomly designed afy-chimeric

a15 d18€19 g21

...EKELSALXeKXgLA...

=20000-25000
=15000-20000
=10000-15000
= 5000-10000
= 0-5000
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sequence, R3B2y (Figure 1b). In the R332y sequence, all of the
amino acids including B- and y-residues are randomly distrib-
uted. The screening of the peptide library against this chimeric
peptide results in a poor binding profile. Interestingly, and in
contrast to the randomly designed R3B2y, the sequences on the
membrane show remarkable selectivity in the binding to B332y.

In general, a direct relation exists between the observed light
intensity and the heteroassociation between chimera and
mutants on the membrane. More importantly, the implicit
binding affinities are highly consistent with previously
published data [18]. In our previous study we reported a gradual
destabilization of the chimeric coiled-coil assembly with
gradual truncation of the B- and y-side chains at the
hydrophobic core due to a loss of hydrophobic interactions
between the afiy-peptide and its natural a-partner. Similarly, the
interactions between the peptides on the array and the chimera
decrease drastically in sequences presenting the shorter side
chains of Val and Ala at ¢ and d positions, compared to mutants
with the longer and more bulky side chains of Leu, Ile, and Phe
(Figure 4, right). Furthermore, the negligible binding affinities
between the chimera and the control sequences, in which the
hydrophobic and electrostatic residues were replaced with
glycine residues, indicate that B3B2y prefers mutants that
provide sufficient side-chain—side-chain contact.

The peptide array detected many new side-chain combinations,
the investigation of which provides useful insights into the com-
plex contact networks of an afy-chimeric folding motif.
Enlarging the interior cavity of coiled coils by positioning the
backbone extended B- and y-amino acids in the hydrophobic

a15 d18 619 g21

..EKEX_SAX EKELA...

Figure 4: Heat-map diagrams depicting the quantitatively measured Sls for Acid-pp sequences containing mutations at positions €' and g2' (left)
and at positions a'® and d'8 (right) in heptad IIl. The Sls corresponding to each color are displayed between the heat maps.
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core necessitates compatible coverage. This requirement is
confirmed by the sequence logo for strong binders (Figure 2b,
first on top): A stronger peptide—peptide interaction was
observed between the chimeric pattern of B3f32y and the
o-mutants with large and bulky hydrophobic residues, for
instance the aromatic Phe, the long and bulky Leu, and the
B-branched Ile.

Remarkably, the preference for hydrophobic residues is highly
position-dependent (Figure 3b and Figure 4); Phe is favored at
the d position, while Leu is more prevalent in the a position.
Moreover, substitution of a single hydrophobic position with
tyrosine (L!°Y) in the Y?L?E°ES mutant results in a significant
reduction in the spot intensity compared to that of wz Acid-pp.
As already discussed, despite the similarity in size between Phe
and Tyr residues, they exhibit prominent differences in the
coiled-coil formation that are probably due to the destabilizing
orientation of the polar hydroxyl group towards the
hydrophobic core [21]. The clear decrease in binding affinity
between chimera and Tyr-comprising mutants shows that the
side chains at the artificial interface of the helix bundle
experience an environment similar to that of natural coiled

coils.

Another important observation is that, although they provide
sufficient hydrophobicity at the interhelical domain, the mutants
with two Phe residues are among the weaker binders (Figure 4,
right). This is also true for the B-branched Ile; substitution with
two Ile residues results in a medium binding affinity (Figure 4).
This can be explained by the fact that, similarly to that of native
coiled coils, the chimeric hydrophobic core is disrupted by
excessively bulky side chains [22]. However, the preference for
specific hydrophobic side chains in @ and d positions and of
unique combinations thereof indicates that the selection of
residues in the hydrophobic core is determined not only by side-
chain hydrophobicity but also by side-chain packing. The
packing geometry is thus an important aspect influencing the
stability of artificial coiled coils. These results additionally
confirm the impact of electrostatic interactions at the
e and g positions. The SI values of sequences mutated in
these positions show that shortening of the negatively charged
side chain in the case of the Glu¢!?Asp exchange, results in a
general decline in binding affinity for almost all mutants
presented on the membrane (Figure 2, left and Figure 4, left).
However, there is a discrepancy between the two core-flanking
positions; the e position was found to be significantly more
sensitive to replacement than the supposedly similar g position.
This fact has also been observed and reported for natural coiled
coils [23]. The different interaction profiles of the side chains at
e and g positions (Figure 4, left) can be caused by the asymmet-

rical geometry of complementary Lys side chains on the

Beilstein J. Org. Chem. 2012, 8, 640-649.

Py-foldameric interaction partner. A further interesting observa-
tion is that hydrophobic residues populate the core-flanking
positions, which suggests that the side chains at these positions
lead to an extension of the hydrophobic core.

Solution study: To gain more insight into the relationship
between hetero-selective binding and structural stability, several
mutants from different classes were studied further in solution
(Figure 5a). These sequences were synthesized on resin, puri-
fied, and finally investigated by CD and size-exclusion chroma-
tography. We chose [“FYE°ES as a representative of the strong
binders to be tested in solution because of the frequently
repeated positioning of Phe in the hydrophobic core, that is,
more specifically at the d positions. Moreover, the behavior of
VV9EES and G*GYE°ES, belonging to the medium and poor
binder classes, respectively, was tested in solution (Figure 4).
Another mutant we selected is LYLYD?D&, in which both !9 and
22! positions are occupied by Asp, which, according to the
observed Sls, leads to weaker binding affinity to the chimera
compared to Acid-pp.

An extremely weak interaction between B3p2y and GYGYE“ES,
indicated by a low spot signal intensity, was further confirmed
in solution by a drastic decrease in helical content and struc-
tural stability (Figure 5b). This result identifies the side chains
at a'% and d'° positions and their complementary B>Leu side
chains on the chimera as hot spots in the chimeric recognition
motif; interaction with these residues could lead to an increase
in binding selectivity and stability.

An equimolar solution of B3B2y/L4LYD¢DE and B3p2y/
VV9E€EE showed medium spot intensities (SIs of 7568 and
4487, respectively) with minima at 222 nm and 208 nm, which
are less intense when compared with B3B2y/Acid-pp
(Figure Sa). Furthermore, the thermal melt Ty, values of B332y/
L2L4DDE (T, = 64 °C) and B3p2y/VAVIECES (T}, = 52 °C)
also dropped in comparison to the parental system (Figure 5c).
As expected, shortening of the side chains in the hydrophobic
core, by replacing Leu side chains with Val in VYV/EES, had a
more pronounced destabilizing effect on selectivity and stability
of the resulting quaternary structure than did substitution of Glu
side chains with Asp in core-flanking positions in the
LYL9D®D¢ mutant. This fact is also reflected in their different
spot intensities; the signal intensity of the L“LYD¢Dg mutant is
almost half of that observed for V/VYE€ES.

In an analogous manner, the highly intense spot provided by
interaction of the I?F/E°ES mutant with B3B2y was confirmed
further in solution by the intensive canonical minima of the
a-helical coiled-coil structure at 222 and 208 nm and the rela-

tively high thermal stability (Figure 5b, Figure 5c). The combi-
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Figure 5: (a) The complete sequences of the selected a-mutants. (b) CD and (c) thermal denaturation spectra of an equimolar mixture of B332y and
the a-mutants (25 uM of peptide concentration in phosphate buffer 50mM in presence of 250 mM GndHCI).

nation of Phe at d and Ile at a positions resulted in a signifi-
cantly high binding affinity between I“F?E°E€ and the chimera.
Thermal denaturation of an equimolar mixture of B32y and
[“F4E€ES resulted in relatively high 7, values of 70 °C, which
are close to those of an equimolar mixture of B3p2y and Acid-
pp (T, values of 74 °C).

In order to compare both the packing effects and the burial of
the hydrophobic surface of various side-chain compositions, the
oligomerization states of the corresponding helix bundles of
B3B2y with native mutants were further studied by size-exclu-
sion chromatography (SEC).

I T T T T
20 40 60 80 100
4 -
T T T T T
20 40 60 80 100

The retention-time (7g) value of each mixed system was
compared with an equimolar solution of B332y/Acid-pp as a
tetrameric reference structure (Figure 6) [18]. The SEC results
show that, in analogy to B3p2y/Acid-pp, tetramers are the
predominant oligomerization state in all probed equimolar
mixtures of B3B2y/LeLYDDS, B3B2y/VAVIECEE, and B3p2y/
[“FYE€E# in aqueous solution (59 min). In the case of B3p2y/
I“FYE€ES, despite the presence of tetrameric helix bundles, other
species consistent with a higher order of oligomers can be
observed; this has also been indicated by SEC at about 45 min.
Whereas the stoichiometry of the interaction on the membrane
is considered to be 1:1, the geometry of Phe residues at the

b)

T T T T T
20 40 60 80 100

r T T T T
20 40 60 80 100

Figure 6: Size-exclusion chromatograms of equimolar mixtures of B32y with (a) Acid-pp, (b) VAVIECEY, (c) L2LIDDY, and (d) I2FYECEY (50 uM of
peptide concentration in phosphate buffer 100 mM). The chromatogram of the tetrameric B332y/Acid-pp helix bundle serves as the reference.
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hydrophobic core suggests the possibility of aromatic ring
stacking in solution. This type of side chain has the distinct
feature of being largely indiscriminate in defining a specific
oligomerization state; however, it is tolerant of large assem-
blies [24,25].

Overall, the binding affinities between native mutants and
B3B2y in solution follow the same trends found for the spot in-
tensities on the membrane. The great sequence similarity
between synthesized mutants and wt sequence allows the study
of the impact of new side-chain compositions at a and d posi-
tions.

Conclusion

A challenge associated with the design of artificial quaternary
structures formed by foldameric sequences is to find a
suitable a-partner that selectively binds with high affinity.
The fact that amino acid side chains exhibit different
characteristics depending on the sequence (i.e., structural)
context, further complicates the recognition of well-suited
side-chain compositions required for a specific interaction
between bioactive foldamers and natural targets. This
report has presented the application of a simple and
sensitive peptide array technique to selectively form stable
a-helical coiled-coil structures with an afy-chimera. The
overall analysis of the interaction between a-partners and afy-
chimera provides valuable information about the interaction
environment accessible to the chimeric motif. Interestingly,
small changes (even single mutations) in the sequence of the
immobilized o-mutants result in drastic changes in the
interaction profile of the afy-chimera. Furthermore, this
study has identified the residues crucial for forming the
recognition epitope of the foldameric fy-pattern in dependence
of the interaction affinities resulting from side-chain mutations
in a and d positions, as well as e position of the interacting
a-partners. It is also important to note that the coiled-coil
pairing selectivity is profoundly increased by bulky
hydrophobic side chains at core and core-flanking positions. In
terms of binding affinities, the intolerance of these positions to
substitution with small or polar amino acids is evidence for the
existence of an enlarged interior cavity formed by extended-
backbone amino acids, which requires more-space-filling side
chains to exclude the surrounding aqueous solution. Finally,
these observations suggest that spot technology is an excellent
and reliable technique for generating natural sequences that
suitably interact with unknown patterns forming artificial
coiled-coils.

Experimental
SPOT-synthesis (analogous to a procedure from [26]): Cellu-
lose-bound peptide arrays were prepared according to standard
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SPOT synthesis protocols by using a SPOT synthesizer (Intavis,
Koln, Germany) as described in detail in [15]. The peptides
were synthesized on amino-functionalized cellulose membranes
(Whatman, Maidstone, Great Britain) of the ester type prepared
by modifying cellulose paper with Fmoc-B-alanine as the first
spacer residue. In the second coupling step, the anchor position
Fmoc-B-alanine-OPfp in dimethylsulfoxide (DMSO) was used.
Residual amino functions between the spots were capped by
acetylation. The Fmoc group was cleaved by using 20% piperi-
dine in dimethylformamide (DMF). The cellulose-bound
peptide arrays were assembled on these membranes by using
0.3 M solutions of Fmoc-amino acid-OPfp in 1-methyl-2-
pyrrolidone (NMP). The side-chain protection of the Fmoc-
amino acids used was as follows: Glu, Asp (Oz-Bu); Ser, Thr,
Tyr (+-Bu); His, Lys, Trp (Boc); Asn, Gln, Cys (Trt); Arg (Pbf).
After the last coupling step, the acid-labile protection groups of
the amino acid side chains were cleaved by using 90% trifluoro-
acetic acid (TFA) for 30 min and 60% TFA for 3 h. To ensure
adequate quality, the peptides to be analyzed were cleaved from
the membrane by using the standard protocol as described by
Wenschuh et al. [15] and dissolved in water (using 10% aceto-
nitrile to increase solubility, if necessary). HPLC analysis
(Waters, Milford, USA) was conducted by using a linear
solvent gradient (A: 0.05% TFA in water; B: 0.05% TFA in
acetonitrile; gradient: 5-60% B over 30 min; UV detector at
214 nm; RP-18 column). a-cyanocinnamic acid was used as a
matrix for MALDI-TOF (Applied Biosystems, Forster City,
USA) MS analysis.

Binding studies on cellulose membranes [26]: All incubation
and washing steps were carried out under gentle shaking and at
room temperature. After washing of the membrane with ethanol
once for 10 min and three times for 10 min with tris-buffered
saline (TBS: 50 mM tris(hydroxymethyl)aminomethane,
137 mM NacCl, 2.7 mM KCl, adjusted to pH 8 with HCl/
0.05%), the membrane-bound peptide arrays were blocked (3 h)
with blocking buffer (casein-based blocking buffer concentrate
(Sigma-Genosys, Cambridge, UK), 1:10 in TBS containing 5%
(w/v) sucrose), and then washed with TBS (1 x 10 min). Subse-
quently, the peptide arrays were incubated with the labeled
analytes (¢ = 10 uM) for 10 min in TBS blocking buffer. After
washing for 120 min with TBS, analysis and quantification of
peptide-bound TAMRA was carried out by using a Lumi-

Imager.

Measurement of spot signal intensities [26]: Binding events
(TAMRA-fluorescence) were recorded on a cooled CCD-
camera by using a Lumi-Imager (Roche, Indianapolis, USA).
The signal intensity (SI) of each spot was calculated by defining
a spot radius that can be optimally applied to all spots in the
image and taking the median value of the pixel intensity. The
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background signal was determined with a safety margin to the
circular region of each spot, and then the global background
mean was subtracted from each individual spot signal. This
parameter is referred to as SI. Grid layer and SI were calculated
by using dedicated image analysis software: GeneSpotter has a
fully automatic grid-finding routine resulting in reproducible
signal intensities. The median value of the intraspot distribution
was sufficient to avoid saturation. Results are shown as the
interspot global background-corrected mean value over three
replica spots for each sequence. TAMRA was measured at
645 nm. The aforementioned wavelength was chosen to detect
TAMRA at lower background noise.

Peptide synthesis and characterization (analogous to [18]):
Peptides were synthesized by using standard, automated Fmoc
solid-phase synthesis (0.05 mM scale) using a SyroXP-I peptide
synthesizer (MultiSyn Tech GmbH, Witten, Germany) and
HOBT/TBTU activation. Manual coupling of - and y-amino
acids was carried out by HOAT/DIC activation. The molar
excess of amino acid and coupling reagents was reduced for -
and y-residues to twofold for the first and onefold for the
second coupling. The completion of these couplings was indi-
cated by a negative Kaiser test. Prior to each deprotection step,
capping of the possibly nonacylated N-termini was carried out
by treatment with 10% acetic anhydride and 10% DIEA in
DMF (3 x 10 min). Peptide cleavage from resin was performed
by using 95% trifluoroacetic acid, 2.5% triisopropylsilane, and
2.5% water. Peptides were purified by HPLC on a C-18 prepar-
ative column using gradients between 0.1% TFA in water and
0.1% TFA in acetonitrile. All peptides were >95% pure by
analytical HPLC on a C-8 column (Phenomenex® Luna C8,
10 uM, 250 mm x 21.2 mm). The identities of peptides were
confirmed using an ESI-TOF instrument.

Circular-dichroism (CD) spectroscopy [18]: Peptide samples
were analyzed in 10 mM phosphate buffer (pH 7.4). Far-ultra-
violet circular-dichroism spectra and GndHCI unfolding profiles
were recorded on a J-810 spectropolarimeter (Jasco GmbH,
Gross-Umstadt, Germany) equipped with a temperature
controlled quartz cell of 0.1 cm path length. The recorded
spectra were evaluated with the Jasco software package. The
spectra were the average of three scans obtained by collecting
data from 190-240 nm at 0.2 nm intervals, 2 nm bandwidth, and
1 s response time. Ellipticity data in mdeg were converted to
conformation parameters by the following equation: [0] = [0], %
mrw/10 x [ x ¢, where [0] is the ellipticity measured in
degrees, mrw is the mean residue molecular weight (molecular
weight of the peptide divided by the number of amino acid
residues), ¢ is the peptide concentration in g/mL, and / is the
optical path length of the cell in cm. Denaturation was carried

out in 0.5 °C intervals with a heating rate of 3 °C min~!. The
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midpoints of the thermal melts, T\,s, were taken as the

maximum of the derivative d(Fraction unfolded)/dT.

Size-exclusion chromatography (SEC) [18]: The measure-
ments were performed on a VWR-Hitachi Elite LaChrome
system (Pump L-2130, UV Detector L-2400, VWR, Germany)
equipped with a Superdex 75 PC 3.2/30 column from Amer-
sham Biosciences. The peptides were analyzed in 100 mM
sodium phosphate pH 7.4 with a flow rate of 0.025 mL/min.
Peptide absorbance was registered at 220 nm. The retention
times were corrected with internal and external references. Gly-
anthranilic acid was used as an internal reference. GCN4-pLI
was employed as a reference for tetrameric coiled coils [27],
because its monomer size is comparable to that of the model

system used in this study.

Supporting Information

Supporting Information File 1

Complete set of SPOT intensities.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-71-S1.pdf]
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