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In this work, we report on two new asymmetric dicopper cryptates, characterized by alternate

furanyl and p-xylyl spacers. The results of the potentiometric, UV-vis. and X-ray diffraction
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studies are discussed. In particular, for one of the cages in the octaprotonated form, the crystal

structure of the complex with nitrate is described. From the point of view of the anion binding in

www.rsc.org/

water, the new dicopper cryptates display stronger similarities to each other than to the

symmetric analogues (i.e. p-xylyl and furan cryptates). The substitution of even only one spacer
modifies the distance between the metal ions. This prevents the development of the CT band,
typically accompanying the binding of halides by the furan cryptate, and favors the formation of
complexes of different stoichiometry with the linear azide anion, not observed for the symmetric
cryptates. The obtained results may be very helpful in the design of new molecular receptors
based on dimetallic cryptates, in particular for the tuning of the sensitivity towards specific

anionic substrates.

Introduction

Azacryptands are macrobyclic polyaza receptors, formed by
two tren units linked by molecular spacers.® These molecular
systems display six secondary and two tertiary amino groups,
arranged around the receptor’s cavity. In the field of anion
recognition,? azacryptands have been studied by many authors
as selective receptors for anions. In this context, the interaction
with the guest may involve either H-bonds with the protonated
amino groups of the cage,?® or coordinative interactions with
transition metal ions within cavity,* in the so called “cascade
complexes™.!

In the first case, stable complexes are formed by
encapsulation of the anionic species by the poly-protonated
azacryptand. Anion recognition generally occurs in acidic
aqueous solution, and selectivity is based on the geometric
complementarity between the positively charged cavity and
included anions.> In most examples, the azacryptand is in the
hexaprotonated form; it presents an expanded ovoid cavity,
with the secondary ammonium groups pointing inward, and
interacting with the included anion. Some examples are also
known of inclusion complexes involving the azacryptand in the
octa-protonated form.® In the case of the encapsulated chloride
in the octaprotonated thiophene-based cryptand reported by
Hossain et al., the spherical anion is bound and bridged by two
in—in protons of the tertiary ammonium groups.® In this
situation, the terminal N atoms are aimed towards the centre of
the cavity, whereas the secondary ammonium groups point
outside the cage. As a consequence, the ovoid shape of the
inclusion complex is severely affected.

In the case of cascade complexes, the two bis-tren units of
the azacryptand coordinate one transition metal ion each (e.g.
Co(ll), Ni(ll), Cu(ll), etc.). In these complexes, the metal ions
are coordinatively unsaturated, with one of the axial positions
available to the coordination of a further ligand.* Shape and

This journal is © The Royal Society of Chemistry 2013

size of the cavity, as well as selectivity, can be tuned by
changing the nature (length, rigidity) of the spacers. Noticeably,
spacers may also play an active role in anion recognition. In the
case of the dicopper(ll) complex of the furan-based
azacryptand, reported by Fabbrizzi et al., the encapsulation of
halides is signalled by the development of a rather intense
anion-to-metal charge transfer absorption band in the visible
region.® Experimental studies pointed out the correlation of the
anion-to-metal CT band to the interaction of the encapsulated
halide with the furan rings of the spacers.

We have now synthesised two asymmetric azacryptands,
containing spacers of different length and nature (i.e. furanyl
and p-xylyl units), arranged in alternate fashion, in order to
verify the effect of the asymmetric substitution on anion
binding, in particular on halide recognition. It has to be noted
that, with respect to furanyl spacers, p-xylyl moieties are not
expected to participate in halide binding, neither by stabilizing
the inclusion complex, nor by signaling the recognition.
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Fig 2. On the left: plot showing thermal ellipsoids (20%
probability level) of the [3Hg(NO3)]”* molecular cation,
occurring in the crystal of [3Hg(NO3)](NO3); = 3H,0. Atom
names are shown only for N and O atom sites, and for C atoms
involved in H-bonds. Some H atoms are also drawn and dashed
lines indicate N-H---O and C-H---O interactions. On the right:
the simplified view of the [3Hg(NO3)]”* molecular cation
projected down the line passing through the terminal
amine(tren) groups.

The new receptors have been investigated in aqueous solution
by potentiometric and UV-vis. titrations. Here, we compare the
binding tendencies of the new cages with those of the
symmetrically substituted analogues (i.e. furanyl and p-xylyl
azacryptands).

Results and discussion

Synthesis of the cages

The synthesis of symmetric cryptands, e.g. 1 and 4, consists in
the [2+3] Schiff condensation between tren and the di-aldehyde
of the spacer (i.e. furanyl and p-xylyl, for 1 and 4, respectively),
followed by the reduction of the poly-imine intermediate with
NaBH,.” On the other hand, the preparation of asymmetric
cages requires a multi-step synthesis (see the S.l.), recently
described by our group.® In particular, mono-BOC protected
tren® is first reacted in 1:1 ratio with the appropriate dialdheyde
(i.e. furanyl for receptor 2, and p-xylyl for receptor 3), yielding
the intermediate polyimine macrocycle. After reduction with
NaBH,, followed by deprotection, the macrocycle is reacted in
1:1 ratio with the second dialdehyde, leading to the
corresponding diimine cryptand. Reduction with NaBH, finally
gives the desired product. The crude azacryptands are then
purified by precipitation as the nitrate salts (see S.I. for details).

Crystal structure of [3Hg(NO3)](NO3),*3H,0

From the slow evaporation of an aqueous solution of 3 with
excess  nitric  acid, single crystals of formula
[BHg(NO3)](NO3);#3H,0, suitable of for X-ray diffraction
analysis, were obtained. In Figure 2, the plot showing the
thermal ellipsoids of the [3Hg(NO3)]”* molecular cation,
occurring in the crystal of [3Hg(NO3)](NO3);  3H,0, is
reported. A simplified view of the [3Hg(NO3)]"* molecular
cation, projected down the line passing through the terminal
amine groups, is also reported, in order to emphasize that all
protonated secondary amines point their proton outside the
cage.

2| J. Name., 2012, 00, 1-3

Table 1. Features of H-bonds in the structure of [3Hg(NO3)]™*
molecular cation.

Donor group D-A(A) H-A(A) D-H-A (°)  acceptor
D atom A
N(L)-HAN)  3.16(1)  2.48(1) 132.1(4) )
N(D)-HAN)  3.02(1)  2.13(1) 166.9(5) 0@3)
N(@8)-H(BN)  2.82(1)  2.00(1) 150.0(4) 0(4)
C(2)-H(2A) 3.20(1)  2.54(1) 125.8(5) o)
C(11)-H(11B) 3.11(1)  2.45(1) 124.9(5) 0(4)
C(14)-H(14A) 3.18(1)  2.54(1) 123.9(5) o)
C(23)-H(23B) 3.19(1)  2.48(1) 130.0(6) 0(4)

The azacryptand 3, containing two p-xylyl and one furanyl
spacers, is in the octaprotonated form and the molecular
structure displays an encapsulated nitrate anion, which is H-
bonded to the two protonated tertiary amines. Interestingly, all
oxygen atoms of the included anion participate in the N-H---O
interactions. As shown in Figure 2 (left), oxygen O4 of the
included nitrate anion is H-bonded to the protonated bridgehead
atom N(8), which acts as H-donor of a single H-bond. On the
other hand, the two remaining oxygens are involved in two H-
bonds originating from N(1), which acts as H-donor of a
bifurcated H-bond. Additional C-H--O interactions involve
some sp® carbon atoms and the nitrate ion; these interactions
favor the trapping of the nitrate ion inside the cage. In
particular, the C-H--O interactions, having both a C:-O
separation < than 3.2 A and a H---O distance < than 2.7 A, are
shown in Figure 2. Geometrical features of H-bonds involving
the encapsulated nitrate ions are reported in Table 1 (more
details are available in the S.l.). The remaining seven nitrate
counterions are outside the cage, and they interact with the
secondary ammonium groups and additional water molecules
(see Figures S1 and S2). Because all secondary ammonium
groups point their protons outside the cage (see Figure 2 right),
the cavity tends to assume a compressed ovoid shape, with the
protonated terminal N tren atoms being drawn towards the
centre of the cavity, and the secondary ammonium groups
turned towards the outside. The distance between the
bridgehead N atoms N(1)-N(8) is 6.67(1) A, a value shorter
than that observed by Ghosh et al. in the crystal structures of
the iodide complex of the octa-protonated p-xylyl azacryptand
(6.93 A; CSD refcode JOJKID).*

Similarly to our molecular complex, the p-xylyl cage has all
the protonated secondary amines pointing their proton outside
the cage. However, the iodide complex results more symmetric
because the cage contains only p-xylyl spacers. The p-xylyl
cage exhibits a pseudo three-fold axis passing through the
terminal tren groups, and the distances between the centroid of
the three aromatic rings define the edges of an almost
equilateral triangle (centroid-centroid separations are in the
range 8.29-8.58 A). The center of the triangle is on the middle
of the line connecting the two tren groups, and the iodide ion is
located in this point. Our octaprotonated cage, having an
asymmetric arrangement of the spacers, loses the pseudo three-
fold axis. The centroid-centroid separations between the three
aromatic rings define an almost isosceles triangle (with two
long edges of 8.23 and 8.48 A, and a short edge of 5.90 A).

This journal is © The Royal Society of Chemistry 2012
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Fig 3. Distribution diagrams (% abundance vs. pH) of the species obtained upon potentiometric titration of azacryptands (a) 1 and
(b) 3 (0.2 mM), in the presence of 2 eqv. Cu(CF3;S0O3), (0.1 M CF3SO3Na, at 25°C). The corresponding protonation and
complexation constants are shown in Table 2 (solid light grey = LH¢®"; long dashed light grey = LHs>"; short dashed light grey =

[CuLH,]*";

solid black = [Cu,L]*"; long dashed dark grey = [Cu,L(OH)]*" and dot-dashed black line = [Cu,L(OH),]*"). In graph

(a), the triangles correspond to the profile of Mol Abs (x 103, M™ cm™) at 410 nm vs. pH, obtained upon pH-spectrophotometric
titration of 1 (0.25 mM), in the presence of 2 eqv. Cu(CF3;SOs), and excess NaCl (5 mM). The plot is superimposed to the
distribution curve of the [Cu,1CI]®* species (black dots), obtained as already reported.®

The center of the geometric figure is no longer along the
line connecting the two tertiary amines. Nevertheless, the
included anion is still near the center of the triangle, with the
N(9) nitrate atom placed at 0.77 A from it. Noticeably, the O(3)
nitrate oxygen almost lies on the middle of the line connecting
the bridgehead N(1) and N(8) atoms: the O(3)-N(1) and O(3)-
N(8) separations are 3.02(1) and 3.69(1) A, whereas the N(1)-
0O(3)-N(8) angle is 166.4(4)°. With respect to the symmetric p-
xylyl cage, the presence of a furanyl spacer seems to increase
the flexibility of the cavity, thus allowing the protonated
bridgehead N atoms to come closer.

Potentiometric/pH-spectrophotometric studies in water

The asymmetric azacryptands, as the free bases 2 and 3, were
first investigated by potentiometric titrations in aqueous
solution (0.1 M CF3SO3Na, at 25°C). The protonation
constants, reported in Table 2, were compared with those
obtained for the symmetric cages, 1 and 4, under the same
experimental conditions. All potentiometric titrations were
performed in the pH range of 2.4 to 11.4. Under these
conditions, only six protonation constants could be determined
despite the eight potential protonation sites. The experimental
data were fitted with a non-linear least-squares procedure by
using the HyperQuad program.*°

The constants reported in Table 2 correspond to the protonation
equilibria of the secondary amines. Noticeably, azacryptand 4 is
slightly more basic than the other cages, as shown by the
comparison of Logp, e values. This trend is congruent with the
acid-base properties of octaaminocryptands, reported by other
authors.?® Analogous measurements were performed in the
presence of 2 eqv. of Cu(ll) ions (as the triflate salt). For all
investigated cryptands, best fitting was obtained by assuming
the formation of the following Cu(ll) complexes: [CuLHs]®*",
[Cu,L]*, [Cu,L(OH)** and [Cu,L(OH),]** (L = 1-3). The
distribution diagrams are reported in Figures 3 and S3.

In the case of cryptand 1, at pH 2.4 the cage is present in the
hexa-protonated form, 1H¢®* (>90%).

This journal is © The Royal Society of Chemistry 2012

Upon titration with NaOH, the monometallic complex
[CulH]®* forms, with one of the two tren compartments triply
protonated, reaching its maximum concentration (80%) at pH
3.5 (see Fig. 3a). The dicopper complex, [Cu,1]*", is the major
species in solution at pH 4.5 (71%). In [Cu,1]**, each Cu(ll) ion
occupies one of the tren units, adopting the typical trigonal-
bipyramidal geometry imparted by tripodal ligands. The apical
positions on the metal ions, left free by the receptor, are
occupied by water molecules.

Upon further addition of NaOH to the complex solution, the
deprotonation of the coordinated water occurs, leading to the
stable hydroxide complex, [Cu,1(OH)]**. This species already
starts to form at pH 4.1. In the crystal structure reported by
Nelson et al. for [Cu,1(OH)]*",* the hydroxide anion bridges
the two metal centers (dc,_cy = 3.900(1) A). Due to its high
stability, this species predominates in solution (> 90 %) over
the wide pH range of 6.1 to 9.1.

Table 2. Constants (as Log units) obtained for the protonation
and complexation equilibria involving receptors 1-4 (0.1 M
CF3SO3Na, at 25°C).

1% 2 3 4%
Ko 9.51(1) 10.09(2)  10.04(5) _ 9.89(4)
Burz 18.28(1)  18.76(2)  18.94(7)  18.96(4)
Buis 26.43(1)  26.47(4)  26.95(8)  27.13(5)
Buna 33.19(1)  32.98(8)  33.74(9)  3451(5)
Burs 3852(1)  38.95(7)  39.78(9)  39.88(4)
i, 4323(1)  4337(8)  44.40(9)  45.03(6)
Purzcu 34.82(2) 34.39(6) 34.87(4) n.a.
Brew 2521(1)  22.90(5)  22.15(6)  na.
Brewa 19.4409)  14.75(8)  1434(7)  na
Brcum 9.2(1) 4.24(8) 3.57(7) na
LogKuw -13.7(1)

J. Name., 2012, 00, 1-3 | 3
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Fig 4. (a) Family of UV-vis. spectra taken upon addition of a solution of NaF to [Cu,3]* (1.1 mM) in 0.1 M MES, at pH 5.8. (b)
Distribution diagrams (% abundance vs. eqv. of added NaF) of the species calculated for LogKy; = 3.17(1) (T = 25°C).

Moving towards basic pH values, the deprotonation of a second
water molecule takes place, leading to [Cu,1(OH),]*".
For receptor 1, potentiometric and pH-spectrophotometric
titrations, in the presence of Cu(ll) and excess halide anions
(X7), pointed out the formation of stable inclusion complexes,
[Cu,1(X)1®", characterized by typical anion-to-metal CT bands
in the visible region.® In the case of chloride, the [Cu,1(CI)]**
cryptate reaches the maximum abundance (80%) at pH 5.4, as
shown by the profile of Mol Abs at 410 nm vs. pH in Figure 3a
(see the black triangles). The band at 410 nm corresponds to the
chloride-to-copper(ll) CT transition, peculiar of [Cu,1(CI)]3*.
In Figure 3a, the absorbance profile is superimposed to the
distribution curve of [Cu,1(CI)]**, calculated from the constants
previously reported by our group.® Of course, the plot cannot
fit the distribution diagram obtained in the absence of chloride,
for which the major species in solution at pH 5.4 (i.e. in
correspondence of the maximum development of the CT band)
is the hydroxyl-bridged complex [Cu,1(OH)]** (65%).
Interestingly, all copper containing species of the
asymmetric ligands 2 and 3 are characterized by lower
association constants than the analogous complexes of 1. As a
consequence, they start to form at higher pH values (see Fig. 3b
and S3 for 3 and 2, respectively). For example, the
monometallic [CuLH3]*" species of 2 and 3 reach their
maximum abundance (> 80%) at pH > 4.5 (i.e. 4.5 and 4.9, for
2 and 3 respectively), instead of pH 3.5 as for 1. Also the
dicopper complexes, [Cu,L]*, starts to form at pH > 4, and
represents the principal species (> 70%), over the pH interval of
5.3 to 7.2. Very interestingly, the formation of the hydroxide
complexes, [Cu,L(OH)]*" (L= 2-3), occurs only at pH > 6, i.e.
two log units higher than for the furanyl cage 1. The
substitution of one or more furanyl spacers with p-xylyl units is
actually expected to increase the distance between the two
included metal ions. This may prevent the formation of a
[Cu,L(OH)]** complex, with the hydroxide anion bridging the
Cu(ll) centers. For the [Cu,L(OH)]** complex (L = 2, 3), we
can hypothesize a structure similar to that reported by Nelson et
al. for the the p-xylyl-spaced dicopper(ll) cryptate,
[Cu,4(H,0)(OH)](ClO,)s.*2 Noticeably, in [Cu,4(H,O)(OH)]*,
the distance between the copper ions is 6.1213(12) A, i.e. about

4| J. Name., 2012, 00, 1-3

2.22 A longer than that measured by the same Authors for
[Cu,1(OH)T*".1* Under these conditions, OH™ cannot bridge the
copper ions. Thus, the anion is bound to only one metal center,
and a water molecule occupies the apical position of the second
metal ion. For the hydroxide complexes of the asymmetric
cages, 2 and 3, we can expect a similar situation. However,
crystals suitable for X-ray diffraction studies could not be
obtained, thus the hypothesis could not be verified. Further
addition of NaOH to the solution of [Cu,L(OH)]** promotes the
formation of the [Cu,L(OH),]*" species, with two hydroxide
anions bound to the metal centers.

Noticeably, upon pH-spectrophotometric titration of 2 and 3
in the presence of 2 eqv. of Cu(ll) and excess halide anions, no
new bands, attributable to anion-to-metal CT, developed in the
UV-vis. spectrum. This result confirms that the replacement of
furanyl with p-xylyl spacers not only disrupts the symmetry of
the cage, but also increases the distance between the metal
centers (as already pointed out for the hydroxyde complex).
The longer distance prevents the interactions between the
included halide and the oxygen atom of the furan units. The last
feature, in particular, is responsible for the lack of the CT band
in the absorption spectrum. For both 2 and 3, copper binding is
accompanied by the development of a broad band around 270
nm, attributable to the N(amine) — Cu(ll) charge transfer.
Moreover, two d-d bands develop in the visible region, from
650 to 850 nm, typical of bipyramidal complexes containing the
CuNs chromophore (see Fig. S4 for ligand 2).*

Unfortunately, in the case of 4, potentiometric titrations in
the presence of copper ions could not be performed, due to the
precipitation of the complex species in basic solution. Thus, we
could not determine the association constants for a comparison
with those reported in Table 2 for the other ligands.

UV-vis. studies with halides in aqueous solution

To assess the binding tendencies of the new dicopper cryptates
towards halides, we performed UV-vis. titrations in buffered
aqueous solution, following the changes in the absorption bands
of the complexes upon halide binding. Figure 4 shows the UV-
vis. spectra taken upon titration of [Cu,3]*" with NaF (more
material is reported in the S.1.).

This journal is © The Royal Society of Chemistry 2012
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The working pH of 5.8 (0.1M MES, 25°C) was chosen in
agreement with the following requisites: (i) the initial solution
must contain a single major species, i.e. the dicopper cryptate in
one of its forms, either [Cu,L]** or [Cu,L(OH)]**, for all
investigated receptors; (ii) the CT band typical of the halide
bridged cryptate must be close to maximum intensity. The latter
requisite is based on the pH-spectrophotometric titration on the
system, [Cu,1]*", in the presence of halide anions.

For all the investigated anions, a single equilibrium in
solution was observed leading to the formation of a 1:1
cryptate:anion complex [1]. The corresponding constants are
reported in Table 3, as Log units.

[Cu,L]* + X~ S[Cu,L()I*" [1]

The affinity of [Cu,1]** for halides had already been
investigated by our group, by following the formation of the
anion-to-metal CT band, at pH 5.2 in 0.05 M MES.% The
values for the binding constants at pH 5.2 were higher than
those reported in Table 3, determined at pH 5.8 (0.1 M MES).
This can be attributed to the difference in the experimental
conditions (i.e. ionic strength, and pH).

Table 3. Constants’ (as Log units) obtained by UV-vis.
titrations of [Cu,L]*" (L =1-4) in the presence of anions. All
titrations were performed in aqueous solution, buffered at pH
5.8 by 0.1 M MES (T=25°C). In parenthesis, standard deviation
on the last figure.

[Cu.11* [Cu,2]* [Cu,3]* [CuA1*
NaF 2.53(0) 3.10(0) 317(D) 3.85(2)
NaCl 3.70(2) 2.35(3) 2.23(1) <2
NaBr 2.85(1) <2 <2 <2
Nal <2 <2 <2 <2
NaNs* 4.26(1) 3.96(2) 3.75(2) 5.75(6)
3.05(3)° 3.98(4)°
CH,COONa  2.32(1) <2 2.00(1) <2

¥ Two constants are determined, a and b, corresponding to
equations [2] (LogK,;) and [3] (LogK},), respectively (see the
text).

The initial spectrum of [Cu,1]*" displays a band at 360 nm

(3500 M cm™), not present in the spectra of the other cages.
The band can be assigned to a charge transfer, involving the
water oxygen atom bridging the metal centers. In the case of the
other cryptates [Cu,L]*" (L = 2-4), the distance between the
Cu(ll) ions is too long for the formation of a bridge. Halide
binding promotes a shift of the N(amine) — Cu(ll) CT band,
and a change in the intensity ratio between the two d-d bands in
the visible region, the band at lower energy (around 850 nm)
generally increasing in intensity. This last feature depends on
the variation of both the symmetry around the metal centers,
and the energy of d orbitals, upon anion binding.
As shown in Table 3, the substitution of one or two furanyl
spacers with p-xylyl units has a similar effect on the anion
binding constants. In particular, for both [Cu,2]*"and [Cu,3]*",
the affinity towards halides decreases with the density charge of
the anion, following the spectrochemical series, i.e. F~ > CI™ >
Br~, I". Figure 5 points out that, in the case of F~, moving from
the p-xylyl cryptate to the furan cage, the affinity constants
decrease of more than one log unit, the asymmetric cryptates
showing an intermediate value.

This journal is © The Royal Society of Chemistry 2012
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Figure 5. Affinity trend towards F~ and CI™ anions (black and
blue symbols, respectively), displayed by the investigated
dicopper cryptates of 1-4.

For the chloride anion, instead, the affinity trend is reversed,
i.e. furan cage > asymmetric cryptates > p-xylyl cage (see
Figure 5). As already mentioned, the high affinity of receptor
[Cu,1]** for chloride depends on both the complementarity of
the anion with the receptor’s cavity, and the favorable
interaction of the included anion with the furanyl spacers.

Binding of the azide anion: UV-vis. studies in water

In order to better understand the anion binding properties of the
new receptors, we performed UV-vis. titrations with the linear
azide anion. We chose N3, because it forms a well-known
stable 1:1 inclusion complex with the [Cu,4]*" cryptate, as
demonstrated by the crystal structure reported by Nelson et
al..’”® The azide complex is highly stable also in aqueous
solution, as demonstrated by the affinity constant value
calculated at pH 5.8, i.e. LogK,; =5.75(6) (see Table 3). The
formation of the [Cu,4(N3)]** complex is accompanied by the
development of a new band in the UV-vis. spectrum at about
430 nm (see Figure S9), attributable to the charge transfer
transition from azide to copper, typical of the p-1,3 azide linear
bridge, as confirmed by the crystal structure.” The azide anion
also forms a 1:1 complex with the other cages. In particular,
azide binding to [Cu,1]*promotes the development of a CT
band at higher energies with respect to [Cu,4]*" (i.e. 386 nm),%
probably due to the different binding geometry of the bidentate
anion to the copper centers (see Fig. S10, where the 1:1
stoichiometry is confirmed by the presence of isosbestic
points). This spectroscopic feature, as well as the lower value of
the binding constant (LogKj; =4.26(1)), point out the worse
fitting of the bidentate anion within the furan cage’s cavity. In
the case of the asymmetric cryptates, a decrease in the LogKj;
values is observed, with respect to both symmetric receptors:
the decrease is especially remarkable (2 log units) on going
from 4 to 3. Thus, replacement of just one p-xylyl spacer with a
furanyl group seems to drastically reduce the hosting capability
of the receptor towards azide, because of the alterations to the
receptor’s cavity.

Furthermore, for both asymmetric cryptates, the formation of
the 1:1 complex with azide is anticipated by another
equilibrium, leading to the dimeric species
[(CuzL)(N3)*(Cu,L)]" (L = 2, 3).

J. Name., 2012, 00, 1-3 | 5
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Fig 6. (a) Family of UV-vis. spectra taken upon addition of a solution of NaN; to [Cu,3]*" (1.1 mM) in 0.1 M MES, at pH 5.8.
Solid and dashed black lines: initial and final spectrum, corresponding to [Cu,3]*" and [Cu,3(N3)]** species, respectively. Solid
gray line: spectrum taken at 0.5 eqv. NaNj, relative to the [(Cu,3)(N3)(Cu,3)]’* complex. (b) Distribution diagrams (%
abundance vs. eqv. of added NaN3) of the species, calculated for LogKy;,= 3.75(2), and LogK,;=3.98(4), according to equations [2]
and [3], respectively (T = 25°C). Solid and dashed black lines: [Cu,3]** and [Cu,3(N3)]** species, respectively; solid gray line:

[(Cuz3)*(Ng)*(Cuz3)]"™".

As a consequence, over the course of the titration, the following
equilibria are observed (the corresponding constants, LogK,,
and LogKy,, are reported in Table 3):

[(Cu,L) " (Ng)"(Cu,L)]™ [2]
[(Cu,L)(Ng)"(Cu,L)]™" + N3~ 5 2 [Cu,L(N3)]** [3]

Figure 6 shows the family of spectra taken upon titration of
[Cu,3]*" with azide (see Figure S8 for the analogous titration on
[Cu,2]*). The formation of [(Cuy3)(N3)(Cu,3)]™" is
accompanied by the development of a band around 420 nm,
attributable to the azide-to-copper transition, involving the
bidentate anion and the metal centers of two different [Cu,3]*
units. Interestingly, the maximum of this band is close to that
observed for the monomeric [Cu,4(N3)]*" complex, containing
a linearly bridging azide anion. Further azide addition promotes
the formation of the 1:1 complex (i.e. [Cu,3(N3)]**), according
to equilibrium [3], and the shift of the CT band towards higher
energies. In the final spectrum, corresponding to the
[Cu,3(N3)]% species, the CT band is centered around 390 nm,
as for the monomeric complex of the furan cage.

Noticeably, the formation of dimeric species also occurs in
organic solvents upon halide binding to [Cu,1]*",% and in
aqueous mixture in the recognition of nucleoside
monophosphates by dicopper cryptates.®® In the latter case, the
formation of the dimer may induce a beneficial relief of steric
constraints. This seems to be confirmed also for the asymmetric
cryptates, in particular for receptor 3, by the large value of
LogKy;.

Unfortunately, for other pseudo-halides, the affinity constants
with the asymmetric cages could not be safely determined due
to precipitation. Binding tendencies towards oxo-anions (e.g.
nitrate, sulfate and acetate) were also studied, and were found
very poor: in fact, only acetate is bound by cryptates of 1 and 2,
with constants higher or equal to 2.0 log units.

2[CuL]*+ N3~ &5
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Conclusions

In this work, we reported both the syntheses and the anion

binding properties of two new asymmetric dicopper cryptates,
characterized by alternate furanyl and p-xylyl spacers. Our
studies pointed out some interesting results. (i) The anion
binding tendencies of the two asymmetric cages are very close,
even if the number of the furanyl spacers replaced by p-xylyl
units is different. (ii) In the case of halides, the new receptors
display intermediate binding properties between the symmetric
analogues (i.e. p-xylyl and furan cryptates). (iii) The
substitution of even only one furanyl unit with a p-xylyl spacer
significantly modifies the distance between the metal ions, thus
preventing the development of the CT band, typically
accompanying the binding of halides by the furan cryptate,
[Cu,1]*. As a consequence, the variation in the UV-vis.
spectrum, occurring upon titration with halides, is similar to
that observed for the p-xylyl cage, [Cu,4]*". (iv) In the case of
azide, the asymmetric receptors tend to form stable complexes
of different stoichiometry, not observed for the symmetric
cryptates.
This work also confirms some peculiarities of receptor
[Cu,1]**. In particular, except for fluoride, all the halides
display higher affinity for cryptate [Cu,1]** than for the other
cages. This is not only a matter of geometric complementarity
between the cavity of [Cu,1]*" and the included anion. The
interaction of the included halide with furanyl spacers plays in
fact an active role in the stabilization of the inclusion complex.
Noticeably, this stabilizing effect drops when furan rings are
replaced by p-xylyl fragments.

In conclusion, with all the investigated anion, the
asymmetric receptors display stronger similarities to each other
than to the symmetric analogues. This unexpected result may be
very helpful in the design of new molecular receptors based on
dimetallic cryptates, in particular for the tuning of the
sensitivity towards specific anionic substrates.

This journal is © The Royal Society of Chemistry 2012
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Experimental Section

All reagents were purchased form Aldrich/Fluka and used
without further purification. All reactions were performed
under dinitrogen. Azacryptands 1 and 4 were prepared
following already described procedures.” The synthesis of the
new azacryptands, 2 and 3, is reported in the Supplementary
Information. The structures of 2 and 3 were verified by 'H
NMR, ¥ C NMR, ESI-MS and elemental analysis.
Experimental general procedures and details are also included
in the Supplementary. Mass spectra were acquired on a
Thermo-Finnigan ion-trap LCQ Advantage Max instrument
equipped with an ESI source. *H and *C NMR spectra were
taken on a Bruker AVANCE 400 spectrometer (operating at
9.37 T, 400 MHz). UV-vis. spectra were run on a Varian Cary
100 SCAN spectrophotometer with quartz cuvettes of the
appropriate path length (0.1-1 cm) at 25.0 = 0.1 °C under inert
conditions. In any case, the concentration of the chromophore
and the optical pathway were adjusted to obtain spectra with
AU ~ 1.

Potentiometric titrations. All measurements were performed
at 25°C in aqueous solution (0.1M CF3;SO;Na) with a
Radiometer TitraLab 90 titration system. Titrations were
performed under a dinitrogen atmosphere, in the presence of a
double junction pH reference electrode (SCE) filled with
aqueous CF3SO3zNa 0.1M. For all the investigated receptors
protonation constants were determined at constant ionic
strength in pure water CF;SO3;Na0.1M. In a typical experiment,
10 mL of a 5x10™* M solution of the ligand, as the free base,
were treated with an excess of CF;SO3H. Titrations were run by
addition of 10 pL aliquots of carbonate-free standard 0.1 M
NaOH, recording 80-100 points for each titration.
Complexation constants were determined by carrying out a
similar potentiometric titration experiment, with the additional
presence of 2 eqv. Cu''(CF3S03),. Prior to each potentiometric
titration, the standard electrochemical potential (E®) of the glass
electrode was determined in CF3;SO;Na 0.1M, by a titration
experiment according to the Gran method.** Titration data (emf
vs. mL of NaOH) were processed with the Hyperquad®
package® to determine the equilibrium constants (reported in
Tables 2 and 3).

Spectrophotometric titrations. All titrations were performed
in aqueous solution, buffered at pH 5.8 by 0.1 M MES at 25.0 +
0.1 °C. In a typical experiment, a solution of the ligand copper
complex was titrated with a 100-fold more concentrated
solution of the sodium salt of the envisaged anion. Titration
data were processed with non-linear least-squares procedure
(Hyperquad® package),’® in order to determine the equilibrium
constants.

Crystal structure analysis. Diffraction data for a pale yellow
single crystal were collected at room temperature with Moy, X-
radiation (A = 0.71073 A) on a Bruker-AXS diffractometer
equipped with the SMART-APEX CCD detector. Crystal data
for [3H8(N03)](NO3)7°3H20 C34H66N160281 Mr =1146.98, T =
293 K, crystal dimensions 0.30 x 0.12 x 0.08 mm?, triclinic, P -
1 (No. 2), a = 12.5559(13) A, b = 12.7718(13) A, ¢
17.8881(18) A, o« = 110.689(2)°, B = 91.837(2)°, y
102.914(2)°, V = 2596.2(5) A3, Z = 2, peacg = 1.467 g cm?,
F(000) = 1202, p Mog,= 0.128 mm™, 0. = 23°, 17958
measured reflections, 7234 independent reflections (Rjx =
0.037), 3387 strong reflections [lo> 2c(l0)], 754 refined
parameters, R1 = 0.1131 (strong data) and 0.1808 (all data),
wR2 = 0.3090 (strong data) and 0.3669 (all data), GOF = 1.125,
0.62 and -0.33 max. and min. electron density residuals.

This journal is © The Royal Society of Chemistry 2012
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Data reduction was performed with the SAINT software.'®
Intensities were corrected for Lorentz and polarization effects;
absorption effects were empirically evaluated by the SADABS
software® and absorption correction was applied to the data
(0.878 and 0.999 min and max transmission factors). Crystal
structure was solved by direct methods (SIR 97)'7 and refined
by full-matrix least-squares procedures on F? using all
reflections (SHELXL 97).2®  Anisotropic  displacement
parameters were used for all non-hydrogen atoms. Hydrogens
have been placed at calculated positions and their positions
refined accordingly to a riding model. Positions of hydrogens
belonging to water solvent molecules remained undetermined.
Positional disorder affects two of the seven nitrate counterions
placed outside the cage. The nitrate ion defined by the N(15),
0(20), O(21) and O(22) atom sites is disordered over two
alternative positions (A and B) mutually exclusive and half
populated. A partly populated O4w atom site is placed near the
half populated O22B atom site; O4w hosts the oxygen of an
additional water molecule when the O22B site is empty. The
nitrate ion defined by the N(16), O(23), O(24) and O(25) atom
sites shows two alternative positions for the O(25) site (A and
B), mutually exclusive and half populated. Soft restraints on the
geometrical features and on the Uj;; components have been
applied in the final least-square cycles of refinements of the
disordered atom sites.

The selected single crystal showed a poor X-ray diffraction
quality; intensities of reflections with 6 values greater than 23°
were unobservable and the final agreement indexes were high.
The poor X-ray diffraction quality was mainly related to the
disorder affecting the triflate counterions. However, the
accuracy of the geometrical details of the octaprotonated cage
and of the enclosed nitrate anion was considered suitable to the
aims of this work.

CCDC 992963 contains the supplementary crystallographic
data for this paper. These data can be obtained, free of charge,
via http://www.ccdc.cam.ac.uk/products/csd/request/ (or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, U.K. (Fax: 44-1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk)).
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