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We have successfully developed a new synthetic approach to
modulate the electrostatic potentials of metallocavitands and thus
their selective recognition towards substituted benzene derivatives
via integrating two metal cations of different electronegativity into
a self-assembled system.

Geometric and electronic complementarities are two funda-
mental characteristics for molecular recognition in supramole-
cular chemistry," which refers to two interacting molecules
complementing each other in shape, size and electrostatic
potential, akin to the key and lock model postulated by Emil
Fischer.” Utilizing such complementary effects, various appli-
cations including sensors, catalysis and separations have been
developed in the past few decades.® In order to improve the
selectivity in these applications, the modulation of the shape
and size effects is always the first choice." However, few
examples focused on the electronic complementary effect.” For
investigating its origin, the electrostatic potentials of the cavity
surfaces in most conventional organic hosts (e.g. cyclodex-
trins,® cucurbiturils,” calixarenes,® cyclotriveratrylenes® and
pillararenes'®) are notoriously difficult to be tuned by organic
syntheses.

Metallocavitands are an emerging class of hybrid hosts that
combine organic and inorganic functional motifs,'* which
provides another possibility to regulate their electrostatic
potentials by metal cations. To our surprise, a mixture of
several different electronegative metal cations in inorganic
materials is a common approach to tune their electrostatic
potentials but remains less adopted in metal-organic hybrid
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materials."* This may be due to most instances dominated by
big organic motifs, and a limit contribution of metal cations
to their electrostatic potentials.”® In theory, the above mixed-
metal approach should be suitable for polynuclear metal-
organic complexes because in such systems, metal ions are
bridged by tiny amounts of organic atoms. Recently, we have
reported a double-wall-hourglass shaped metallocavitand
ZngLg bearing an aforementioned polynuclear cyclic core and
an electron-deficient cavity, which exhibited an unusual
selectivity towards substituted benzene derivatives (PhXs) of
different electron densities during co-crystallizations.'*
Herein, we report that the mixed-metal approach is indeed
viable for our metallocavitands. The combination of multiden-
tate acylthiosemicarbazide ligands L with a mixture of two
different electronegativity Zn** and Cu®" cations (y = 1.6 for
Zn*" and 1.9 for Cu®")" in different ratios leads to a series of
mixed-metal metallocavitands [Zn,_,Cu,]sLg, whose cavity sur-
faces indeed possess adjustable electrostatic potentials. As a
result, such metallocavitands exhibit a tunable selectivity
towards substituted benzene derivatives during co-crystalliza-
tions. To the best of our knowledge, this is the first time that
the electrostatic potentials of metallocavitands can be modu-
lated by the mixed-metal approach has been reported.

As mentioned above, in the previous communication,"* we
have already reported that the self-assembly of acylthiosemi-
carbazide ligands terminated by rigid benzoyl and flexible 2-(4-
chlorophenoxy) acetyl moieties at both sides with equimolar
amounts of zinc acetylacetonate in a mixture solvent of chloro-
form and N,N-dimethylacetamide (DMA) with a volume ratio of
1:1 at room temperature led to a colourless solution, followed
by slow evaporation affording plate crystalline materials, which
have been revealed to be a double-wall-hourglass shaped metallo-
cavitand ZngLg (M; = M, = Zn in Fig. 1) by single crystal structural
analysis. Following the same synthetic process, however the repla-
cement of zinc acetylacetonate with copper acetate afforded black
block crystalline materials in a yield of 68%.

The single crystal X-ray diffraction analyses revealed that it
is also an octanuclear metallocavitand (named as CugLg,

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Chemical structure (left) and schematic representation (right) of
mixed-metal metallocavitands [Zn;_,Cu,lgLs.

Fig. 2). Similarly, the chelation of one six-coordinated copper
cation by two perpendicular acylthiosemicarbazide ligand
molecules leads to a dimeric complex through the formation
of four Cu-O bonds (1.981-1.995 A and 2.245-2.320 A)
between Cu”" and two carbonyl oxygen atoms of each molecule
together with two Cu-N bonds (1.939-1.992 A) between Cu®"
and one deprotonated hydrazide nitrogen atom of each mole-
cule, which is further interconnected by other four-co-
ordinated copper cations through two Cu-S bonds (ca. 2.253 A)
and two Cu-N bonds (ca. 1.967 A) to yield the final metalloca-
vitand CugLg. Due to a shorter metal ionic radius, the poly-
nuclear core as well as the cavity center of the generated CugLg
(the distances of two opposite Cu®" cations are around 12.43 x
13.35 A) is slightly contracted compared to that of ZngLg (12.73
x 13.59 A). Inside and outside of the cavity plenty of DMA
solvent molecules are detected but most of them are largely
disordered and could not be located in the crystal structure
refinement. Therefore, all of the solvent contribution is sub-
tracted from the data using SQUEEZE during the refinement."®

It is worthwhile pointing out that, compared with the
crystal structure of ZngLg, a major difference in that of CugLsg is
that its inner cavity is open and occupied by DMA molecules
but not by the self-inclusive 4-chlorophenoxyl group. The latter
self-inclusion phenomenon was observed in the reported
ZngLg, which somewhat reflected that the inner cavity was elec-
tron-deficient and it had a strong tendency towards electron-
rich and geometrically appropriate guest molecules by elec-

Fig. 2 Top (left) and side (right) views of the molecular structure of
Cuglg in the crystal (aqua Cu, black C, red O, blue N, purple S, and
yellow Cl). For clarity, all solvent molecules as well as hydrogen atoms
were omitted.
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tronic complementarity. Likewise, it seems that the inner
cavity of CugLg is not electron-deficient enough to trap a
4-chlorophenoxyl group during the crystallization, which is
supported by the theoretical calculations and selective co-crys-
tallization experiments.

To make clear the difference between CugLg and ZngLg, the
CugLg electrostatic potential was calculated by using its single-
crystal structural data without any further optimizations. As
shown in Fig. 3a, although the equatorial portions of CugLg
are electron-deficient (blue ring), the cavity surface is a little
electron-rich (yellow maps in the centers), which is different
from those in the self-inclusive ZngLg that showed an electron-
deficient surface inside the cavity,'* which corroborates the
results that self-inclusion of the 4-chlorophenoxyl group was
only observed in ZngLg but not in CugLg. Considering the
obvious difference between the self-inclusive structure of
Znglg and CugLg, the electrostatic potential of an idealized
zinc complex based on the structure of CugLg by only replacing
Cu*" with Zn>" without further optimizations (ZngLg bearing a
similar open cavity to CugLg, abbreviated as open ZngLg) was
also given for a parallel comparison (Fig. 3b). As expected, the
latter presents a much more electron-deficient cavity surface
than that of CugLg. Thus, the metal cations indeed play a con-
siderable role in the electrostatic potentials of our
metallocavitands.

The close coordination behaviors of Zn*" and Cu** cations
in metallocavitands suggest that the structures of such MgLg
remained unchanged in a certain range when some of their
metal cations are replaced by the second metals. That is, a
series of isostructural metallocavitands are anticipated to be
obtained by using a mixture of Zn** and Cu®** cations in
different molar ratios but not the pure one metal cation.
However, this is of considerable significance for the modu-
lation of their electron structures due to the obvious difference
between the electrostatic potentials of ZngLg and CugLg. Again,
following the same synthetic process as ZngLg, but replace-
ment of pure Zn>* with a mixture of Zn>" and Cu®" cations in
Cu*" molar ratios of 5%, 10%, 15%, 20%, 25%, 30% and 35%

0.01

-0.01

Fig. 3 The electrostatic potential surfaces plotted in cross-sections for
Cuglg (a) and open Znglg generated by replacing Cu in Cuglg with Zn
(b). The electrostatic potential was in the full range at an isovalue of
0.001 electrons per Bohr® for electron density and was visualized by a
rainbow color ramp continuously from red-orange-yellow—-green—
cyan—blue (electron rich to electron poor).
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resulted in 7 batches of black crystals [Zn;_,Cu,]gLg (x = 0.05,
0.10, 0.15, 0.20, 0.25, 0.30 and 0.35).

Interestingly, although several potential structures exist,
only one kind of crystal with the same colors and shapes was
obtained in each batch. According to their appearances,
7 batches of black crystals can further be divided into two kinds
of crystals: plate crystals for 5%-25%, and block crystals for
30% and 35%, which indeed are confirmed by powder X-ray
diffraction (PXRD) analysis. As depicted in Fig. S11,} PXRD pat-
terns of [Zn,_,Cu,JgLg (x = 0.05-0.25) possess the same set of
peaks as those of the recorded and simulated PXRD patterns of
ZngLg, indicating that these 5 batches of crystals should be iso-
structural to that of the self-inclusive ZngLg, which is confirmed
by the single crystal X-ray diffraction analyses. The latter
revealed that the lattice parameters of these 5 batches of crystals
are indeed totally the same (for details, see ESI).

However, PXRD patterns of the left two batches of crystals
are different from those of ZngLg. Despite they are very close to
the simulated one of CugLg, there are still some intense peaks
that could not match each other. Accordingly, the structures of
these two batches of crystals should have a very similar struc-
tural feature to those of CugLg, which is also confirmed by
single crystal structural analyses. As expected, the proof-of-the-
concept example [Zn,;_,Cu,lgLg (x = 0.35) is an octanuclear
metallocavitand with a little expanded cavity (the distances of
two opposite metal cations are around 12.25 x 14.00 A, Fig. 4),
and all the 4-chlorophenoxyl branches extend above and below
the polynuclear macrocyclic core.

The accurate contents of two metal cations in each batch of
as-synthesized crystals have been determined by inductively
coupled plasma (ICP) atomic emission spectrometry, which
revealed that all the recorded data are close to their theoretical
values (Table S8, ESIt). For example, the weight percentage of
Cu*" in three crystalline samples [Zn,_,Cu,JsLs (x = 0.10, 0.25,
0.35) are 9.44%, 24.44% and 38.75%, respectively, which can
be calculated with formulae of Zn,,,Cug;gLg, Zng 0oCUs.goLs
and Zn, g4Cus ;6Lg, respectively.

Together with all the above evidence, two points can be
drawn at present: (1) the use of a mixture of two metal cations
in the self-assembly yields at least two kinds of metallocavi-

Fig. 4 Top (left) and side (right) views of the molecular structure of
[Zn;_,Cu,lglg (x = 0.35) in the crystal (brown Cu or Zn, black C, red O,
blue N, purple S, and yellow Cl). For clarity, all solvent molecules as well
as hydrogen atoms were omitted.
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tands with very close configurations because the obtained crys-
tals based on them are in one phase; (2) the distributions of
the generated metallocavitand mixtures are dependent on the
addition of two metal cation ratios during self-assembly.
However, whether two metal cations are really mixed in the
same metallocavitand molecules is still unclear. To clarify this
question, the high-resolution mass spectra of ZngLg,
Zn; 5,Cug.75Lg, ZNe00CUz.00Ls, ZN454Cuz16Ls and Cuglg have
been recorded (Fig. S6-S10, ESIf). For ZngLg and CugLg that
are single components, the most abundant peaks were
observed at m/z = 3440.66 and 3401.63 that show the character-
istic m/z splitting for a positive species [ZngLs + Na]  of
1.03 mass units and a negative [CugLg|~ of 0.997 mass units,
respectively. Similarly, for Zn;,,CugygLg, Zng 0oCU,.00Lg and
Zn, g4Cuz 16Lg, the most abundant peaks were detected at m/z
= 3415.67, 3413.63 and 3411.61, assigned to [Zn;,,Cu, 7sLs]",
[Zng.00Cuy 0oLg]” and [Zn,g,Cusz6ls]”, respectively. Impor-
tantly, no molecular ion peaks of CugLg and ZngLg were
observed in Zn, ,,Cug sglg, Zng 0oCUs 0olg and Zn, g,Cus q6Llg,
indicating that each of them is not a simple physical mixture
of single-component copper and zinc metallocavitands, but
more likely to be a mixture of at least two mixed-metal metallo-
cavitands with two metal cations in one molecule.

From our previous experience on ZngLg and CugLg, the
electrostatic potentials of the cavity surfaces, as well as the
selectivity towards PhXs during co-crystallizations for seven
newly formed mixed-meal metallocavitands [Zn;_,Cu,]sLsg
should fall in the range between those of the former two com-
plexes. Due to the co-existence of several isomers for each
mixed-meal metallocavitand, the calculation of their electro-
static potentials is rather difficult. Instead, the study of their
selective co-crystallization behaviors that reflect the electro-
static potentials indirectly can be achieved. Following the
reported process, co-crystallization of [Zn,_,Cu,]gLg (x = 0.05,
0.10, 0.15, 0.20, 0.25, 0.30 and 0.35) with PhXs, including
chlorobenzene (PhCl), bromobenzene (PhBr), iodobenzene
(PhI), toluene (PhCH;) and aniline (PhNH,) in a solvent
mixture of DMA, DMSO and chloroform (4: 4 :2 in volume) led
to another 7 batches of black crystals. From their appearance,
some interesting regulation can be found. There are only one
kind of hexagonal crystal for all PhXs when x = 0.05, while
there are plate crystals for PhCl, and hexagonal crystals for
PhBr, Phl, PhCH; and PhNH, when x = 0.10, 0.15 and 0.20.
With increasing amounts of Cu®>* (more than 0.25), no hexa-
gonal but only plate or block crystals are formed.

In our previous experience,'* plate crystals retain the struc-
tures of complexes [Zn;_,Cu,]sLg, while hexagonal crystals are
their clathration of relevant PhXs, which indeed are confirmed
by single-crystal X-ray diffraction and PXRD analyses. Thus, all
PhXs can be trapped in a pure metallocavitand ZngLg during
their co-crystallizations. With the addition of Cu®" increasing,
only the encapsulation contents of PhCl gradually reduce, and
PhCl is totally excluded when the Cu*" content is increased to
around 10% (Fig. S1, ESIf). Subsequently, the inclusions of
left four guests are also decreasing with the continually
increasing Cu®*, which is supported by the "H NMR spectral

This journal is © The Royal Society of Chemistry 2015
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study. The same amount of as-synthesized ecrystals
[Zn,_,Cu,JsLs (x = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) was
obtained from PhBr by soaking in deuterated ethanol for
24 hours, the proton signal intensities around 7-8 ppm of
released PhBr decrease gradually with the increasing Cu®*
ratios (Fig. S5, ESIT), which indicates that with the increase of
the addition of Cu®* cations, the encapsulated PhBr molecules
decrease gradually. None of them can be co-crystallized in the
mixed-metal [Zn;_,Cu,]sLs when Cu®** is more than 25%,
which is supported by the "H NMR spectral study (Fig. S2-S4,
ESIT). Such a variety law indicates that with the increase of the
addition of Cu®" cations, the electrostatic potentials of cavity
surfaces increase. According to the principle of electronic com-
plementarity, the required electronic potentials of guest mole-
cules increase correspondingly.

In summary, we have reported a simple but efficient
approach to modulate the electron structures of metal-organic
complexes. By using a mixture of two different electronegative
metal cations in one self-assembly system, a series of mixed-
metal metallocavitands with tunable electrostatic potentials
have been formed, which exhibited an adjustable selectivity
towards PhXs during co-crystallization. Although a mixed
metal is widely known in metal-organic systems,” this is the
first time that the electrostatic potentials of metallocavitands
can be modulated by such a mixed-metal approach has been
reported. This successful experience provides a reference for
spreading this simple but efficient approach to other metal-
organic compounds.
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