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A gas phase binding study revealed strong intrinsic intermolecular
interactions between dianionic halogenated closo-dodecaborates
[B1>X12]2~ and several neutral organic receptors. Oxidation of a
tetrathiafulvalene host allowed switching between two host—guest
binding modes in a supramolecular complex. Complexes of
p-cyclodextrin with [B1oF12]2~ show remarkable stability in the gas
phase and were successfully tested as carriers for the delivery of
boron clusters into cancer cells.

Halogenated closo-dodecaborates® ([B1,X1,]>", X = F, Cl, Br, I,
Fig. 1) are weakly interacting inorganic dianions with icosahedral
molecular symmetry and highly delocalized electron deficient
bonding between the cluster boron atoms. It is well documented
that dodecaborates behave different in terms of intermolecular
interaction in comparison with other “common” anions. The
surprisingly weak binding affinity of the closo-dodecaborate
dianions with cationic species, which allows classifying them
as extremely weak anionic bases, led to new records in super-
acidity” and allowed the stabilization of highly reactive cations.?
On the other hand, the potential for the formation of inter-
molecular complexes of dodecaborates with molecules that do
not usually bind to anions has been so far overlooked.

To the best of our knowledge, the only study on the molecular
recognition of anionic closo-dodecaborates with non-charged
organic hosts has been published very recently.* It reports very
strong binding of [B1,Xy,]”~ (X = H, Cl, Br, I) with cyclodextrins
(CDs)’ in aqueous solutions.*” This binding of the dianions
to the unpolar cyclodextrin pockets was rationalized by the
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Fig. 1 Structures of [B12X121°~ clusters (1a: X = F, 1b: X = Cl, 1c: X = Br,
1d: X = 1) and molecular hosts 2-5.

chaotropic effect,’ which can be explained as follows: the
relocation of strongly chaotropic (i.e. disrupting the hydrogen
bonding network of water molecules) dodecaborate anions from
the aqueous medium into hydrophobic binding pockets allows
for the recovery of the water structure distorted by the chaotropes.
Due to the very pronounced chaotropic features of the dodecaborates
they were thus classified as “superchaotropes” that lie far beyond the
canonical Hoffmeister scale’ for anions. Although direct attractive
interactions of dodecaborates with neutral CD hosts were
implied by the authors as a possible additional driving force
for the complexation,® they could not be directly verified in a
solution.

Investigations of the host-guest chemistry of neutral molecules
with dodecaborate anions are of fundamental importance for
understanding the intrinsic nature of weak intermolecular
interactions. They are also of high relevance for possible practical
applications of boron clusters,'® among which boron neutron
capture therapy (BNCT) of cancer'! is the most prominent one.
Thus, in an independent simultaneously performed study,
we investigated inclusion complexes between different types
of molecular hosts with hydrophobic binding pockets and
dodecaborates in the gas phase, where possible solvent effects

This journal is © The Royal Society of Chemistry 2016
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are excluded." It should be noted that a doubly charged guest
must be non-basic to ensure complex stability in the gas phase.
Typical basic dianions would be immediately protonated by any
acidic proton present in a host (such as HO-groups in cyclo-
dextrins), leading to complex dissociation due to Coulomb
repulsion. Therefore, suitable dianions must exhibit extremely
weak gas phase basicity - a property strongly correlating with
the thermodynamic stability of double negatively charged
anions in the gas phase.>"? Similar to dodecaborates,'* multiply
negatively charged polyoxometallate (POM) clusters are also
stable in the gas phase." Therefore, a recent report on the
unexpected complexation of POMs by cyclodextrins served as an
additional motivation for our study.®

Molecular hosts 2-5 (Fig. 1) were tested for their binding
affinity to halogenated dodecaborates. Tetrathiafulvalene (TTF)
containing compounds 2 and similar hosts containing two or
more TTF units comprising an electron-rich binding pocket are
known to bind electron deficient aromatic guests, such as
tetracyanoquinodimethane,’” nitroaromatic derivatives,*®*°
fullerenes,'®* or charged pyridinium derivatives.'” Calix[4]arene-
based®" hosts 3 are complementary in size and their complexes
with spherical hosts like fullerenes have been observed in
crystal structures. Due to a large dipole moment of the azulene
moiety, calix[4]azulenes®® 4 in the cone conformation have a
strong permanent dipole moment with the positive side directed
to the binding pocket, which was expected to stabilize a potential
complex with [B;,X;,]> . Cyclodextrins 5 are hydrophilic molecules
well-known for the binding of neutral lipophilic compounds in
their unpolar binding pockets.

For binding experiments, the host molecules were dissolved
together with dodecaborate samples 1 (for exact experimental
details see the ESIT) and the solutions were injected via a syringe
pump into an electrospray source. The ionic species formed in
the gas phase were analyzed by ion trap mass spectrometry.
In all runs, the mass range up to m/z 2000 was scanned to
detect possible multicomponent host-guest aggregates with
high molecular masses.

Surprisingly, tests with the lipophilic tripodal TTF-containing
molecular host™ 2 gave immediate evidence for the formation of
intermolecular complexes with 1a.>* As an example, Fig. 2a shows
the mass spectrum obtained from a solution containing [By,F,]*~
and molecular host 2a. Singly negatively charged ionic clusters
comprising [B;,F;,]*~ and different counter ions, such as tetra-
alkylammonium and alkali metal cations, were observed
between m/z 800 and 900. The formation of these aggregates
during the electrospray process is well known and explained by
interionic Coulomb attraction. However, a doubly charged ion
observed at m/z 643 indicated the formation of the 1:1 supra-
molecular complex [[B1;Fy;]-2a]> of the negatively-charged
dodecaborate with the neutral tetrathiafulvalene host.

Collision induced dissociation (CID) of the host-guest complexes
required excitation energies close to those typically needed to
dissociate covalent bonds in organic analytes. Usually, the formation
of aggregates of molecular ions with neutral molecules is observed
very rarely under the applied ionization conditions (see the ESIY),
and therefore, their formation serves as a clear indication of strong
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Fig. 2 (—)-ESI-MS spectra measured for a solution of [HN(CHz)s]2[B1oF10] +
2a in CH,Cl,/CH3CN (1:2). (a) Overview spectrum showing molecular
aggregates. Detected signals between m/z 800 and m/z 900 are assigned
to [(Cat)s(B1oF10)o]~ with Cat = [HN(CHs)sl*, Na*, K* in various combinations.
(b) The inset displays the isotopic pattern of the detected host—guest complex
[[B1oF12l-2a1%.

direct interactions between the dodecaborate dianion and the
neutral TTF-containing molecular host. The binding of this
dianionic guest by this neutral molecule represents a so far
unprecedented instance.

Although we can only speculate about the molecular structure
of this supramolecular complex, size complementarity of the guest
with the binding pocket of the host implies the formation of an
inclusion type complex. Doubly charged aggregates containing
two host molecules ([(B1,Cl;,)-(2a),]* ) were also detected in the
MS spectra (Fig. 3c). The likely structure of this complex is a
spherical dodecaborate anion capped by two oppositely faced
host molecules (Fig. 3a).

TTF derivatives are known in the context of their application
as redox-controllable molecular switches.>> Oxidation of TTF-
based hosts leads to a positively charged electron-deficient
state incapable of binding electron-deficient neutral or cationic
guest molecules. On the other hand, the oxidized state of the
hosts should show an affinity to negatively-charged species,
which are usually not bound in the neutral state of this host,
due to Coulomb attraction. In order to detect the Coulomb-
stabilized complex of 2a, we converted two of three TTF units
into the radical-cationic state and thus rendering double
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Fig. 3 (a) Schematic illustration of complex formation between host 2a
(yellow) and (B1>Cl2)2~ (green icosahedron) showing the plausible double-
decker structure of [(B12Cly2)-(2a),]. Depending on the oxidation state of 2a
(neutral or double positively charged), the overall charge of the complex
can be either 2— or 2+; (b) signal shape of [(B;»Cly»)-(2a),12" as a doubly
positively charged ion after the oxidation of TTF units; (c) signal shape of

[(B12Clyp)-(2a),]>~ as a doubly negatively charged ion.
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positive charge for the whole host molecule by oxidation with
approximately 2 eq. of [NO]'[SbF¢]” in MeCN/CH,Cl, (1:2)
solution. Two-fold oxidation of 2a was confirmed by ESI-MS
measured in the positive mode. After addition of [B;,Cl;,]*” to
2a**, ESI-MS proved the formation of the positively-charged
[(B12Cly5)-(2a),]*" complex (Fig. 3b). Thus, in this unique host-
guest system, the oxidation state of the supramolecular
complex can be switched from —2 to +2 parallel to the change
of the type of intermolecular interactions between the two
components of the complex.

ESI-MS of mixed solutions of 1a-d with hosts 3a-c and 4 did
not result in the detection of any complexes in the gas phase,
only free dodecaborate anions and their aggregates with positively
charged counterions were observed in the negative mode, and
molecular ions or aggregates of the host molecules were observed
in the positive mode.”® This clearly shows that the binding of
dodecaborates is a selective process that cannot be explained by
their general affinity to any lipophilic cavity.

MS binding experiments with a- and B-cyclodextrins (CDs)
5a,b showed that 1a,b displayed strong affinity to this receptor
class also in the gas phase (see ESIt). Initially we performed
competition binding experiments of different [B;,X;,]*~ (X =F,
Cl, Br, I) anions with 5a,b from MeOH solution using MS and
established that the fluorinated dodecaborate 1a binds strongest
to both CDs. These complexes are very stable in the gas phase, as
was proved by CID experiments. Surprisingly, the fragmentation of
the B-CD complex [(B1,F1,)-5b]> " led to the loss of one glucose unit
(C6H100s5, a molecular mass of 162 Da) (Fig. 4) as a competing
reaction to complex dissociation. An equivalent reaction was not
observed for any other complex containing 5a or 5b. The preferred
binding of [B1,F;,]*” to 5b instead of 5a was also demonstrated
by the dissociation of the [5a:(Bi,F;,)-5b]>" complex that led
exclusively to the formation of [(B1,F;,)-5b]> (see ESIT). No gas
phase complex formation was observed between cyclodextrin
hosts and other strongly chaotropic anions, such as [ClO,]”
and [PFe] .

The apparent driving force for the self-assembly of halogenated
dodecaborates with host molecules is strong dispersion inter-
actions. Size complementarity with the binding pockets of their
hosts allows dispersion forces to add up over large contact
surfaces. The binding of 1a with the electron rich host 2 can
be rationalized by the very unusual chemical nature of dodecaborate
anions. While “common” anions are mostly highly nucleophilic,
which leads to their repulsion by electron rich hosts, dodecaborates
and their derivatives are the least coordinating dianions described
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Fig. 4 (—)-ESI-MS spectra of the [(B12F12)-5b]>~ complex after isolation
and excitation. The spectrum shows the loss of one glucose unit.
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so far. The double negative charge in [B1,X;,]>” is delocalized
over the extended guest framework, minimizing its repulsion
from the electron rich host.

The binding affinity of 1a to 5a and 5b in aqueous solution
was also determined by means of NMR binding titrations using
the '°F chemical shift of the fluorine atoms of the guest
for fitting of the binding data (see ESIf). Similar to the gas
phase, B-cyclodextrin 5b proved to be a much stronger binder to
[B1oF1.J*~ than cyclodextrin 5a (K, = 260 and 6 M~ ", respectively).
The evidence of high intrinsic affinity between 1a and 5b and the
possibility of the simple detection of 1a in complex organic
mixtures using '°F NMR spectroscopy served as a motivation for
experiments with biological systems. Thus, we tested the influence
of B-CD 5b, the most easily accessible member of the cyclodextrin
family, on the cellular uptake of [B;,Fy,]>~ dianions. We used two
fast growing cell lines, fibroblast L929 and human malignant
melanoma RPMI-7951, to demonstrate that the hydrophilic
[B1oF1o]*~ anion, which has a very limited possibility for penetration
through the lipophilic cell membrane, could be transferred into
cells upon its complexation with 5b.

Cells were incubated for 22 hours in a 1.2 mM solution of
[B1oF1,]*~ with or without the presence of B-CD 5b at the
concentration of 1.4 mM. After the incubation, the cells were
carefully washed (see ESIt) and filled into 5 mm NMR tubes for
F NMR measurements. The '’F NMR spectra of the washed
cells incubated with the [(B;,F;,)* -5b] complex in the cell
culture medium showed a signal of [B;,F,]”~ anions (Fig. 5),
whereas the incubation of cells with Na,[B,,F;,] in the absence
of B-CD did not lead to any uptake of the boron clusters. In the
latter case, the whole amount of the fluorinated compound
completely remained in the incubation medium, as was proved
by concentration-calibrated '°F NMR spectra.

Toxicity tests (see the ESIT for details) evidenced that the
incubation of both cell lines with B-CD 5b, Na,[B;,F,], and
[(B12F12)* -5b] complex solutions for prolonged time periods
did not affect their growth rate or morphology. Since specific
derivatization of cyclodextrins can improve their selective

a) d)

v e

b)

b

<)

Wi o

T
-265.0

T T T
-270.0 -265.0 -270.0

ppm ppm
Fig. 5 °F NMR spectra (282.4 MHz) of: (a) incubation medium (DMEM)
containing 1 mM of Na,[B1>F 12, (b) unlabeled fibroblasts L929 (the unsuccessful
cell labeling experiment with uncomplexed Na,[BioF1ol), (€) labeled fibroblasts
L929 (the cell labeling experiment using the [(BioF12)°-5b] complex),
(d) Nazl[B1sF15] in DO at 313 K and (e) B-CD-[B1oF12]2~ complex in D,O at
313 K. Spectra (a)-(c) were recorded using an external D,O lock and
ns = 128, d; = 20 s. Spectra (d) and (e) were detected using a concentration
of 8.75 mM (Na,[B5F15]) and ns = 16 and d; = 10 s.
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affinity to tumor cells*”*® and dodecaborates are less expensive
to prepare than analogous carborans, the use of CD complexes
with dodecaborates opens new possibilities for advances in
BNCT methodology.

To summarize, we have investigated the binding of anionic
spherical shaped dodecaborates to several organic non-polar
host molecules in the gas phase and discovered a significant
intrinsic binding affinity between these seemingly non-
complementary molecules. Dodecaborates displayed selectivity
for the large hosts with deep hydrophobic polarizable pockets,
as in the case of TTF-based receptors, or spherical cavities
of complementary shape, as with cyclodextrins. Our report
complements in a timely manner the recent study of
CD-dodecaborate complexes in solution* and goes in line with
the arising interest for the construction and investigation of
non-charged organic macrocyclic receptors for “conventional”*
and “non-conventional”’'® anions. Besides, we have devised a
supramolecular system that can be switched between two binding
modes based on different types of interactions upon oxidation of
one of the components and demonstrated that CD complexes of
dodecaborates can be employed for the translocation of boron
clusters into living cells.
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(DB Lab, Denmark) and Dr S. Bahring (University of Southern
Denmark) for their help with 3D graphics, to M. Rohdenburg
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context of this work, as well as S. Ribal and D. Lego (University
of Magdeburg) for assistance with cell culture experiments.
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