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The weakly coordinating binary macropolyhedral anion closo,closo-
[B»1H1gl ™ (B21; D3}, symmetry) has been synthesized using a simplified
strategy compared to that in the literature. While gas-phase complexes
of B21 with p- and y-cyclodextrin (CD) were detected using ESI FT-ICR
spectrometric measurements, a-CD did not bind to the B21 guest. This
spectroscopic evidence has been interpreted using quantum-chemical
computations, showing that p- and y-CD are able to interact with B21
due to their larger cavities, in contrast to the smaller a-CD. The hydridic
B—H vectors of the B21 anion interact with K* counterions and, via
dihydrogen bonding, also with the partially positively charged hydrogens
of the CD sugar units in the modeled - and y-CD complexes. In
summary, it has been shown by combined spectrometric/computational
analysis that macropolyhedral boron hydride anions with two counter-
ions can form stable complexes with - and y-CD in the gas phase,
offering a new perspective for the future investigation of this remarkable
anion in the areas of supramolecular and medicinal chemistries.

Introduction

The icosahedron is the most symmetrical way to arrange twelve
atoms into a polyhedral cluster. It is the quintessential structural
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motif in boron hydride cluster chemistry, represented by the
closo-[B;,Hy,]*~ dianion, which has I, point-group symmetry.
While parent boron hydrides have a tendency to fuse together,
this happens not through a single shared boron atom, but rather
requires at least one joint B-B vector." In the case of the joining
of two closo-[Blelz]Z’ cages, three vertices need to be shared.”
On that basis, closo,closo-[B,;H;g]” (abbreviated as B21 in this
study) is formed by the oxidative coupling of two closo-[ByoH;o]”~
clusters. The resulting closo,closoB,H;s]”~ macropolyhderal
anion is isomerized, which is followed by the insertion of an
additional boron vertex by heating with BH;-NEt;.* The B21 anion
adopts overall D3, symmetry, indicative of four symmetrically unique
boron environments instead of one in closo{B1,Hy,”~ (Fig. 1).
Boron clusters form a number of unique types of noncovalent
interactions,” of which dihydrogen bonding® and B-H- - -cation
interactions are important for this study. Both interactions are
based on the fact that boron-bound hydrogens are slightly
negatively charged due to the lower electronegativity of boron
as compared to hydrogen. This is evident from the calculated

‘)//ortho

Fig. 1 A molecular diagram of closo,closo-[By1Higl ™ with D3z, symmetry
that distinguishes between individual types of boron atoms.

This journal is © the Owner Societies 2017


http://orcid.org/0000-0003-4331-8492
http://orcid.org/0000-0001-8094-7509
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cp01074e&domain=pdf&date_stamp=2017-04-28
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7cp01074e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP019019

Open Access Article. Published on 19 April 2017. Downloaded on 4/18/2026 9:15:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

electrostatic potential (ESP) or partial atomic charges obtained
by the restrained fit to the electrostatic potential (RESP)
methodology.® These two types of interaction (B-H---cation
interactions” and dihydrogen bonding®) have been found to be
crucial for the binding of boron-cage-containing inhibitors to
protein receptors. Host-guest chemistry presents a broad field of
supramolecular chemistry, that is based on the specific non-
covalent recognition of inorganic ions or small-molecule organic
guests by macrocyclic organic hosts. Typically, cationic or neutral
guests are encapsulated into the cavity of neutral macrocyclic hosts.
Cyclodextrin (CD) molecules, very well-known macrocyclic hosts,
have three major forms differing in the number of glucose ring
molecules: o-CD contains six, -CD seven and y-CD eight units. CDs
are able to encapsulate in their cavities a wide range of hydrophobic
organic guests; in contrast, only a few heteroborane-based guests
have been reported.’

The complexation of boron cluster anions with hosts has been
observed in solution in several examples. In each of the known
complexes the anions have adopted the icosahedral structural
motif."® To our knowledge, reported gas-phase complexes with the
same cage architecture are exceptional." The study mentioned in
ref. 11a reports very strong intrinsic intermolecular interactions of
closo{B,X1,]*~ (X = H, F, Cl, Br and I) with several neutral organic
receptors, where these dianionic halogenated closo-dodecaborates
displayed selectivity for the large hosts with deep hydrophobic
polarizable pockets, such as in the case of tetrathiafulvalene-based
hosts or spherical cavities in the case of CDs. It is the closo{B1,F1,]"~
anion that strongly interacts with 3-CD as reported in ref. 11a. The
formation of these charged complexes was proven by means of
electrospray ionization mass spectrometry (ESIF-MS), which is a
powerful tool to study the stoichiometry and interactions of supra-
molecular assemblies in the gas phase."*™® Postulated weak gas-
phase basicities (GB) of these dianions served as an alternative
explanation for the stability of these gas-phase complexes.

It is important to mention that (also due to its complicated
synthesis®) no parent macropolyhedral borate has been found to
interact with any organic molecule. We have therefore under-
taken investigations aimed at testing the possibilities of the
mutual interaction of purely organic and purely inorganic
systems in the gas phase, the inorganic species being a unique

1458.648
1457 651
80 1459 646
1456.654
60
1455.657 Jao0644
40 '
1461.644
20 1454 660
1453 663 1462.643
O e A T T T T T P T T T
1450 1455 1460 1465
miz

View Article Online

PCCP

joint-icosahedral boron hydride. The results are important for
the understanding of macropolyhedral boron cluster affinity
since this cluster is relatively inert to conventional substitution
reactions, and because its structure differs from its geometrical
building block, the closo-[B;,H;,]*~ dianion.

Results and discussion
Simplified synthesis of B21

We based our synthesis on the synthetic procedure of B21 reported
in ref. 3. However, we have improved one step in this reaction
pathway; namely the rearrangement of trans{B,,Hys]>~ upon
protonation in anhydrous HF, which provides the face-shared fac-
[ByoH1s*~. In order to avoid this time-consuming operation, we
have proposed a simple step based on the reaction of the triethyl-
ammonium salt of trans{B, H,s]>~ with BF;-Et,O in the presence
of dioxane. Indeed, this yields the fac[B,oH,g]"~ isomer in the form
of its trimethyl ammonium salt, which would otherwise be difficult
to obtain, in 80% yield based on the starting trans isomer.

Mass spectrometry

Although several ESI detection conditions were examined by
optimizing the corresponding FT-ICR parameters, the binary
(B21 + CD) complexes were not detected using mass spectrometry. In
the negative mode of the ESI FT-ICR spectrum (Fig. S1 (ESI{); m/z
range <300), we found isotopic mass distribution of a very high-
intensity peak corresponding to the singly-charged anion B21. In the
positive mode, m/z values higher than 1400 (for the B-CD case) or
1600 (for the y-CD case) were identified, with mono-charged cationic
complexes of the [B-CD + KB21 + K] and [y-CD + KB21 + K]" types
being formed. Each of them is depicted with its corresponding
isotopic mass distributions in Fig. 2.

Computational section

Electronic properties of B21. The hitherto unknown electronic
properties of isolated B21 were studied initially using QM methods.
The computed electrostatic potential (ESP) surface of B21 indicates
that the negative charge is distributed over the whole molecule
(see Fig. 3). Consequently, all BH vertices should possess similar

1620.701
_ 1619.704
] 1621.699
4.0
g 1618.707
3.0 1622.698
p 1617.710
2.0
- 1623.697
10 1616.713
] 1624.697
T Al
0.0 T T T T T T TR TR
1605 1610 1615 1620 1625 1630
miz

Fig. 2 The ESI FT-ICR spectra, in the positive mode, showing the isotopic mass distribution of cationic complexes formed by KB21 with B-CD (left, the

range of 1445 < m/z < 1470) and y-CD (right, the range of 1600 < m/z
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Fig. 3 The electrostatic potential (ESP) surface on 0.001 a.u. computed at the HF/6-31G* level (A). The ESP color range in kcal mol™*. The HOMO (B) and

LUMO (C) of B21 were derived at the same level of theory.

chemical properties. As indicated by the HOMO of B21, attack by
H' can occur close to each of the ortho, meta, and para BH
vertices (cf Fig. 1). Indeed, three structures of HB21 differed in
the positions of H' in relation to these three kinds of BH vertices;
all were quite similar in energy. The “meta”-HB21 isomer was
about 2.3 kcal mol™' less stable than “para’-HB21, ie. its
population at 295 K should be below 2%. On the other hand,
the energetic difference between “ortho”-HB21 and ‘‘para’-HB21
was only 0.6 keal mol ", with the structure in which the proton was
close to the para boron atom computed as the most stable one.
This would lead to a mixture containing 75% “para”-HB21.
The structure with the extra H atom bonded to an ipso-boron atom
was a first-order stationary point. From these calculations the gas-
phase basicity'” (GB) of B21 was computed to be 233.1 kecal mol ?,
a value very close to the experimentally determined GB for
histidine (232.9 kcal mol *).’® The gas-phase acidity of water
is reported to be 158.3 kcal mol "' In order to compare
GB of B21 with that of other boron clusters forming stable
complexes with CDs in the gas phase, we also computed GB
values for closo-[Bi,Hy,]”” and closo-[B1,F1,]” . The obtained
GB values were 355.5 and 313.7 kcal mol *, respectively. B21 is,
therefore, a considerably weaker base in the gas phase than
the icosahedral boron clusters. The weak GB enables closo-
[B1oF1,]*~ to form stable binary dianionic complex with
B-CD,"“ although no structure of this complex has yet been
reported.

Complexes. Initial energy scans were performed for the
[¢-CD + B21], [B-CD + B21] and [y-CD + B21] binary complexes,
revealing that a-CD could not encapsulate B21 due to the small
size of the host (the energy minimum was found at a distance of
5.5 A; Fig. 4). As a consequence, o-CD was disregarded from
further consideration. The [3-CD + B21] and [y-CD + B21] complexes
exhibited a fully encapsulated minimum (z-distances of 2.0 and
1.0 A, respectively), which is consistent with experimentally
observed bound complexes.

In order to understand the complex formation of [B-CD +
B21 + 2K'] and [y-CD + B21 + 2K'] complexes, we analyzed not
only the total interaction energies of the quaternary complexes
but also all other possible pairwise interactions that can occur
within the studied complexes. The obtained interaction energies
are summarized in Table S1 (ESIY).
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Fig. 4 DFT-D3/TPSS/TZVPP potential energy scans. Relative energy in
kcal mol™ and distance in A.

Complexes of B21 with K’. The highly symmetrical structure
of B21 resulted in only four binding modes for K. Fig. S2 (ESIT)
shows the three most favorable positions according to the
computations performed. The K* ion interacts with four BH
vertices of B21 (two meta and two para), and the affinity of B21
to a single K ion is directly proportional to the number of
donor hydrogens. When two K' ions interact with B21, the
mutual positions of the K" ions are more important than the
number of hydrogen donors. The most stable arrangement
occurs when the K' ions are located on opposite sites, ie.
interacting with (a) three ortho BH vertices or (b) two meta
and two para BH vertices (see Fig. S3, ESIt).

Complexes of -, y-CD with K'. The most stable binding
position of K* ion to the host molecules was dictated by the
smaller openings of the CD molecules (see Fig. S4, ESIT). The K"
ion caused significant ring deformations for both p- and y-CD.

Complexes of -, y-CD with B21. The structures obtained show
that the chance of the guest molecule penetrating the cavity is
proportional to the host molecule size (Fig S5, ESIT). y-CD with
its larger cavity is a more favorable host than B-CD (Fig. S5, ESI).
The interaction energies for the [-CD + B21] and [y-CD + B21]
complexes were computed to be —24.8 and —31.0 kcal mol ™},
respectively. Although, the interaction energies of the binary
complexes are highly negative, and the GB of B21 is very low, the
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a b

Fig. 5 The most stable computed structures of the (a) [3-CD + B21 + 2K]*
and (b) [y-CD + B21 + 2K]* complexes.

binary complexes were not experimentally observed under the
conditions employed.

Quaternary complexes of -, y-CD with B21 and 2K’. The most
stable [B-CD + KB21 + K]' and [y-CD + KB21 + K] complexes
that are predicted by calculations are shown in Fig. 5. Armed
with the knowledge of the pairwise interactions described
above, we computed interaction energies according to eqn (1):

AE = E(total complex) ~ E(host+K*) - E(B21 +K) (1)

The K" ions were placed in the small openings of the guest
molecules and interacted with both O atoms of the host and H
atoms of the guest molecules. They functioned as a bridge and
reduced the host deformations.

It is quite apparent that the BH vertices of B21 are
of hydridic nature. The hydrogen atoms of B21 form short
contacts, ie. less than 240 pm (the sum of the van der Waals
radii of two hydrogens), with the partially positively charged
hydrogens bonded to carbon or oxygen atoms of the sugar
units. The [B-CD + B21 + 2K]" complex exhibited six (prevai-
lingly meta BH) vertices, with the distances ranging from 184 to
219 pm, whereas the [y-CD + B21 + 2K]" complex had seven
vertices (of all kinds) and the distances ranged from 198 to
237 pm. In both cases the shortest dihydrogen bond was a
result of the participation of a polar hydroxyl group. B21
penetrated the cavity of B-CD almost parallel to the z axis (see
Fig. 5a) in the [B-CD + B21 + 2K]" complex. Furthermore, the
conformation of [B-CD + K]" in the [B-CD + B21 + 2K]" complex
is 27.2 kecal mol " less stable than the optimal geometry of
isolated [B-CD + K]', which considerably affects the resulting
interaction energy. In the [y-CD + B21 + 2K]" complex, on the
other hand, B21 binds y-CD in a position perpendicular to the
z axis (see Fig. 5b). The weaker interactions (e.g. longer dihydrogen
bonds, see above) in the [y-CD + B21 + 2K]|" complex were
compensated by the smaller penalty for [y-CD + K] deforma-
tion (an energy penalty of 14.3 kcal mol™'). Consequently, the
computed total interaction energies of the [B-CD + B21 + 2K]"
and [y-CD + B21 + 2K]" complexes (as provided by eqn (1),
ie. KB21 with [CD + K]') were nearly identical (—51.8 and
—51.1 kecal mol ', respectively) despite differences in the B21
binding modes to - and y-CDs in the quaternary complexes.
Note also that outer interaction of B21 with B-CD and y-CD
would have been disfavored since the contact surface area
would be considerably reduced.
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Conclusions

The synthesis of B21 has been improved by simplifying the
most complicated rearrangement in the synthetic procedure.
This allowed B21 to be synthesized more quickly and in higher
yield than previously. B21 was found to be inert to various
attempts to obtain mono-substituted B21. With the exception
of Bipso—Bipso Vectors, all the remaining B-B separations con-
tribute to the LUMO, which also features participation of the
terminal hydrogens. It is possible that nucleophilic attacks (e.g.
with OH™ or halogenide anions) occur at these B-B-H sites and
no geometrical preference can be determined from the LUMO.
This might account for the fact that all synthetic efforts to
prepare mono-substituted B21 resulted in the mixtures of
differently substituted derivatives of B21.

Despite the low chemical reactivity of B21, we observed gas-
phase interactions of B21 with - and y-CD. These interactions
were examined by ESI FT-ICR spectrometric measurements. In
contrast to both larger CDs, o-CD did not bind the anion, which
was explained by its spatial requirements. The structures of
both B- and y-CD complexes were determined using QM
calculations. Hydridic B-H vertices of the anion interact both
with the partially positively charged hydrogens of the sugar
units via dihydrogen bonding and with potassium counterions
through B-H: - -cation interactions in the computed structures
of the complexes. The observed interactions of the anion under
investigation give hope to the tantalizing possibility of promising
interactions with biomolecules. Having knowledge of these
kinds of interactions is of great importance, in particular with
the precedence of the ability of joint icosahedra to inhibit
biologically relevant targets.”
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