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ABSTRACT

Monovalent cations, Cs*, and alkylammonium ([NR4]*) salts have traditionally been used to precipitate
the anions of boranes, carborane and metallocarborane clusters. In contrast, in the body and in living
organisms in general, divalent cations have a special relevance. In this work, we isolate for the first time
the cobaltabis(dicarbollide) salts of the biocompatible divalent cations of biological importance that can
have application both in biology and in materials science. The preparation of Ca**, Mg?*+ and Fe?* salts of
anionic iodinated nido-[C;BgH1;]~ and cobaltabis(dicarbollide) as well as its di-, tetra- and octa-iodinated
derivatives are reported. Ca?* and Mg?* are hard Lewis acids and thus forms aqua ions if water is present
in the synthetic process. All solid Ca?* and Mg2*t salts studied in this work contained water molecules
coordinated that have been detected by IR and TGA/DSC. Fe2* is a medium hard Lewis acid and Fe3* is a
hard one. In acetone they do not coordinate to cobaltabis(dicarbollide) anion, but are solvated by acetone.
The studied Ca?* salts of iodinated cobaltabis(dicarbollide) are basically inorganic small molecules that
provide at once the biocompatible divalent Ca%* cation and and iodinated anions thus simultaneously

providing an X-ray contrast agent and/or bone defect repairing agent in regenerative medicine.

© 2022 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

A long list of inorganic elements, many of them ionic, play es-
sential biological roles for life. The proper functioning of the hu-
man body depends, among other factors, on the so-called diva-
lent cations, which have chemical peculiarities that make them ex-
tremely important for our body [1]. The divalent cations Mg (e.g.
binding to ATP and other nucleotides), Ca (e.g. calmodulin and hy-
droxylapatite in bones), and Fe (in red blood cells e.g. Hemoglobin,
Cytochromes and in muscle cells called myoglobin) are, among
others such Mn, Cu, Zn, Mo, essential elements in humans and,
[2] furthermore, Co is a necessary component of vitamin B12 [3].

Bone is one of the most impressive natural composite mate-
rial made of mineral and organic matrices that provide stiffness
(for support and leverage) and toughness (for protection and im-
pact resistance) [4]. The chemical composition of the bone mineral
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matrix is in the form of nanosized carbonated calcium phosphate
particles. These particles are preferably elongated aligned along
the long axis of type I collagen fibrils, which are components of
the organic matrix [5]. Furthermore, the Ca2t cations have been
shown to act as an adhesive by exhibiting great versatility in inter-
acting with proteins to form biomaterials that are more complex
[6].

Osteoporosis, which is usually related with aging demineraliza-
tion and weakening of bone, produces fractures at the vertebra by
compression. An estimated number of 1.4 million new osteoporotic
vertebral fractures occurs worldwide every year in patients over 50
years of age [7]. The patients’ treatment with one or more verte-
bral compression fractures is nowadays done by using the verte-
broplasty technique [8]. Vertebroplasty comprises percutaneous in-
jection of cement into a weakened osteoporotic vertebral element.
The cement provides additional strength and stiffness after hard-
ening in situ, causing effective pain reduction, both in the short
term and in the long term resulting in a significant improvement
of quality of life in the elderly population [7]. Bone cements for
vertebroplasty require a higher level of radiocontrast than cements
for knee or hip arthroplasty [9]. This is generally accomplished by
adding a relatively large portion of BaSQy, although this affects the

0022-328X/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Chart 1. Icosahedral 1,2-closo-C;B1gHyy, [7,8-nido-C,BgHy2]~ and [3,3°-Co(1,2-C,BgHy1 )2 ]~ with their vertexes numbering.

physical-mechanical and biological properties of the cement. This
prompted to develop an alternative radiopaque cement, on the ba-
sis of highly radiopaque methacrylic biomaterials. In this regard,
highly iodinated molecules have been of interest in materials sci-
ence and medical applications as next generation of radiopaque
contrast agents for X-ray diagnosing imaging [10].

The stability of the 3D rigid and aromatic framework of
neutral icosahedral C;BigHy, carboranes and anionic carboranes
and cobaltabis(dicarbollides), [CBigHq;]~ and [Co(C;BgHq1)2]™,
[11] might be merged with the capacity to functionalize the dif-
ferent vertexes with different ending branches to provide multi-
modal treatments, i.e. diagnosis + therapy in addition to perform
as drug delivery nanocarriers. This is why the role of carboranes
and metallabis(dicarbollides) in medicinal chemistry has diversi-
fied in recent years [12] and now extends into areas of biosensors,
biomimetic materials, drug discovery, molecular imaging, and tar-
geted radionuclide therapy [13].

About it and earlier in our group, [14] the stable tetraiodocarbo-
rane 8,9,10,12-I4-closo-C;B1gHg with high iodine content (78.4%)
was tested as X-ray contrast agent in acrylic methylmetacrylate
bone cements due to its, exceptional stability, total insolubility in
aqueous media, good cell viability, good contact biocompatibility
as well as a satisfactory radiopacity [14].

The partial deboronation reaction of the closo-1,2-C;B1gHq,
cluster leads to the corresponding anionic [7,8-nido-CyBgHq;]™
species [15-18]. Following deprotonation, the dianionic [7,8-nido-
C,BgH;1 ]2~ ligands, that may be interpreted as having an 1> pen-
tagonal C,B; open face can undergo metal complexation to
yield the @ shape anionic metallabis(dicarbollide) clusters. The
most studied of them are the metallabis(dicarbollide), [3,3’-M(1,2-
CyBgHq1)2]7, M= Co, Fe, Ni, [19] (Chart 1). If the starting closo
icosahedral carborane cluster is iodinated or highly iodinated at
the boron vertices, the corresponding anionic species either nido-
or metallabis(dicarbollide) would have iodine atoms bonded to the
boron vertices of the respective clusters (Scheme 1).

Previously, [20] we reported the biocompatible alkaline salts (Li,
Na and K) of cobaltabis(dicarbollide) but, the biocompatible diva-
lent cations (Fe, Mg and Ca), which are very important for the
application of anionic clusters in nanomedicine, [12] remain un-
known. Following our studies, in this work, we report the synthe-
ses of the iron, calcium and magnesium salts of the [3,3’-Co(1,2-
CyBgHy1);]~ anion as well as the calcium salts of anionic iod-
inated nido- and closo cobaltabis(dicarbollide) clusters. The cal-
cium salts of the iodinated anionic clusters are purely inorganic
small molecules that incorporating the biocompatible Ca and io-
dine atoms at once may offer an opportunity to be applied as
X-ray contrast in regenerative medicine and/or in bone defect
repair.

2. Results and discussions

2.1. Preparation of the Iron(ll) and Iron(1ll) salts of
[3,3’—(‘0(1,2—(‘2391‘111)2]7

Silver salt of cobaltabis(dicarbollide), Ag[3,3’-M(1,2-C,BgH11)2],
[21] was wused as precursor to prepare the corresponding
Fe2t and Fe3t salts. These iron(ll) and iron(Ill) salts of
cobaltabis(dicarbollide) were obtained under a nitrogen atmo-
sphere by adding either FeCl, or FeCl3 to a concentrated deoxy-
genated ethanol solution of the silver salt in the stoichiomet-
ric ratio 1/2 or 1/3 for Fe?* and Fe3+, respectively, as shown
in Scheme 2. The white precipitate that forms (AgCl) was dis-
carded and the orange/brownish solutions concentrated. All the
compounds were characterized by 'H, TH{!'B}, 1'B, 1B {'H} and
13C{TH}-NMR and FTIR spectroscopy as well as MALDI-TOF-MS.

The IR spectrum of both salts presents a sharp band at around
2564-2517 cm~! typical of the B-H vibration and characteristic
bands at 3529 and 1607 cm~! and 3508 and 1609 cm~! for FeZ+
and Fe3t salts, respectively, which correspond to the presence of
coordinated H,0. The endothermic weight loss around 140°C at the
Thermogravimetric analysis and Differential Scanning Calorimetry
(TGA/DSC) for the Fe[3,3’-Co(1,2-C;BgH11);]3 is consistent with the
existence of coordinated H,O.

A comparison between the coupled 'H-NMR spectrum
(red) and the decoupled 'H{!'B}-NMR (blue) of Fe[3,3’-Co(1,2-
C,BgHq1 )23 and Fe[3,3’-Co(1,2-C;BgH1q ), 15 is illustrated in Fig. 1a
and 1b; the signal that appears at the lowest field belongs to the
H bonded to the carbon cluster atoms. By overlapping the 'H{!B}-
NMR spectra of Fe[3,3’-Co(1,2-C;BgH11);]3 and Fe[3,3’-Co(1,2-
CyBgH11)2], compounds, it is observed that the proton resonances
of the paramagnetic Fe3* salt are shifted downfield compared to
the chemical shift of the signals for the diamagnetic Fe2t (Fig. 1c).
The most affected proton atoms of Fe[3,3’-Co(1,2-C;BgH11);2]3 are
these bonded to B(9,12) and B(8), but the differences are not large
suggesting stronger second coordination sphere interactions in
Fe3+ species.

The B{'H}-NMR spectra of Fe[3,3'-Co(1,2-C,BgH¢;1)>]3 and
Fe[3,3’-Co(1,2-C;BgH11 ), ] species display a similar pattern but the
full spectrum of the Fe3* is also shifted upfield with respect to the
FeZ+ (Fig. 2). The influence of the paramagnetic Fe3*, which acts
as countercation in Fe[3,3°-Co(1,2-C;BgHyq);]3, produces a notice-
able but small effect on the "B{'H}-NMR spectrum of the anionic
[3,3°-Co(1,2-C3BgHy1 )21~ cluster ('B{'H} NMR spectrum range is
from +9 to -22 ppm). While, the paramagnetic Fe3t* produces
a very large effect in the "B{'H}-NMR spectrum of the anionic
[3,3°-Fe(1,2-Cy;BgH11)]~ cluster in which Fe3* is part of the cluster
(B{'H} NMR spectrum range is from +30 to -550 ppm) [22].
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Scheme 2. Synthesis of the iron salts of cobaltabis(dicarbolloide), Fe[3,3’-Co(1,2-C;BgH11)2]> and Fe[3,3°-Co(1,2-C;BgH11 )3 3.

2.2. Preparation of the calcium and magnesium salts of
[3,37-Co(1,2-C,BgH11 )]~ and [3,3-Co(8-1-1,2-C;B9Hyg)2 ]~

The calcium and magnesium salts of [3,3°-Co(1,2-C;BgH11 )]~
and [3,3°-Co(8-1-1,2-C;BgH1g)2]~ were obtained from [NMe4][3,3’-
Co(1,2-C2B9H11)2] and CS[3,3’-CO(8-[-1,2-C289H10)2] by using
cationic exchange resin loaded with Ca?* or Mg2t cations, re-
spectively (Fig. 3). After the preparation, the compounds were

characterized employing spectroscopic techniques such as ATR,
MALDI-TOF-MS, 'H- and 'B-NMR. A unique peak at m/z corre-
sponding to the anion peak with a separation of one unit between
isotopic peaks distribution was observed at the MALDI-TOF-MS
spectra for all four salts. The [NMe4]* cationic exchange by Ca?+
and MgZ* in the salts of [3,3°-Co(1,2-C3BgHy; )]~ was confirmed
by comparing their IR and NMR spectra while, in the case of
the Cs[3,3’-Co(8-1-1,2-C;BgH1g)2] was confirmed by the presence
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Fig. 1. a) Comparison between 'H-NMR (red) and "H{"'B}-NMR (blue) for salt Fe[3,3’-Co(1,2-C;BgH;),]3. b) Comparison between "H-NMR (orange) and "H{''B}-NMR (black)
for compound Fe[3,3°-Co(1,2-C;BgH1; )2 ]. ¢) TH{""B}-NMR comparison between Fe[3,3’-Co(1,2-C;BoHy;),]» (green) and Fe[3,3°-Co(1,2-C3BgHy; ), 13 (purple).
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Fig. 2. Comparison of "B-NMR spectra of the Fe[3,3’-Co(1,2-C,;BgHy;),]2.(green)
and Fe[3,3’-Co(1,2-C;BgH11 )2 13 (blue).

of coordinated water in the IR and TGA/DSC. Cs(I) is a weak
Lewis acid with low hydration energy and thus it does not form
[Cs(H,0),]* ions within these salts while, Ca2* and Mg?* are hard
Lewis acids and thus form aqua ions if water is present in the
synthetic process with most of the anions. The IR spectra of both
Ca%* and Mg2* salts display strong bands in the ranges 3540/3516
and 1644/1602 cm~! that are assigned in that order to the v(0O-H)
and §(H-O-H) of the coordinated H,O but, highlighting that the
related strongest bands correspond to Mgt salts because Mg+

[NMe4}

Fig. 3. Preparation of Ca[3,3’-Co(1,2-C;BgH;),]-3H,0.

is stronger Lewis acid than Ca®*. This agrees with the Irving-
Williams stability series that postulates the stability of alkaline
earth metal ion complexes for a given ligand, in our case would be
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Fig. 4. IR spectra of a) [NMey][3,3'-C0(8,9,10,12-14-1,2-C;BgH7),] and b) Ca[3,3’-C0(8,9,10,12-14-1,2-C;ByH5), ],-5H,0.

[3,3°-Co(1,2-C3BgH11 )21~ and [3,3°-Co(8-1-1,2-C;BgH1g), ], increase
in the order Ba?* < Sr2t < Ca?t < Mg?t [23]. The stretching
V(Cquster-H) and v(B-H) bands corresponding to the cluster’s ver-
tices in these salts appear in the ranges 3039/3040 and 2584/2512
cm~!, respectively.

To learn on the coordinated water molecules to the Ca?t,
Thermogravimetric analysis/Differential Scanning Calorimetry
(TGA/DSC) was run. In the all salts, an endothermic weight
process is observed until 120°C. In the case of Ca[3,3’-Co(8-I-1,2-
CyBgHyp);] two endothermic processes at 105 and 160°C with
weight loses of 4.17 and 8.98%, respectively relates the loss of
coordinated H,0 and an iodine atom. TGA plus elemental analysis
of the calcium salts of the [3,3°-Co(1,2-C;BgH11),]~ and [3,3°-Co(8-
1-1,2-C3BgH1g)2]~ anions indicates that the coordination number
of H,0 is 3 in both salts.

2.3. Isolation of the calcium salts of highly iodinated
cobaltabis(dicarbollide) derivatives

Knowing that the chemical composition of the bones is around
45% minerals (calcium carbonates and phosphates), we had in
mind the use of such highly iodinated anionic compounds with
Ca%* as a bone component which would enable the application of
these salts as X-ray contrast in vertebroplasty.

Thus, the iodinated at the boron vertices of the anionic nido-
carboranes, [HNMejs][5,6-1,-7,8-nido-C,BgH1g], [HNMes3][1,5,6,10-14-
7.8-nido-C;BgHg], and cobaltabis(dicarbollide) species, [NMe4][3,3'-
C0(9,12-,-12-C,BgHg),]  and  [NMeg4][3,3'-Co(8,9,10,12-14-1,2-
C,BgH7),] were obtain by indirect route as previously reported
(Scheme 1a and 1b) [24]. The calcium salts were prepared from
these salts by using cationic exchange resin loaded with Ca%* ions
as display in Fig. 3 for the parent cobaltabis(dicarbollide). After
the preparation, compounds Ca[5,6-1,-7,8-nido-C;BgHq]>-nH,0,
Ca[1,5,6,10-14-7,8-nido-C,BgHg],-nH; 0, Ca[3,3'-Co(9,12-1,-1,2-
CngHg)z]z-l’leO and Ca[3,3’-c0(8,9,]0,12-14-1,2-(:2BgH7)2]2-1'11‘]20
were characterized by EA, ATR, MALDI-TOF-MS, 'H- and 'B-NMR
and also Scanning Electron Microscopy (SEM). Further, thermal
techniques as TGA and DSC were run to get information about
the number of coordinated water molecules to the calcium. The
MALDI-TOF-MS spectra of all salts display a unique peak at m/z
corresponding to the molecular peak with a separation between
isotopic peaks distribution of one unit, which unambiguously
identifies the species as monoanionic fragments.

The [NMe4]+ or [HNMes|* cationic exchange by Ca?t was con-
firmed by comparing their IR and NMR spectra. Fig. 4 displays the
IR spectra of [NMe4][3,3’-C0(8,9,10,12-14-1,2-C;BgH7),] and Ca[3,3’-
Co(8,9,10,12-14-1,2-C;BgH7 )5 ],. The IR absorption band of the N-C

bond at 1476 cm~! as well as its resonance at 3.45 ppm in the 'H
and "H{''B} NMR spectra disappeared in the final Ca[3,3'-Co(9,12-
Iz-],Z-CngHg)z]z and Ca[3,3’-C0(8,9,10,12-I4-1,2-C2B9H7)2]2 com-
pounds. On the other hand, the IR spectra of the calcium tetra-
and octa-iodinated compounds display several v(O-H) at 3564 and
3357 cm~! and 8(H-0-H) absorption bands at 1688, 1651 and 1598
cm~!. These vibration bands indicate the presence of coordinated
and non-coordinated water molecules in the formed Ca2* salt. As
no change is observed at the frequencies of v(Cc.-H) and v(B-H)
frequencies in the calcium derivative with respect to the corre-
sponding [NMe4]™ or [HNMes|* salts, the suggested formulae are
Ca[3,3'-Co(9,12-1,-1,2-C;BgHg), ],-nH,0 and Ca[3,3’-C0(8,9,10,12-I4-
1,2-Cy,BgH7),],-nH, 0. Besides, the new resonances at 3.38 ppm and
at 3.33 ppm (integrating 11.5 and 5.2 hydrogen atoms for each
cluster (4 Cc-H)) that appears in the 'H and 'H{!'B} NMR spec-
tra of Ca[3,3’-Co(9,12-1,-1,2-C;BgHg), ], and Ca[3,3’-Co(8,9,10,12-I4-
1,2-C3,BgH7); |o, respectively, are consistent with the existence of 10
and 5 molecules of H,0, respectively. As the Ca?* cation contain
coordinated H,O molecules, the TGA/DSC studies were run to in-
terpret whether these solvating molecules were really the easiest
ones to remove. For Ca[3,3’-Co(9,12-1,-1,2-C;BgHg), |5, an exother-
mic weight loss of 9.23% from room temperature to 375°C corre-
sponds to 10 coordinated water molecules whose residual mass at
698°C is 89.68%. This value agrees with the one fount by 'H-NMR
spectrum.

For Ca[3,3'-C0(8,9,10,12-I4-1,2-C,B9H7),],-nH,0, the TGA/DSC
displays a weight loss of 3,16%, slightly exothermic, until 240°C;
which corresponds to about 5 water molecules (coordinated and
possibly uncoordinated) (Fig. 5). Then a weight loss of 27.91% at
420°C in the case of Ca[3,3’-Co(8,9,10,12-14-1,2-C;BgH7)5],-5H,0
is detected, which is attributable to the loss of 6 iodine
atoms. The compound decomposes at higher temperatures. Then,
the formulae of the calcium salts of the anionic highly io-
dinated cobaltabis(dicarbollide) clusters is Ca[3,3’-Co(9,12-1,-1,2-
C2B9H9)2]2‘10H20 and Ca[3,3’—Co(8,9,10,12—14—1.2—C2B9H7)2]2~5H20.

SEM and EDX techniques offer information about the mor-
phology (texture) and chemical composition, respectively, of the
tetra-iodinated and octa-iodinated salts at the nanometric scale
(Fig. 6).

In Fig. 6a, EDX reveals the presence of calcium, iodine, boron,
carbon, oxygen and cobalt in the sample of the tetra-iodinated,
Ca[3,3’-Co(9,12-1,-1,2-C3BgHg), ],-10H, O, and octa-iodinated,
Ca[3,3’-C0(8,9,10,12-I4-1,2-C3BgH7 ), ]5-5H,0, samples. Fig.s 6b and
6¢c display the morphology of these samples with magnifica-
tion sections obtained by SEM. The ratio of Ca/l/Co corresponds
well with both formulae. The quantitative analysis of the other
elements is not to be determined with this technique.
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Table 1

"H and C{'H} NMR chemical shifts and the IR v(C.-H) frequency of cobaltabis(dicarbollide) and its di-, tetra- and

octa-iodinated derivatives salts. Counter cation: alkaline (Cs, N

a), alkaline earth (Ca, Mg) and transition metals (Fe).

IR TH NMR 13C NMR
Compound V(Ce-H) S(Ce-H) §(Ce-H)
Cs[3,3"-Co(1,2-C,BgHi1)s ] 3040 3.94 51.00
Na[3,3"-Co(1,2-C2BgHy; )2 ] [28] 30413031 3.97 50.99
Ca[3,3"-Co(1,2-C,BgHy1 )2 ]1-3H,0 3037 3.95 51.51
Mg[3,3"-Co(1,2-C,BgH11 )2 ],-3H,0 30393028 4.02 60.89
Fe[3,3"-Co(1,2-C,BgH11 )2 ], 30392980 3.91 49.88
Fe[3,3'-Co(1,2-C,BoH11 )23 30382982 3.98 51.01
Cs[3,3’-Co(8-1-1,2-C,BgH1p)2] [27] 3039 4.40 60.07
Na[3,3'-Co(8-1-1,2-C;BsH10)>] [28] 3042 3.91 50.99
Ca[3,3"-Co(8-1-1,2-C,BgH1 ) |»-3H, 0 3040 441 51.79
Mg[3,3"-Co(8-1-1,2-C,BgHig ) ]2-6H,0 3040 441 60.83
[NMe4][3,3'-C0(9,12-1,-1,2-C,BgHg )] [24] 3020 4.44 68.35
Ca[3,3"-C0(9,12-I5-1,2-C,BgHg )> ],-10H, 0 3024 4.46 49.09
[NMey4][3,3'-C0(8,9,10,12-I4-1,2-C,BoH- ), ] [24] 3022 5.12 60.78
Ca[3,3'-C0(8,9,10,12-14-1,2-C,BgH7 )2 ]-5H,0 3024 5.13 60.78

The 'H NMR and 3C{'H} NMR spectra (Table 1) of Ca[3,3-
Co(9,12-1,-1,2-C3BgHg ), ]-10H,0, and Ca[3,3’-C0(8,9,10,12-14-1,2-
CyBgH7),],-5H,0 were run in dg-acetone. There is practically no
difference between the chemical shift of the vertex C.-H in the
two salts, [NMe,4]*™ and Ca2*, which also supports the idea that
Ca2+ does not interact with the anionic iodinated clusters.

3. Conclusions

Monovalent cations, Cs*, and alkylammonium ([NR4]*) salts
have traditionally been used to precipitate the anions of carbo-
ranes, boranes and metallocarboranes. In contrast, in the body and
in living organisms in general, divalent cations have a special rel-
evance. In this work, we demonstrate for the first time that these
biocompatible divalent cations, of such biological importance, can
also be useful to isolate the anions of borane clusters, and on
the other hand, to predispose the compounds thus generated for
their applications both in biology and in (bio)materials science.
The preparation of Ca2*, Mgzt and Fe?* salts of anionic iodi-
nated nido-[C;BgH2]~ and cobaltabis(dicarbollide) as well as its
di-, tetra- and octa-iodinated derivatives has been studied. Ca*+
and Mg2* are hard Lewis acids and thus forms aqua ions if water
is present in the synthetic process. All solid Ca?* and Mg2* salts

studied in this work contained water molecules coordinated that
have been detected by IR and TGA/DSC. Fe?* is a medium hard
Lewis acid and Fe3* is a hard one. In acetone they do not coor-
dinate to cobaltabis(dicarbollide) anion, but are solvated by ace-
tone. The studied Ca?* salts of iodinated cobaltabis(dicarbollides)
are small molecules that do two tasks: incorporate the divalent
Ca%* cations as a bone component to act as molecular glue in-
teracting with bone’s collagen and incorporate anions with iodine
atoms that would provide radiopacity. These purely inorganic small
molecules are good candidates for biomedical application because
offer an opportunity to be applied as X-ray contrast in regenerative
medicine and/or in bone defect repair. More research on this field
that will appear when finished is going on in our laboratories.

4. Materials and methods
4.1. Instrumentation

Elemental analyses were performed using a Carlo Erba EA1108
microanalyzer. ATR-IR spectra (v, cm~!) were obtained on a Shi-
madzu FTIR-8300 spectrophotometer. The 'H and 'H{'B} NMR
(300.13 MHz), 3C{'H} NMR (75.47 MHz) and "B and "B{'H}
NMR (96.29 MHz) spectra were recorded on a Bruker ARX 300
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Fig. 6. a) EDX of Ca[3,3’—C0(9,12—12—1,2—C2B9H9)2]2~10H20 (left) and Ca[3,3'—Co(8,9,]0,12—14—1,2—C2B9H7)2]2~5H20. b) SEM images of Ca[3,3’—C0(9,]2—12—1,2—C2B9H9)2]2~10H20,
scale bar 100 pm (left) and its magnification, scale bar 20 pxm (right); c) SEM images of Ca[3,3'-C0(8,9,10,12-14-1,2-C,BgH7),],-5H,0, scale bar 100 pm (left) and its magni-

fication, scale bar 20 pm (right).

instrument equipped with the appropriate decoupling accessories.
Exception for the compounds Ca[3,3’-Co(1,2-C;BgH11 )3, Mg[3,3'-
CO(],Z-CzBQHu )2]2, Ca[3,3'—Co(8—[—1,2—C239H10)2]2 and Mg[3,3'-
Co(8-1-1,2-C3BgH1g),], that were run on a Bruker Avance-III
400MHz (9.4 T) instrument also equipped with the appropriate
decoupling accessories. All NMR spectra were performed in ace-
tone deuterated solvent at 22°C. The "'B and ""B{'H} NMR shifts
were referenced to external BF;-OEt,, while the 'H, 'H{"'B} and
1BC{TH} NMR shifts were referenced to SiMe,. Chemical shifts are

reported in units of parts per million downfield from the refer-
ence, and all coupling constants are reported in Hertz. The mass
spectra were recorded in the negative ion mode using a Bruker Bi-
flex MALDI-TOF-MS (N, laser; Aexc 337 nm (0.5 ns pulses); volt-
age ion source 20.00 kV (Uis1) and 17.50 kV (Uis2)). Thermogravi-
metric Analyses (TGA) and Differential Scanning Calorimetry (DSC)
were performed on a Netzsch STA 449 thermal analyzer at a heat-
ing rate of 10°C/min in an Ar atmosphere. Transmission electron
microscopy (TEM) studies were carried out using JEOL JEM 1210 at
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120 kV. Scanning Electron Microscope (SEM) were performed us-
ing Quanta FEI 200 FEG-ESEM operating at an acceleration voltage
of 15 kV and low vacuum. The microscope is equipped with an
Oxford Inca Energy Dispersive X-ray (EDAX) system for chemical
analysis in which qualitative and quantitative analysis can be per-
formed by the software Genesis Spectrum version 5.21.

4.2. Materials

Experiments were carried out, except when noted, under a
dry, oxygen-free dinitrogen atmosphere using standard Schlenk
techniques, with some subsequent manipulation in the open labo-
ratory. I, K;CO3 and Na,;SO3; were purchased from Sigma-Aldrich.
Acetone was reagent grade and was obtained by distillation from
appropriate drying agent before using. Dichloromethane, diethyl
ether, acetonitrile were purchased from Carlo Erba Reagents. Silica
gel for preparative layer chromatography (containing a 13% of cal-
cium sulphate) was purchased from Fluka Analytical. [HNMes][5,6-
12—7,8-nid0-CngH10], [24,25] [HNME3][1,5,6,]0-14-7,8-nid0-C2BgHg],
[24,25] CS[3,3'—CO(1,2—C289H]1 )2], [26] Ag[3,3'—C0(1,2—C2B9H11 )2],
[21] Cs[3,3'-Co(8-1-1,2-C;BgH1g)2],  [27] [NMey][3,3’-Co(9,12-15-
1,2-C2B9H9)2], [24] and [NME4][3,3’-C0(8,9,10,]2-14-1,2-C2B9H7)2],
[24] were prepared according to the literature.

4.3. L. Synthetic procedure of iron salts

4.3.1. Synthesis and characterization of Fe[3,3’-Co(1,2-C3BgH11)2]>

Under a nitrogen atmosphere, FeCl, (444 mg, 0.35 mmol)
was added to a 50 ml of deoxygenated ethanol. solution of
Ag[3,3’-Co(1,2-C;BgH11);] (300 mg, 0.7 mmol). The white precipi-
tate (AgCl) was removed by filtration and weighed (~2 equiv), and
the resulting orange/brownish solution was evaporated. A pure or-
ange stable solid of Fe[3,3’-Co(1,2-C;BgH11);], was obtained. Yield:
243.7 mg, 99%. IR (ATR): v(cm~1)= 3529 (vs, v(0-H)), 3039, 2980
(s, V(Couster-H)), 2564, 2517 (vs, v(B-H)), 1607 (s, §(H-O-H)). 'H
NMR (CD3COCD3): = 3.91 (br s, 4H, Cqysier-H), 3.50-1.40 (br s,
18H, B-H); 'H{"B} NMR (CD3COCD3): 8= 3.91 (br s, 4H, Cquster-
H), 328 (br s, 2H, B-H), 2.92 (br s, 2H, B-H), 2.64 (br s, 4H,
B-H), 1.81 (br s, 4H, B-H), 1.60 (br s, 2H, B-H), 152 (br s, 4H,
B-H); BC{'H} NMR (CD3COCD3): 8= 49.88 (Cquster) ''B NMR
(CD3COCD5): 8= 7.6 (d, YJ(B,H)=141 Hz, 2B), 2.5 (d, J(BH)=140
Hz, 2B), -4.9 (8B), -16.2 (d, 'J(B,H) =154 Hz, 4B), -21.7 (d, 'J(B,H)
=166 Hz, 2B). MALDI-TOF-MS (m/z) calcd for [Co(CyBgHq1)2]™:
324.76; found:324.35 (M, 100%,) where M is the molecular weight
of the anion [3,3’-Co(1,2-C,BgH11 )]

4.3.2. Synthesis and characterization of Fe[3,3’-Co(1,2-C,BgHj1)2]3

Under inert nitrogen atmosphere, FeCl3 (37.9 mg, 0.23 mmol)
was added to a 50 ml of deoxygenated ethanol solution of Ag[3,3'-
Co(1,2-C3BgH11)2] (300 mg, 0.7 mmol). The white AgCl precipi-
tate was removed by filtration and weighed (~3 equiv), and the
resulting orange/brownish solution was evaporated. A pure sta-
ble to air solid of Fe[3,3’-Co(1,2-C;BgH11);]3 was obtained. Yield:
2373 g, 99%. IR (ATR): v(cm~1)= 3508 (s, v(0-H)), 3038, 2982 (s,
V(Cquster-H))» 2933, 2908 (w, v(Cquster-H)), 2563, 2525 (vs, v(B-
H)) and 1609 (w, §(H-O-H). 'H NMR (CD3COCD3): 8= 3.98 (br s,
4H, Cyyuster-H), 3.44 (q, 'J(H,H)= 6 Hz, CH3-CH,0H), 3.60-1.30 (br
s, 18H, B-H), 111 (t, 'J(HH)= 6 Hz, CH3-CH,OH). 'H{'B} NMR
(CD3COCD3): 8= 3.98 (br s, 4H, Cqyser-H), 3.44 (br s, CH3-CH,0H),
3.02, 2.75, 198, 1.66, 1.60, 1.39 (br s, 18H, B-H). 3C{'H} NMR
(CD3COCD3): 8= 153.69 (s, CH3-CH,0H), 51.01 (Ceyster)- B NMR
(CD3COCD3): 8= 8.2 (d, 1J(B,H)=142 Hz, 2B), 3.0 (d, 'J(B,H)=139
Hz, 2B), -4.3 (d, J(B,H)=141 Hz, 8B), -15.6 (d, 'J(B,H) =153 Hz,
4B), -21.1 (d, 'J(B,H) =167 Hz, 2B). MALDI-TOF-MS (m/z) calcd for
[Co(CyBgH11)2]7: 324.76; found:323.84 (M, 100%,) where M is the
molecular weight of the anion [3,3’-Co(1,2-C,BgH11)2] .
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4.4. II. Synthetic procedure of calcium and magnesium salts

4.4.1. General procedure of cationic exchange resin

To get the calcium salts species, the starting compounds
[HNMe3][5,6-]2—7,8-nid0-C2B9H10]2, [HNMe3][],5,6,10-14—7,8—nid0-
C2B9H8]2, [NME4][3,3‘—C0(9,12—12—1,2—C2B9Hg)2], [NME4][3,3Y—
C0(8,9,10,12-[4-1,2-C2B9H7)2], [NMe4][3,3’—Co(1,2—C2B9H11)2] and
Cs[3,3’-Co(8-1-1,2-C,BgH1g),] were dissolved in a minimum vol-
ume of acetonitrile/water (50/50). Then, each solution was passed
repeatedly through a cation exchange resin, previously loaded with
calcium. The solvent was finally evaporated. The disappearance of
the [NMey]* and [HNMes|* peaks in the IR and '"H NMR spectra
was a clear indication that the complete exchange to calcium was
successful.

4.4.2. Characterization of Ca[5,6-15-7,8-nido-C,BgH1y]-5H,0

IR (ATR): v(cm~1)= 2536 (vs, v(B-H)), 1696 (s, §(H-0-H)), 1656
(s, 8(H-0-H)), 1608 (vs, §(H-0-H)). 'H NMR (CD3COCD3): §= 4.19
(br s, 2H, Cuyster.H). TH{1'B} NMR (CD3COCD3): 8= 4.17 (s, H,0),
2.46, 1.86, 1.78, 1.14 (s, 7H, B-H), 108 (d, '] (Hpsigge-H)= 9Hz,
1H, BH), -2.13 (d, 1J (Hprigge-H)= 9Hz, 1H, B-Hprigge)- B NMR
(CD5COCD5): 8= -8.6 (d, 2B, 1J(B,H) =141 Hz, 2B, B(9,11)), -16.2 (d,
1J(B,H)=162 Hz, 1B, B(3)), -20.3 (d, 'J(B,H)=155 Hz, 2B, B(2,4), -
23.3 (br's, 2B, B(5,6)), -27.0 (dd, 1J(B,H) = 134 Hz, !J(H,H)=9 Hz 1B,
B(10)), -32.8 (d, 'J(B,H)=148 Hz, 1B, B(1)). MALDI-TOF-MS (m/z):
387.05 (M, 100%,) where M is the molecular weight of the an-
ion [5,6-1-7,8-nido-C;BgH1g]~. TGA/DSC: a light exothermic weight
loss of 10.30% until 172°C and a continued exothermic weight loss
to residual mass of 75.96% observed until 678°C.

4.4.3. Characterization of Ca[1,5,6,10-14-7,8-nido-C,B9gHg|>-4H,0

IR (ATR): v(cm~')= 3544, 3483 (s, v(0-H)), 3011, 2909 (s,
V(Celuster-H)), 2569 (vs, v(B-H)), 1688 (vs, §(H-O-H)), 1655 (s, 6(H-
0-H)), 1609 (s, §(H-0-H)). 'TH NMR (CD3COCD3): 6= 4.06 (br s,
H,0), 2.54 (br s, 2H, Cqyster -H). TH{1'B} NMR (CD3COCD3): 8=
4.06 (br s, Hy0), 2.67 (br s, B-H), 2.55 (br s, 2H, Cyuster-H), 2.21
(s, B-H), -0.04 (br s, 1H, B-Hpyigge)- 1B NMR (CD3COCD3): 8= -8.6
(d, 'J(B,H)=147 Hz, 2B, B(9,11)-H), -16.1 (d, 1B, B(3)H), -17.9 (4B,
B(5,6)-1+ B(2,4)-H), -35.4 (s, 2B, B(1,10)-I). MALDI-TOF-MS (m/z):
636.7 (M, 100%,) where M is the molecular weight of the anion
[1,5,6,10-I4-7,8-nido-C;BgHg]~. TGA/DSC: a light exothermic weight
loss of 5.39% until 200°C and a continued exothermic weight loss
to residual mass of 67.60% observed until 698°C.

4.4.4. Characterization of Ca[3,3’-Co(1,2-CyBgH1;)2]2-3H,0

IR (ATR): v(cm~1)= 3540 (s, v(,0-H)), 3037 (s, V(Ceyster-H)),
2532 (vs, v(B-H)) 1603 (vs, 8(H-O-H)). 'H NMR (CD3COCD;):
8=3.95 (s, 4H, Cuyster -H); 3.16 (s, H,0). TH{1B} NMR (CD5COCD3):
8=3.95 (s, 4H, Cgyster-H), 3.40 (s, 2H, B-H), 3.15 (s, H,0), 2.98 (s,
2H, B-H), 2.72 (s, 4H, B-H), 1.94 (s, 4H, B-H), 1.63 (s, 2H, B-H),
1.57 (s, 2H, B-H). "B NMR (CD3COCD3): 8= 6.4 (d, 'J(B,H)=147
Hz, 2B, B(8)-H), 12 (d, YJ(BH)=142 Hz, 2B, B(10)-H), -5.5 (d,
4B, B(4,7)-H), -6.2 (d, 4B, B(9,11)-H), -17.5 (d, J(B,H)=156 Hz,
2B, B(5,11)-H), -23.0 (d, J(B,H)=169 Hz, 4B, B(6)-H). MALDI-TOF-
MS (m/z) caled for [Co(CyBgH11)2]7: 324.76; found: 324.04 (M,
100%,) where M is the molecular weight of the anion [3,3’-Co(1,2-
CyBgH1q1)2]~. TGA/DSC: a weight loss of 7.05% until 120°C followed
by a weight loss of 3.50% at 175°C were observed. Anal. Calcd. for
CgHs5¢B3gCaCo,03: 12.95, H: 6.79. Found: C: 12.81, H: 6.92.

4.4.5. Characterization of Ca[3,3’-Co(8-1-1,2-C;BgH19)2]>-3H,0

IR (ATR): v(cm~1)= 3562 (w, v(0-H)), 3040 (s, v(Cyuster
H)), 2612, 2584, 2533 (vs, v(B-H)) 1604, (§(H-0-H)). 'H NMR
(CD3COCD3): §=4.41 (s, 4H, Cqyster -H), 3.00 (s, H,0). "H{!1B} NMR
(CD5COCD;): 8=4.41 (s, 4H, Cuseer.H), 3.24 (s, 4H, B-H), 3.22 (s,
2H, B-H), 3.07 (s, 2H, B-H), 3.00 (s, H,0), 2.60 (s, 4H, B-H), 2.12
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(s, 2H, B-H), 1.84 (s, 4H, B-H). "B NMR (CD;COCD;): 8= 2.8
(d, 1J(B,H)=147 Hz, 2B, B(10)-H), -3.4 (d, 8B, B(4,7,9,11)-H), -5.3
(d, 2B, B(8)-I), -17.1 (d, J(BH)=159 Hz, 4B, B(5,11)-H), -22.6 (d,
1j(B,H)=173 Hz, 2B, B(6)-H). MALDI-TOF-MS (m/z): 575.66 (M,
100%,) where M is the molecular weight of the anion [3,3’-Co(8-
[-1,2-C3BgH1g),]~. TGA/DSC: two exothermic weight loss of 4.17%
and 8.98% in the ranges 80-120°C and 120-180°C, respectively,
were observed. Anal. Calcd. for CgHygB3gCaCoy1403: C: 7.72, H:
3.72. Found: C: 7.53, H: 3.83.

4.4.6. Characterization of Ca[3,3’-Co(9,12-15-1,2-C;BgHg )5 ]»-10H,0

IR (ATR): v(cm~1)= 3024 (s, v(Cuyster-H))» 2580 (vs, v(B-H)),
1696(w, 8(H-O-H)), 1660(s, §(H-0-H)), 1608 (vs, §(H-O-H)). 'H
NMR (CD3COCD3): 6= 4.46 (br s, 4H, Cyyster-H), 3.38 (br s, H,0).
TH{1B} NMR (CD3COCD3): 8= 4.46 (br s, 4H, CquserH), 4.22,
3.65 (br s, HB-H), 3.38 (br s, H,0), 1.66 (br s, B-H). 3C{1H}
NMR (CD3COCD3): 8= 49.09 (Coysier)- ''B NMR (CD3COCD3): 8=
8.3 (d, 1j(BH)=157 Hz, 2B, B(8,8)), 59 (d, 'J(BH)=173 Hz,
2B, B(10,10")), -4.3 (d, YJ(BH)=153 Hz, 4B, B(4,4’,7,7"), -141 (d,
1J(BH)=131 Hz, 4B, B(5,5,11,11"), -14.0 (s, 4B, B(9,9',12,12)), -
20.9 (d, 'J(B,H)=162 Hz, 2B, B(6,6")). MALDI-TOF-MS (m/z): 827.8
(M, 100%,) where M is the molecular weight of the anion [3,3'-
Co(9,12-15-1,2-C3BgHg ), ]~. TGA/DSC: a light exothermic weight loss
of 9.23% until 375°C, the residual mass is 89.68% at 698°C. Anal.
Calcd. for CgHygB3gCaCo,Ig01g: C: 5.15, H: 2.49. Found: C: 5.31, H:
2.60.

4.4.7. Characterization of Ca[3,3’-C0(8,9,10,12-14-1,2-C;BgH7),]>-5H,0

IR (ATR): v(cm~1)= 3564, 3357 (w, v(0-H)), 3024 (s, V(Couster-
H)), 2620, 2583 (vs, v(B-H)), 1688 (s, §(0-H)), 1652 (s, &(O-
H)), 1599 (s, 8(0- H)). 'TH NMR (CD3COCD3): 8= 5.13 (br s, 4H,
Ceuster-H)» 3.33 (br s, H,0); 'H{'B} NMR (CD3;COCD3): §= 5.14
(br s, 4H, Cuyster-H), 3.63, 2.78 and 2.68 (br s, B-H); 3C{'H} NMR
(CD3COCD3): 8= 60.78 (Cepuster); ''B NMR (CD3COCD3): 8= -1.7 (d,
1J(B,H) =154 Hz, 4B, B(4,4,7,7)), -3.7 (s, 2B, B(8,8")), -6.7 (s, 2B,
B(10,10")), -9.7 (s, 4B, B(9,9',12,12")), -13.1 (d, J(B,H) =151 Hz, 4B,
B(5,5',11,11")), -20.2 (d, 'J(B,H)=167 Hz, 2B, B(6,6")). MALDI-TOF-
MS (m/z): 13311 (M, 100%,) where M is the molecular weight
of the anion [3,3-C0(8,9,10,12-14-1,2-closo-C;BgH7),]~. TGA/DSC: a
light exothermic weight loss of 3,16% until 240°C and an exother-
mic weight loss of 27.91% at 420°C arriving to a residual mass
61.36% at 698°C. Anal. Calcd. for CgH3gB3gCaCoyl1505: C: 3.44, H:
1.37. Found: C: 3.77, H: 1.41.

4.4.8. Characterization of Mg[3,3’-Co(1,2-C;BgH1;)>]2-3H50

IR (ATR): v(cm~1)= 3580, 3516 (s, v(,0-H)), 3039, 3028 (s,
V(Ceuster-H))» 2581, 2512 (vs, v(B-H)), 1644, 1600 (§(H-0O-H)). 'H
NMR (CD3COCD3): 6=4.02 (br s, H;0), 3.95 (s, 4H, Cqyster -H)-
TH{1"B} NMR (CD3COCDs3): 6=4.02 (br s, H,0), 3.95 (s, 4H,
Ceuster -H); 3.40 (s, 2H, B-H), 2.98 (s, 2H, B-H), 2.71 (s, 4H, B-
H), 1.94 (s, 4H, B-H), 1.63 (s, 2H, B-H), 157 (s, 4H, B-H). 'B
NMR (CD5COCDs): 8= 6.3 (d, 1J(BH)=142 Hz, 2B, B(8)-H), 1.2
(d, YJ(B,H)=147 Hz, 2B, B(10)-H), -5.6 (d, 4B, B(4,7)-H), -6.3 (d,
4B, B(9,11)-H), -175 (d, 'J(BH)=154 Hz, 2B, B(5,11)-H), -23.0
(d, J(B,H)=165 Hz, 4B, B(6)-H). MALDI-TOF-MS (m/z) calcd for
[Co(C3BgH11)2]7: 324.76; found: 324.03 (M, 100%,) where M is the
molecular weight of the anion [3,3’-Co(1,2-C;BgH17),]~. TGA/DSC:
two exothermic weight loss of 3,10 and 4.33% in the temperature
range 9-200°C.. Anal. Calcd. for CgHsqB35Co,Mg0O3: C: 13.24, H:
6.94. Found: C: 13.64, H: 7.15.

4.4.9. Characterization of Mg[3,3’-Co(8-1-1,2-C;BgH19)>]>-6H,0

IR (ATR): v(cm~')= 3584 (w, v(O—H)), 3040 (s, V(Coyster-
H)), 2610, 2579, 2532 (vs, v(B-H)), 1602 (§(H-O-H)). 'H NMR
(CD3COCD3): §=4.40 (s, 4H, Cqyster -H), 4.15 (br s, H,0). 'H{1'B}
NMR (CD3COCD3): §=4.41 (s, 4H, Cyyster-H), 4.14 (br s, H,0), 3.23

Journal of Organometallic Chemistry 950 (2021) 121997

(s, 5H, B-H), 3.06 (s, 2H, B-H), 2.59 (s, 5H, B-H), 2.12 (s, 2H, B-H),
1.83 (s, 4H, B-H). 1B NMR (CD3COCD3): §= 2.8 (d, 'J(B,H) = 147 Hz,
2B, B(10)-H), -3.4 (d, 8B, B(4,7,9,11)-H), -5.4 (d, 2B, B(8)-I), -17.1 (d,
1J(B,H) =160 Hz, 4B, B(5,11)-H), -22.7 (d, J(B,H) =172 Hz, 2B, B(6)-
H). MALDI-TOF-MS (m/z): 575.66 (M, 100%,) where M is the molec-
ular weight of the anion [3,3’-Co(8-1-1,2-C;BgH1p),]~. TGA/DSC:
two exothermic weight loss of 4,86 and 3.44% since 200°C. Anal.
Calcd. for CgHs,B35C0,Mgl4O0q: C: 7.49, H: 4.08. Found: C: 7.19, H:
4.22.
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