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ABSTRACT: The cobalt(II) complexes CoCl2(LOH)2 (LOH =
1-[R(hydroxy)methyl]-2-R′-1,2-dicarba-closo-dodecaborane (R′ =
H or Me; R = 2-pyridyl 3a or 4a, 3-pyridyl 3b or 4b, 4-pyridyl 3c
or 4c, 2-quinolyl 3d or 4d, 4-quinolyl 3e or 4e)) and
CoCl2(LOH)4 (5, R′ = H; R = 4-pyridyl) were synthesized and
characterized. Deprotonation of alcohol in 3a afforded the square-
planar complex CoII(LO)2 (6) that oxidized slowly in solution and
under air to give the cobaltacarborane complex CoIII{(η5-
C2B9H10)(CHOH)(η

1-NC5H4)}(η
2-NC5H4COO) (7). Crystal

structures for 3a, 3a·2MeOH, 3b, 3e, 4c, 4e, 5, 6, and 7 have
been determined by X-ray diffraction (XRD). Molecular structures
show octahedral (3a, 3a·2MeOH, 5), tetrahedral (3b, 3e, 4c, 4e),
and square-planar (6) coordination around CoII centers, whereas
2-pyridyl and quinolyl ligands favor a bidentate N,O-coordination mode and 3- and 4-pyridyl and quinolyl ligands favor a
monodentate N-coordination. The supramolecular structures are dominated by intermolecular O−H···Cl/O hydrogen bonds
and π−π interactions in the case of tetrahedral complexes. The magnetic properties of 3a−c were investigated in the temperature
range 2−300 K by means of χMT, which corroborated coordination numbers and geometries as well as provided information on
the supramolecular interactions among neighboring molecules for all three compounds. Complex 3a shows solvent accessible
channels running parallel to the hydrogen bonding network and is able to uptake methanol vapors to convert into 3a·2MeOH.
The structure of 3a is related to that for 3a·2MeOH by rotation of complex molecules within the 1D O−H···Cl hydrogen
bonding networks and insertion of methanol into it.

■ INTRODUCTION

In recent decades, the design of hybrid functional materials has
been a matter of special interest because of their potential
applications in a number of areas.1 A well-known approach for
the preparation of such systems is the synthesis of organic−
inorganic frameworks where transition metal ions and nitrogen
containing heterocyclic ligands have proved useful for the
construction of solid-state architectures and inorganic crystal
engineering.2 In particular, pyridyl based ligands have been
successfully used for constructing a wide array of architectures
with applications ranging from gas storage in porous frame-
works to novel luminescence or magnetic materials.3 The
assembly of porous materials from organic ligands and metal
ions to generate new supramolecular architectures is challeng-
ing.4 There are many such materials which self-assemble around
solvent-containing cavities to form solid state structures. In

such cases, the initial criterion for a potentially useful system
will be the robustness of the molecular architecture to the
removal of solvent, and the consequent preservation of the
cavity of potential value for application to gas storage. The
increasing need for evolved systems and demanding assemblies
has led to the emergence of heterodonating functions,3a,f

among which N,O ligands such as (hydroxymethyl)pyridines
(hmpH) are candidates (top of Scheme 1). These simple
alcohol pyridines have proved to be successful building blocks
for the self-assembly of metallosupramolecular architectures
with exciting physical properties.5 The possibility for placement
of the methylalcohol moiety at the 2-, 3-, or 4-position with
respect to the pyridine nitrogen, which usually coordinates to
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the metal center, is a key feature that allows these ligands to
support a whole family of supramolecules of different nature.
From the three isomers, 2-hmpH is the most studied, since,
unlike the 3- and 4-isomers, the alcohol group can act as a
second coordination unit. 2-HmpH is known to act as a bid-
entate ligand, forming 5-membered chelate rings with metals
via their N,O donor atoms. The alcohol function also provides
the opportunity of stepwise deprotonation before or upon
coordination, leading to a large diversity of complexes and
structures. Thus, this ligand (2-hmpH) exhibits very rich coor-
dination chemistry, forming a diverse range of mononuclear,
dinuclear, and polynuclear complexes, and polymeric structures.5a−e

Heterobidentate ligands of this type offer several advantages over
traditional symmetrical bidentate ligands by creating steric and
electronic asymmetry and chirality at the metal centers.6 It is,
however, surprising that almost no chiral derivatives of 2-hmpH
have been investigated.5c

We have recently described the synthesis and molecular and
supramolecular characterization of a series of new nitrogenated
aromatic carboranyl alcohols obtained from the reaction of the
monolitiated salt of the methyl-o-carborane or o-carborane with
different aldehydes (1a−e and 2a−e, respectively; bottom of
Scheme 1).7 These molecules, that are prepared in very good
yields from one pot reactions and from readily available start-
ing materials, can be regarded as hmpH ligands where one of
the H atoms at the −CH2− position of the alcohol arm has
been replaced by a carboranyl fragment. The success of this
procedure has opened a new door toward the synthesis of very
attractive, yet unexplored, carborane based transition metal
complexes. The high thermal and chemical stability, hydro-
phobicity, acceptor character, ease of functionalization, and
three-dimensional nature of the icosahedral carborane clusters
make these new molecules valuable ligands in coordination
chemistry.8 In addition, the asymmetry and chiral nature of
1a−c and 2a−c, together with their ability for establishing
H-bonds,7b,c will provide intrinsic features to the final metal
complexes, allowing unique fingerprints. Herein, we report our
initial studies of the metallosupramolecular chemistry of these
ligands, which includes the synthetic procedures, molecular
and supramolecular structures, and magnetic properties of new
cobalt complexes. This work highlights the remarkable ver-
satility of the coordination and supramolecular chemistry of
carboranyl alcohol ligands and extends our initial studies on
crystal engineering of icosahedral heteroborane clusters to that
of metal−organic−inorganic architectures. The present report
includes an interesting intrinsically porous molecular material,
whose porosity is triggered by self-assembly into the solid state
and by the presence of the carboranyl fragment.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. Complexes of the type
[CoCl2(LOH)2] (3a−c and 4a−c; Scheme 2) were synthesized
by mixing ethanol or acetone solutions of the pyridine based
carboranylalcohol ligands (LOH: 1a−c and 2a−c; Scheme 1)
with CoCl2·6H2O in a 2:1 ratio under aerobic conditions. For-
mation of the complexes was evidenced by a rapid color
intensification of the solutions (few seconds). Workup of the
reactions gave the corresponding complexes in high yields as
violet (3a, 4a) or blue solids (3b−c, 4b−c). The stoichiometry
of the latter pyridine based carboranylalcohol complexes was

Scheme 1. Carboranylmethylalcohols and Related hmpH
Ligands

Scheme 2. Synthesis of New Complexes

iExcept for 3d and 4d, which show a ligand to metal ratio of 2 and/or 1 (see text).
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initially confirmed by elemental analysis, which shows a ligand
to CoCl2 ratio of 2:1 (Scheme 2). The straightforward
methodology and the stability of these compounds in solution
and under air for several days are remarkable.
As mentioned in the Introduction, the carboranyl cages are

rather bulky, and this poses a challenge for the coordination
chemistry of these ligands. And bulkiness is certainly increased
in the case of the quinolyl based carboranylalcohol ligands
(1d−e and 2d−e; Scheme 1). Thus, the reactions of
CoCl2·6H2O with 2-quinolyl (1d or 2d) or 4-quinolyl (1e or
2e) based ligands in a 2:1 ratio afforded greenish (3d, 4d) or
blue solids (3e, 4e) as shown in Scheme 2. Elemental analyses
of the latter, having the 4-quinolyl moiety, agree with the
molecular formula [CoCl2(LOH)2], in accordance with the
pyridyl based ligands. The situation is, however, more com-
plicated in the case of the 2-quinolyl based complexes (3d and
4d). The bulkier nature of these ligands, together with the
possibility to be coordinated through both nitrogen and oxygen
atoms to act as N,O chelates (vide inf ra), made the formation of
the [CoCl2(LOH)2] complexes less favorable. Thus, whereas
elemental analysis of solid samples for 4d agreed with a
[CoCl2(LOH)] complex, that for 3d seems to correspond to
mixtures of both possible complexes [CoCl2(LOH)2] and
[CoCl2(LOH)]. This is consistent with the bulkier Me-o-
carboranyl moiety in 4d, which seems to impede the coor-
dination of a second ligand. The structures for complexes
3a−b, 3d, 4c, and 4e have been confirmed by single crystal
X-ray diffraction (XRD), and their details will be analyzed in
the following sections. It is, however, useful to summarize at
this point the coordination modes and stoichiometries found in
the new complexes (Scheme 3).

As summarized in Scheme 3, the 2-substituted ligands coor-
dinate through both the O and N, giving octahedral complexes.
Bidentate coordination is not possible in the 3- and 4- deriva-
tives, and therefore, they coordinate through the nitrogen and
in a monodentate fashion, giving tetrahedral complexes as
shown in the scheme. We additionally considered the possi-
bility to make octahedral complexes from the 3- or 4-sub-
stituted ligands. In our hands, only the less sterically hindered
ligand (1c, Scheme 1) crystallized from the reaction mixture of
1c with anhydrous CoCl2 in a 4:1 ratio to provide the
octahedral complex [CoCl2(LOH)4] (5).
Although all complexes are paramagnetic, NMR spectros-

copy can be very informative.9 1H, 13C, and 11B NMR experi-
ments were performed in acetone solutions of the cobalt com-
plexes and were also applied to monitor the reaction evolution
through in situ NMR experiments. Such experiments confirmed
that the o-carboranylmethanols react immediately after they are
mixed with the cobalt salt with >99% conversion into the
corresponding complex, based on the free ligand signals. Both
1H and 13C spectra were assigned on the basis of known
pyridine based paramagnetic CoII complexes.10 NMR signals
for the 2-pyridyl (3a, 4a) and quinolyl (3d, 4d) derivatives
were found to be broader than that for the related 3- and
4-derivatives (3b−c, 3e, 4b−c, 4e), so that only partial char-
acterization was possible in the former complexes (Supporting
Information). For the latter complexes, the number of observed
signals at the NMR spectra equals the number of chemically
nonequivalent atoms. In these cases, 1H and 13C NMR signals
in acetone solutions spanned from 151 to 1 and 536 to 24 ppm,
respectively. As an example, the protons of the 4-pyridyl
fragment in 3c H(2) and H(6) were observed as very broad
signals at the largest downfield shift (∼146 ppm) while H(3)
and H(5) protons appeared as a relatively sharp signal at 40.1
ppm. Signals for the CH, OH, and CcH protons (Cc: carbon
cage) appeared in the same area range as in the free ligands,
showing a negligible influence of the paramagnetic cobalt
center on these parts of the molecule. In general, the nearest
nuclei to the cobalt exhibit the largest chemical shift as well as
the greatest line broadening. Regarding the boron atoms from
the cluster, they are apparently not affected by the metal, and
therefore, 11B{1H} NMR spectra for all complexes, including
that for the 2- pyridyl and quinolyl derivatives, were obtained
and are consistent with a closo-icosahedral geometry for the
boron cages.5,11 A comparison of NMR spectra of the free
ligands and their complexes is available in the Supporting
Information. Solid state IR spectra for all compounds show
diagnostic signals for the OH and BH stretching frequencies in
the ranges 3400−3300 and 2617−2560 cm−1, respectively. The
IR frequencies for the OH bands are very broad, suggesting the
existence of H-bond interactions between the OH proton and a
proton acceptor center present in these molecules.
As mentioned above, deprotonation of alcohol-containing

chelates such as, for example, 2-hmpH (Scheme 1, top)
provides alkoxide groups, which are excellent bridging units
that can favor the formation of high nuclearity products.5a−f

Deprotonation experiments were done in the cobalt complex
3a, having the N,O bidentate 2-pyridyl based carboranylalcohol
ligand. Treatment of 3a with potassium tert-butoxide (ButOK)
as the base in dry methanol and under inert atmosphere was
followed by precipitation of KCl. Slow evaporation under inert
atmosphere of the resultant pink-violet solution afforded the
square-planar CoII complex 6 as light violet crystals suitable for
XRD analysis. The analysis confirmed that both bidentate

Scheme 3. Coordination Geometries for the New Complexes

iPostulated structures.
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ligands in 3a had lost their OH protons and that chloride atoms
were also removed to afford the square planar complex 6
(Scheme 4). The molecular structure will be described below.

The absence of the alcohol function was also confirmed by
FTIR. Interestingly, when readily formed complex 6 was left to
evaporate slowly under air, instead of an inert atmosphere,
bright blue crystals were obtained after several weeks. XRD
analysis of the latter showed that an oxidative process has
occurred with the formation of the cobaltacarborane complex 7
shown in the Scheme 5. In complex 7 a CoIII center is inserted
into a nido clusterfrom the degradation of ligand 1ato give
a metallacarborane cluster with closo-[3,1,2-CoC2B9] geometry,
and the pending pyridine ring is coordinated to the metal.
Degradation of a closo-carboranyl moiety into its nido form and
η5-coordination of a metal to form a closo-metallacarborane are
well-known to occur under the appropriate conditions.12 What
was more unexpected to us is that the remaining vacant sites
in this complex are occupied by a deprotonated bidentate
2-pyridinecarboxylic acid. The latter is the result of C−C bond
cleavage in ligand 1a and oxidation of the alcohol moiety to a
carboxylic acid one. The reaction is not optimized, but crystals
of 7 are repeatedly formed when solutions of 6 are left in air.
Molecular Structures. The color observed for CoII

coordination complexes can be associated with their geometry.
While blue solids are associated with tetrahedral geometries,
green, pink, and/or violet can be associated with octahedral coor-
dination environments.13 Therefore, the colors of our complexes
were taken as indicative of their different structures. Thus, we
expected tetrahedral coordination geometries in the case of the
blue CoCl2(LOH)2 solids (3b−c, 3e, 4b−c, and 4e) whereas
an octahedral coordination is most probably the reason for the
violet solids (3a and 4a). The greenish color for the 2-quinolyl
derivatives 3d and 4d cannot, however, be unequivocally
associated with their geometry. As mentioned above, elemental
analysis of solid samples for 4d agreed with a CoCl2(LOH)
complex, whereas that for 3d corresponded to mixtures of both
possible octahedral CoCl2(LOH)2 and tetrahedral CoCl2LOH
complexes. To verify geometries for all complexes, crystal-
lization experiments were performed under different solvents
and temperature conditions. In general, solutions of acetone

or ethanol or their mixtures gave crystals suitable for X-ray
diffraction after slow evaporation of the solvent. Overall, we
observed that complexes derived from the smaller o-carboranyl
(rather than Me-o-carboranyl) alcohols and 3- and 4-sub-
stituted pyridine and quinoline derivatives, with the exception of
3a, crystallized more easily. Thus, the structures for complexes
3a−b, 3e, 4c, and 4e have been confirmed by X-ray crystallog-
raphy and are in agreement with their color in the solid state. The
structures for an interesting methanol solvate of 3a (3a·2MeOH)
and complexes 5, 6, and 7 have also been solved by single crystal
XRD (Figures 1−8). Crystal and data collection details can be
found in Table 1 and the Experimental Section.
X-ray structure determination of complexes 3a and

3a·2MeOH (Figure 1) revealed distorted octahedral geom-
etries, where each cobalt(II) center is coordinated by the
nitrogen and oxygen atoms of two bidentate (2-pyridine)-
(o-carboranyl)methanol ligands and two chloride atoms. In
both complexes, the pyridine nitrogens are trans-positioned and
the oxygen atoms of the chelating ligands and the chloride ions
are in a cis-position. In addition, the molecular structure for
3a·2MeOH shows the presence of two methanol molecules
that act as hydrogen bond acceptors for both OH groups of
the chelating ligands as shown in Figure 1. On the other hand,
the cobalt(II) centers in complexes 3b, 3e, 4c, and 4e are
tetrahedrally coordinated by two chloride atoms and two nitro-
gens of the pyridyl or quinolylcarboranylalcohol ligands that act
as monodentate ligands (Figures 2−5). The same monodentate
coordination of the 4-pyridyl ligand is observed in complex 5
(Figure 6), but in this case the molecular structure shows an
octahedral coordination in which each cobalt ion is surrounded
with four nitrogen atoms of the pyridine rings in the equatorial
positions and two chlorides in the apical position. Selected bond
lengths and angles of the complexes are given in Figures 1−6.
Molecular structures for 3a−b, 3e, 4c, 4e, and 5 show bond
lengths and angles consistent with those of related CoII

complexes.14

It is noteworthy to comment on the square planar complex 6.
The crystal structure for complex 6 shows a CoII, sitting on an
inversion center and lying within the {N2O2} plane. The
geometry around the metal is clearly square-planar with a τ4
parameter15 0.00 and no solvent molecule coordinated axially.
The square-planar geometry seems to be stabilized by two
intramolecular B−H···Co interactions (H···Co, 2.56(3) Å;
BHCo, 121.1(2)°) from both carborane cages on the axial
positions as shown in Figure 7. A search of the Cambridge
Structural Database (V 5.33)16 for CoII complexes in a four-
coordinate environment with τ4 parameter <0.25 and bidentate
N,O-ligands revealed only 12 complexes.17 The Co−O and
Co−N bond lengths and the bite angle of the ligand are
comparable with the values observed for the related square
planar geometry.17

As shown in Figure 8, in the cobaltacarborane complex 7, the
cobalt center Co(3) is η5-bound to a nido-carboranyl ligand,
η1-coordinated to the nitrogen of the pyridine methyl alcohol
tethered dicarbollyl ligand and a bidentate 2-pyridinecarboxylic
acid. The two nitrogen atoms and one oxygen atom from the
carboxylate ligand are arranged in a three-legged piano stool
geometry. Bond lengths and angles are consistent with those of
related metallacarborane complexes.10a,b

It is particularly interesting to compare the octahedral com-
plex 3a and its methanol solvated form 3a·2MeOH (Figure 1).
Both complexes show the same arrangement of ligands (same
isomer out of five possibilities); however, the bond lengths and

Scheme 4. Reactivity of 3a
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angles show some interesting differences. Whereas the Co−N
and Co−Cl bond lengths are very similar in both complexes
(Figure 1), the Co−O bond lengths are significantly longer
(0.031 Å) in the solvate complex 3a·2MeOH. In addition, the
N−Co−N angle in the latter complex is about 13° smaller than
that in its solvate, and the O−Co−Cl angles are of the same
order in both complexes. The latter differences are certainly
the result of the hydrogen bonded methanol molecules in
3a·2MeOH. The OH hydrogen atoms of both bidentate
ligands in 3a·2MeOH are interacting with the oxygen of a
methanol molecule each, and this apparently weakens the Co−O
bonds. This can be related with the behavior of complex 3a
in solution. Methanol solutions of 3a are pink-violet and show a
UV−vis spectrum consistent with an octahedral coordination
(Figure 9). Interestingly, the latter pink-violet methanol
solutions of 3a turned blue on warming to about 70 °C, with
the process being reversed on cooling (Figure 9). The spectro-
scopic shift from pink to blue when increasing the temperature
is due to the shift of equilibrium from an octahedral to a

Figure 1. Molecular structures of 3a (left) and 3a·2MeOH (right); thermal ellipsoids set at 35% probability (selected hydrogen atoms are omitted
for clarity). Selected interatomic distances (Å) and angles (deg): 3a, Co1−N1 2.132(3), Co1−N1i 2.132(4), Co1−O1 and Co1−O1i 2.222(3),
Co1−Cl1 and Co1−Cl1i 2.3872(12), N1−Co1−N1i 154.8(2), O1−Co1−Cl1i and O1i−Co1−Cl1 168.24(8) [i = −x + 1/2, −y, z]; 3a·2MeOH,
Co1−N1 and Co1−N1i 2.1355(17), Co1−O1 and Co1−O1i 2.2535(15), Co1−Cl1 and Co1−Cl1i 2.3804(6), N1−Co1−N1i 142.12(9), O1−Co1−
Cl1i and O1i−Co1−Cl1 169.15(4) [i = −x + 1/2, −y + 1/2, z].

Figure 2. Molecular structure of 3b; thermal ellipsoids set at 35%
probability (selected hydrogen atoms are omitted for clarity).
Selected interatomic distances (Å) and angles (deg): Co1−N1
and Co1−N1i 2.038(4), Co1−Cl1 and Co1−Cl1i 2.2361(13),
N1−Co1−N1i 100.6(2), Cl1−Co1−Cl1i 127.14(9) [i = −x, y,
−z + 1/2].

Figure 3. Molecular structure of 3e; thermal ellipsoids set at 35%
probability (selected hydrogen atoms are omitted for clarity).
Selected interatomic distances (Å) and angles (deg): Co1−N101
2.039(4), Co1−N201 2.059(4), Co1−Cl1 2.2350(16), Co1−Cl2
2.24131(16), N101−Co1−N201 105.95(16), Cl1−Co1−Cl2
114.02(6).

Figure 4. Molecular structure of 4c; thermal ellipsoids set at 35%
probability (1 of the 2 chemically identical independent molecules in
the asymmetric unit; selected hydrogen atoms and ethanol solvent
omitted for clarity). Selected interatomic distances (Å) and angles
(deg): Co1−N101 2.025(5), Co1−N201 2.029(5), Co1−Cl1
2.255(2), Co1−Cl2 2.234(2), N101−Co1−N201 121.8(2), Cl1−
Co1−Cl2 115.32(8).
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tetrahedral structure.18 This correlates with the weakening
of the Co−O bonds observed in the crystal structure of
3a·2MeOH. Thus, warming a methanol solution of 3a seems to
strengthen the O−H···O(methanol) hydrogen bond and con-
sequently weaken the Co−O bonds, which eventually breaks
to afford a tetrahedral coordinated complex in solution. This
reasoning is further confirmed by dissolving 3a in a better
hydrogen bond acceptor solvent than methanol. Thus, acetone
solutions of 3a are blue at RT and give a characteristic spec-
trum for tetrahedral coordination (top of Figure 9). This
experimental data shows, on one hand, the hemilabile char-
acter of the bidentate (2-pyridine)(o-carboranyl)methanol
ligand in solution, but also tells us how to modulate, in
principle, the Co−O bond of this ligand by solvent assisted
intermolecular hydrogen bonding. This is certainly of interest
for future catalytic and sensoring applications of the present
complexes in solution.
Supramolecular Structures. The supramolecular struc-

tures for complexes 3a, 3a·2MeOH, 3b, 3e, 4c, and 4e are
dominated by nonconventional hydrogen bonds between the

OH moiety of the o-carboranylalcohols and the chloride anions
in the unsolvated structures or oxygen in the case of solvated
ones (Figures 10 and 11). The distances of all of the observed
intermolecular O−H···Cl/O hydrogen bonds are substantially
shorter than the 2.95/2.72 Å distances, which corresponds to
the sum of the van der Waals radii (∑vdW) of hydrogen and
chloride or oxygen atoms (Table 2) and is near-linear. Thus,
they qualify as moderate hydrogen bonds.19 In addition, π−π
interactions through the N-aromatic rings are observed in most
of the structures, as shown in Figure 11 and Table 3). In order
to better understand the supramolecular structures for these
complexes, we will divide the compounds into two groups:
Group Athose where o-carboranylalcohol-pyridines act as
N,OH chelating ligands and therefore the hydroxyl group is
coordinated to the metal (Scheme 3 and Figure 1)Group
Bthose where o-carboranylalcohol-pyridines act as mono-
dentate N donor ligands and consequently the hydroxyl group
is uncoordinated (Scheme 3 and Figures 2−6). In addition, we

Figure 5. Molecular structure of 4e; thermal ellipsoids set at 35%
probability (disorder, and selected hydrogens omitted for clarity).
Selected interatomic distances (Å) and angles (deg): Co1−N101
2.046(3), Co1−N201 2.047(3), Co1−Cl1 2.2352(14), Co1−Cl2
2.2403(13), N101−Co1−N201 99.68(13), Cl1−Co1−Cl2 108.92(5).

Figure 6. Molecular structure of 5; thermal ellipsoids set at 35%
probability (solvent and selected hydrogens omitted for clarity).
Selected interatomic distances (Å) and angles (deg): Co1−N1A and
Co1−N1Ai 2.173(7), Co1−N1B and Co1−N1Bi 2.155(7), Co1−Cl1
and Co1−Cl1i 2.488(2), N1A−Co1−N1Ai 93.0(4), N1B−Co1−N1Bi

89.7(4), N1B−Co1−N1A and N1Bi−Co1−N1Ai 88.7(3), N1B−
Co1−N1Ai and N1Bi−Co1−N1A 177.3(3), Cl1−Co1−Cl1i
179.82(14) [i = −x, y, −z + 1/2].

Figure 7. Molecular structure of 6; thermal ellipsoids set at 35%
probability (selected hydrogens omitted for clarity). Selected
interatomic distances (Å) and angles (deg): Co1−N1 and Co1−N1i
1.975(2), Co1−O1 and Co1−O1i 1.906(18), O1−Co1−N1 and O1i−
Co1−N1i 84.19(9), O1i−Co1−O1 180.00(8), and N1i−Co1−N1
180.00(9) [i = −x, −y, −z].

Figure 8. Molecular structure of 7; thermal ellipsoids set at 35%
probability (selected hydrogens omitted for clarity). Selected
interatomic distances (Å) and angles (deg): Co3−N1 2.018(3),
Co3−N2 1.952(3), Co3−O2 1.959(2), C3−O1 1.428(4), C9−O2
1.281(4), C9−O3 1.230(4), N1−Co3−N2 90.75(11), N1−Co3−O2
86.06(10), N2−Co3−O2 81.93(11).
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will compare the supramolecular structures in Group A with
those of related complexes.

Group A: Structures with Chelating N,OH Ligands. Com-
plex 3a forms chains, alternating RR and SS enantiomeric
complexes, along the c axis via O−H···Cl hydrogen bond inter-
actions (Figure 10 and Table 2). In 3a the hydroxyl donors are
coordinated to the metal, resulting in a tight R2

2(8) ring.2 Very
interestingly, the methanol solvate of the latter, 3a·2MeOH,
also shows chains of alternating RR and SS enantiomeric com-
plexes. However, two methanol molecules are inserted now
in the hydrogen bonding network, resulting in a more open
R4,4(12) ring (Figure 10, bottom). Thus, in 3a·2MeOH each
coordinated hydroxyl donor interacts with the oxygen atom of
a methanol molecule (O−H···O(H)Me) and the hydroxyl
hydrogen atoms of the latter act as donors and form hydrogen
bonds with the chlorides of another complex (MeO−H···Cl),
as shown at the bottom of Figure 10. The arrangement of
molecules along the chains (right column of Figure 10) shows
how carborane cages of consecutive molecules are staggered in
3a but are eclipsed in 3a·2MeOH. The three-dimensional (3D)
structures of 3a and 3a·2MeOH are built by self-assembly of
the polymeric hydrogen bonded networks shown in Figure 10,
which are dominated by weak dihydrogen and/or hydrophobic
interactions. Another interesting feature of the supramolecular
structure of 3a is that it contains one-dimensional channels (the
crystal structure showed some residual electron density in these

Figure 9. (top) UV−visible spectrum of 3a in acetone at RT.
(bottom) Spectroscopic evidence of the temperature dependence
equilibrium for 3a in methanol (5−75°).

Figure 10. Supramolecular assemblies of 3a and 3a·2MeOH. Left column: Projections showing four molecules of each compound forming hydrogen
bonded chains. Right column: Projections along the hydrogen bonded chains showing a staggered arrangement of the carboranyl fragments in 3a
(top) versus an eclipsed arrangement in 3a·2MeOH (bottom). See Table 2 for metric parameters. All hydrogen atoms, except those for the CHOH
group, are omitted for clarity. Color code: B, pink; C, gray; H, white; O, red; N, light blue; Cl, green; Co, blue.
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channels) running along the c axis parallel to hydrogen bonded
chains (Figure 12). The consequences of the supramolecular
structures of 3a and 3a·2MeOH will be described below.
Group B: Structures with Monodentate N,OH Ligands.

The supramolecular structures for the unsolvated complexes 3b
and 4e show both chains via O−H···Cl interactions, where RR

and SS enantiomeric complexes alternate (Figure 11), as
already observed for complex 3a. However, unlike the case of
3a, in 3b and 4e the hydroxyl donor is uncoordinated, allowing
the formation of more open R2

2(16) and R2
2(18) rings,2 res-

pectively, which gives place to additional π−π interactions
through the pyridine or quinoline rings of adjacent molecules
(Figure 11 and Table 3).
Regarding the supramolecular structures of 4c, 3e, and 5, all

contain oxy-solvents (either ethanol or acetone). The supra-
molecular structure for complex 4c will not be considered due
to poor data. In all cases, the solvent interferes in the expected
OH···Cl hydrogen bonding chains (vide supra). Thus, each
molecule in the solid structure of 3e forms two OH···O
CMe2 hydrogen bonds with acetone as the acceptor (middle of
Figure 11). But even in the absence of a polymeric hydrogen
bonding network, the molecules in 3e are self-assembled by
intermolecular π−π interactions through the quinoline rings of
adjacent molecules. The latter supramolecular arrangement is
similar to that found in 4e, as shown in Figure 11 (bottom). It
is also noteworthy that, in the absence of such a hydrogen

Figure 11. Supramolecular assemblies of 3b, 3e, and 4e. Projections
showing four molecules for each compound. Dashed red lines indicates
π−π interactions. For complex 3e only hydrogen bonded acetone
molecules are shown (Supporting Information). See Tables 2 and S1
for metric parameters. All hydrogen atoms, except those for the
CHOH group, are omitted for clarity. Color code: B, pink; C, gray; H,
white; O, red; N, light blue; Cl, green; Co, blue.

Table 2. Geometrical Parameters of Intermolecular O−H···A (A = O, Cl) Contacts (Å, deg), Involved in the Supramolecular
Construction in 3a, 3a·MeOH, 3b, 3e, 4e, and 5

compd O−H···Aa d(H···A) d(O···A) ∠(OHA)

3a (a) O(1)−H···Cl(1)i 2.28(6) 3.121(3) 173(5)
3a·2MeOH (b) O(1)−H···O(2)ii 1.84(3) 2.581(2) 176(3)

(c) O(2)−H···Cl(1) 2.40(3) 3.1887(17) 168(3)
3b (d) O(1)−H···Cl(1)iii 2.225(1) 3.059(5) 171.6(4)
3e (e) O(101)−H···O(301)iv 1.866(4) 2.704(5) 175.8(3)

(f) O(201)−H···O(401) 1.819(5) 2.657(6) 176.0(3)
4e (g) O(1A)−H···Cl(1)v 2.316(1) 3.097(4) 155.1(3)

(h) O(201)−H···Cl(2)vi 2.285(1) 3.064(3) 154.5(2)
5 (i) O(1A)−H···O(101)vii 1.825(6) 2.636(10) 162.1(5)

(j) O(1B)−H···Cl(1)viii 2.208(2) 3.031(7) 166.7(5)

aO−H bond lengths not normalized to neutron distances. See interactions a−j in Figures 10 and11. Symmetry codes: (i) x, −y + 1, z − 1/2; (ii) −x +
3/2, y, z − e; (iii) −x + 1, −y, −z; (iv) −x, −y, −z; (v) −x, −y + 1, −z; (vi) −x, −y + 1, −z + 1; (vii) −x, y, −z + 3/2; (viii) x, −y, z + 1/2.

Table 3. N-Aromatic−N-Aromatic Ring Packing Geometries
(Å, deg), Involved in the Supramolecular Construction in
3b, 3e, 4e, and 5a

interplanar

compd distance angle db Hdc θd

3b 3.471 0.00 3.875 1.723 26.4
3e 3.605 0.00 3.705e 0.852 13.3
4e 3.410 0.00 3.698f 1.951 31.9

3.428 0.00 3.677g 1.330 21.2
5 4.269 0.00 4.959 2.524 30.6

aSee embedded chart at the top for nomenclature. bRing centroid to
ring centroid distance. cHorizontal displacement between the two ring
centroids. dRing normal to vector between the ring centroids angle.
eDistance between carbon rings of quinolyl fragments (C205−C210).
fDistance between carbon and pyridine ring fragments in quinolyl
(C208−C213 and C205C206C207N201C208C213). gDistance be-
tween carbon and pyridine ring fragments in quinolyl rings (C108−
C113 and C105C106C1207N101C108C113).
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bonding network, molecules segregate as SR enantiomeric
complexes. Another interesting feature of 3e is that, apart from
the interacting acetone molecules mentioned above, it contains
disordered solvent molecules (also acetone) in voids along the
crystallographic c axis (Figure S41 of the Supporting
Information). The crystal structure of 5 contains two molecules
of ethanol per each complex. Thus, half of the OH moieties in
each complex are involved in intermolecular OH···Cl and the
other half in OH···Cl hydrogen bonds (Figure S40 and Table 2).
Additional weak π−π interactions through the pyridine rings of
adjacent molecules are also observed in 5 (Table 3).
Comparison of Structures. It is instructive to compare the

supramolecular structures for all complexes in order to
understand the supramolecular consequences of molecular
changes. The packing arrangement of molecules in a molecular
crystal is governed by the interplay of the tendency to close
packing and the strength of the intermolecular interactions. As
already described above, all new compounds show intermo-
lecular O−H···Cl/O hydrogen bonds. From those, unsolvated
structures show exclusively OH···Cl hydrogen bonds giving
supramolecular chains (3a, 3b, and 4e). The latter chains are
interrupted whenever an oxygen containing solvent is included

in the structures. In this situation, OH···O hydrogen bonds
are also formed, interfering partially (5) or totally (3e) into the
OH···Cl hydrogen bonds. In addition to the above hydrogen
bonding scheme, those complexes where the hydroxyl group is
not coordinated to the metal, additional π−π interactions
through the N-aromatic rings are observed (Table 3). The
interplanar distances in compounds 3b, 3e, and 4e are within
the limits observed for common π-stacked aromatic rings.20

The ring normal and the vector between the ring centroids and
the centroid−centroid distances between N-aromatic rings
show that the supramolecular structures of 3b, 3e, and 4e
consist of closely packed parallel slightly offset aromatic ring
π−π interactions (Table 3). The offset is larger in the case of 5
due to the bulkiness of this complex. It is also highly instructive
to compare the supramolecular structures of the tetrahedral
coordinated complexes 3b, 3e, and 4e (Figure 11), as all show
very similar supramolecular arrangements. Whereas the
arrangements of molecules in 3b and 4e are sustained by
OH···Cl hydrogen bonds and π−π interactions, that for 3e is
due, exclusively, to π−π interactions as the acetone included
interferes in the hydrogen bonds that would otherwise probably
be formed with Cl atoms. Thus, molecules seem to pack so as

Figure 12. Comparison of the 3D supramolecular assemblies of 3a (left) and 3a·2MeOH (right) showing the well-defined channels (yellow-orange)
running along the c axis in the former and the absence of voids in the latter. The figure shows comparative views along the hydrogen bonded chains
(top) and perpendicular to the chains (bottom; dashed red arrows indicate the propagation direction of the hydrogen bonds). Methanol molecules
are shown in ball and stick style. Color code: B, pink; C, gray; O, red; N, light blue; Cl, green; Co, blue.
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to optimize π−π interactions between aromatic rings. This
simply suggests that both hydrogen bonds and π−π interactions
compete to give the observed supramolecular structures and
can be considered structure directing interactions in the case of
tetrahedral cobalt complexes of the carboranyl alcohol ligands.
This is further supported by the relative strength of hydrogen
bonding versus π−π interactions in 3b and 4e. Whereas the O−
H···Cl hydrogen bonds are stronger in the pyridine derivative
3b (Table 2), the π−π interactions are stronger in the case of
the quinoline derivative 4e (Table 3). It is well-known that larger
aromatic systems favor the π−π interactions.21 So in complex 4e
the intermolecular π−π interactions are optimized against the O
H···Cl hydrogen bonds. This is confirmed when looking at the
supramolecular structure for 3e (Figure 11). In this case, OH···O
hydrogen bondsnot giving polymeric networksare exclusively
formed with acetone molecules. But even so, the molecules arrange
in a similar way to those in 4e and are exclusively sustained by π−π
interactions. The interplanar distance between the quinoline rings in
4e is about 0.2 Å shorter than that in 3e.
Regarding the octahedral complex 3a, the arrangement of

molecules in each hydrogen bonded chain pushes the four non-
hydrogen atoms of the interaction (2O and 2Cl) into a hexa-
gonal close packing-like arrangement forming a tetrahedron
(D···A···A···D torsion = −62.09°) as shown in Table 4. In

comparison, the arrangement of molecules in the chains in
3a·2MeOH involves a more square planar arrangement
(D···A···D···A torsion = −30.54°) due to the larger separation
between molecules as a consequence of the insertion of
methanol into the hydrogen bonding network. Thus, whereas
the Co···Co separation in 3a is 5.722 Å, that for the methanol
solvate 3a·2MeOH is 7.281 Å. As mentioned above, the
arrangement of molecules along the hydrogen bonded chains in
the complexes shows how the carborane cages of consecutive
molecules are staggered in 3a (Figure 10, top right) but
eclipsed in 3a·2MeOH (Figure 10, bottom right). This has
important consequences in the three-dimensional (3D) struc-
tures of these two complexes as shown in Figure 12. The 3D
structures of 3a and 3a·2MeOH are built by self-assembly of
the polymeric hydrogen bonded chains (staggered for 3a and

eclipsed for 3a·2MeOH). As can be seen in Figure 12, the
eclipsed chains in 3a·2MeOH are better closed packed than the
staggered chains in 3a. The packing of the latter chains creates
defined channels running along the c axis parallel to hydrogen
bonded chains (Figure 12). Complex 3a is therefore an extrinsic
porous molecular complex.22

A comparison of the molecular and supramolecular struc-
tures of the octahedral complex 3a with those of related cis-
CoCl2(L)2 (L = 5-Br-hmpH (8)14c or 2-(1-aziridinyl)ethanol-
(9)14d) complexes highlights some interesting features. The
structural core for these complexes and that for 3a are basically
identical: the hydroxyl group is coordinated to the metal, and
their supramolecular structures are all based on intermolecular
O−H···Cl hydrogen bonds (Supporting Information). In
complexes 8 and 9, the arrangement of molecules in the hydro-
gen bonded chains involves a more square planar arrangement
(D···A···D···A torsion = 0.0° and 0.95°) than in 3a which
minimizes the D···A distances at the expense of the Co···Co
separation, as shown in Table 4. In addition to that, the
arrangements of the hydrogen bonds in 8 and 9 present some
notable differences with that for 3a. In the latter complex, both
hydroxyls are located on the same side (with respect to the
propagation direction of the chain), resulting in a double donor
interaction (Figure 10 and Scheme 5) while in 8 and 9 each
molecule presents both a hydroxyl and a chlorine to the adjacent
molecule, forming a mixed donor/acceptor interaction along the
chain as shown in Scheme 5 and the Supporting Information.
Another major difference between our complexes and 8 and

9 is that our carboranyl ligands are chiral. As mentioned above,
the supramolecular structures for those of our complexes that
show intermolecular O−H···Cl hydrogen bonding networks
(3a, 3a·MeOH, 3b, and 4e) are that the complexes form chains,
alternating RR and SS enantiomeric complexes. Interestingly,
we are aware of only one other hydrogen bonding network of
the type found in 3a, and that corresponds to the Mn complex
cis-MnCl(C5H10O2)2 (10), having also two chiral bidentate
ligands per metal;23 however, in this case the enantiomers are
segregated into separate chains. So it appears that the chirality
in conjunction with the bulky carborane favors RR/SS alter-
nation as a more economic packing arrangement. Unlike 3a,
those related complexes not having the carboranyl fragment in
their molecular structures do not present solvent accessible
pores in their structures.

Magnetic Properties. As a representative study and with
the aim of investigating the possible relationship between supra-
molecular structure and physical properties, solid-state, variable-
temperature (2−300 K) magnetic susceptibility data were col-
lected on polycrystalline samples of the three pyridyl based
carboranylalcohol complexes 3a−c with applied fields of 0.03

Table 4. Different Spatial Arrangement of Oxygen and
Chloride Atoms as a Consequence of the Hydrogen Bonding
Networks Observed in 3a, 3a·2MeOH, and Related
Complexesa

compd d(O···Cl) O···Cl···Cl···O torsion Co···Co

3a 3.121(3) −69.09 5.722
3a·2MeOH 3.1887(17) +30.54 7.281
8 3.048 0.0 6.129
9 3.068 0.95 6.254

aSee embedded supramolecular assemblies for two molecules of 3a
(left) and 8 (right) with Co, O, and Cl atoms in space fill style. Color
code: B, pink; C, gray; H, white; O, red; N, light blue; Cl, green; Co,
blue. Distances and angles in Å and deg.

Scheme 5. Different Arrangements of Donors (D = OH) and
Acceptors (A = Cl) within Adjacent Molecules (squares)a

aDashed red lines represent hydrogen bonds. M = metal.
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and 1.0 T for compound 3a and 0.05 T for 3b and 3c. The resulting
data for all three compounds are plotted by means of χMT vs T
in Figure 13. The magnetic moment of 4.83 μB, 4.38 μB, and

4.46 μB observed at room temperature for 3a, 3b, and 3c
respectively, is in agreement with the reported range for CoII

complexes, which takes into account the orbital magnetic
momentum (4.7−5.2 μB for octahedral and about 4.59 μB for
tetrahedral ones) and lies higher than that expected for a
magnetically isolated S = 3/2 system (3.87 μB assuming g = 2.0).24

For 3a, the product of the magnetic susceptibility and
temperature smoothly decreases upon cooling until approx-
imately 100 K (because of the spin−orbit effect) and then
drops faster, reaching a value of 1.68 cm3 mol−1 K at 2 K
(Figure 13 inset). The M/NμB vs H curve is also included in
the Supporting Information (Figure S18). The data above 20 K
obeys the Curie−Weiss law with C = 3.04 cm3 mol−1 K and θ =
−11.83 (C and θ, Curie constant and temperature, respectively;
Figure S19). On the other hand, compounds 3b and 3c show
similar behaviors; their magnetic susceptibility data are mostly
constant until 30 K and drop dramatically to 1.35 and 2.25 cm3

mol−1 K at 2 and 10 K, respectively. Likewise, for compound
3a, the Curie−Weiss law provides values of C = 2.40 and
2.48 cm3 mol−1 K and θ = −1.95 and −0.59 for 3b and 3c, in
that order (Figure S45). The negative sign of θ can be related
with the weak but significant antiferromagnetic couplings among
the monomeric units, and in the case of compounds 3a and 3b,
whose crystalline structure is known, it is possible to associate
this with the number of observed hydrogen bonds that provide
the through space exchange (Figure 10). The arrangements in
the crystal packing of 3a and 3b account for the different
observed values for θ; in the first case, the 2-pyridine chelating
ligands give rise to supramolecular 1D chains where the metal
centers are perfectly aligned and separated only by the Cl···H−O
moieties, suggesting stronger interaction than that obtained by
experiment for the second one, where the o-carboranylalcohol
3-pyridine is located between the CoII. Related to such
observation, a modest sigmoidal shape is observed for the
χMT data below 30 K of 3a (Figure 13, inset). In the absence of
crystallographic data for 3c, the small θ value suggests that the
interactions between units for this complex are comparable to
those appearing in 3b.
Porosity and Structural Transformations in Complex

3a. Porous materials have found widespread applications in a

range of areas for many years25 and have become some of the
most technologically relevant systems across materials chem-
istry. More recently, a huge range of such chemical systems
have been under investigation for gas storage.26 As previously
mentioned, there are many such materials which self-assemble
around solvent-containing cavities to form solid state structures.
In such a case, the initial criterion for a potentially useful system
will be the robustness of the molecular architecture to the
removal of solvent, and the consequent preservation of the
cavity of potential value for application to gas storage. In that
sense, complex 3a could be considered a good candidate. As
discussed before, when crystals of 3a are grown from ethanol or
acetone, they adopt a porous structure with channels running
along the crystallographic c-axis containing disordered solvent
(Figure 12). To investigate the possibility of extracting the
solvent from the pores, crystals from 3a obtained from acetone
were dried under vacuum at different temperatures. Elemental
analysis of crystals of 3a, dried under vacuum at RT, already
confirmed the absence of solvent. Powder X-ray diffraction
(PXRD) analysis of the unsolvated crystals showed a powder
pattern that matched the calculated one from the X-ray struc-
ture (Supporting Information). Further heating of the crystals
at 90 °C for several hours did not affect the powder pattern.
DSC and TGA measurements corroborated the absence of
solvent in a crystalline sample of 3a dried under vacuum at RT
(red lines in Figure 14). TGA scans of the unsolvated crystals

for 3a did not show any weight loss prior to melting and
decomposition. TGA of 3a shows that the complex is stable up
to 190 °C, and decomposition starts at this temperature and
takes place in two steps (190−266 °C, 10.59% mass loss; 290−
430 °C, 35.46% mass loss). All these data confirm that the
solvent can be extracted from the pores of 3a by simply drying
the material at RT and that the structure and crystallinity are
maintained after extraction. Consequently, these experiments
demonstrate that the porous structure in 3a is not a solvent-
templated process, and as mentioned, one promising utility lies
in its potential for gas storage. Complex 3a is certainly a rare
example of a porous carborane-based metal−organic molecular
material where molecules are, in contrast to porous carborane-
based metal−organic frameworks,27 interacting by noncovalent
interactions. Gas sorption experiments will be carried out and
the results reported in a future paper.

Figure 13. χMT vs T plots for compounds 3a (black squares), 3b
(white circles), and 3c (white rhombs) between 2.0 and 300.0 K.
Inset: Increased section of the graph containing all three compounds
from 2 to 50 K. Solid lines in χMT vs T plots are guides for the eye.

Figure 14. Partial TGA (continuous lines) and DSC (dashed lines)
plots for 3a after drying under vacuum (red) and after being exposed
to methanol vapor (blue).
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As mentioned above, if the crystallization of 3a is performed
in methanol, the solvent is incorporated in the structure
intercepting the O−H···Cl intermolecular interactions shown in
the porous crystal and resulting in the solvate 3a·MeOH
(Figures 10 and 12). As previously discussed, the different
arrangement of the carboranyl fragments in the supramolecular
structures for these two complexes explains the presence or
absence of voids. These two different structures account for the
dynamism of this molecular system and, thus, encouraged us to
study the possibility of solvent mediated transformation in the
solid state. The capability of 3a to uptake solvent vapors to
convert into 3a·2MeOH has been demonstrated experimentally
(Figure 15). The identity of the products was confirmed by

X-ray powder diffraction, which matched the calculated dif-
fraction patterns from the single crystal X-ray structures.
Freshly made dried violet powder for 3a gives a powder dif-
fraction pattern that closely matches the one simulated from
the single-crystal data, thereby proving that a homogeneous and
single-crystalline phase has resulted during synthesis (top of
Figure15). The powder sample for 3a converts to the solvate
3a·2MeOH when left in contact with methanol vapors for a
week (bottom of Figure 15). TGA of 3a·2MeOH shows release
of methanol guest molecules between 100 and 140 °C before
decomposition (blue line in Figure 14). DSC measurements
show an endothermic peak at 111 °C for the desolvation
process in 3a·2MeOH, followed by a broad exothermic peak at
172 °C, and then the thermal events behave identically to those
for 3a. The exothermic peak observed in 3a·2MeOH is con-
sistent with molecular shrinkage within the supramolecular
chains with formation of new hydrogen bonds due to release of
hydrogen bonded methanol and formation of 3a. However, the
solvation process proved to be irreversible, since powder
3a·2MeOH did not lose methanol by heating under vacuum
at 90 °C and further heating until 150 °C caused partial

decomposition and the formation of an amorphous material.
Thus, although irreversible, the solvation process is remarkable,
since the unsolvated compound is related to the methanol sol-
vated compound by rotation of complex molecules within the
1D O−H···Cl hydrogen bonding networks and insertion of
methanol into the network. This could be explained by diffu-
sion of methanol vapors into the empty channels in 3a, fol-
lowed by interaction of the solvent with the O−H···Cl hydro-
gen bonding network and consequential insertion of methanol
into the network −therefore cleavage of O−H···Cl and forma-
tion of O−H···O(Me)−H···Cl hydrogen bondscausing a
separation and rotation between molecules to afford 3a·2MeOH.

■ CONCLUDING REMARKS
In conclusion, we present here the first family of metal com-
plexes CoCl2(LOH)2 (3a−c and 4a−c) with the recently
reported series of o-carboranylalcohols bearing pyridines or
quinolines as ligands (LOH: 1-[R(hydroxy)methyl]-2-R′-1,2-
dicarba-closo-dodecaborane (R′ = H or Me; R = 2-pyridyl 1a or
2a, 3-pyridyl 1b or 2b, 4-pyridyl 1c or 2c, 2-quinolyl 1d or 2d,
4-quinolyl 1e or 2e)). As expected from the colors of the com-
plexes, the molecular structures for the 2-substituted ligands
(3a, 4a) and 3- and 4-substituted ones (3b−c, 3e, 4b−c, and
4e) reveal different coordination geometries around the cobalt
centers. X-ray diffraction studies confirmed that, whereas 1a
acts as a bidentate N,O-ligand, giving an octahedral coordinated
CoII complex (3a), 3- and 4-pyridyl or 4-quinolyl ligands afford
tetrahedral complexes by N-coordination (3b−c, 3e, 4b-c,
and 4e), exclusively. The supramolecular structures for all
unsolvated complexes are dominated by nonconventional O−
H···Cl hydrogen bonds. The latter chains are interrupted,
partially (5) or totally (3e), whenever an oxygen containing sol-
vent is included in the structures and giving O−H···O hydrogen
bonds. In the absence of conventional O−H···Cl supra-
molecular chains in 3e, π−π interactions keep molecules in a
close supramolecular arrangement to that found in the non-
solvated tetrahedral complexes 3b and 4e. The latter suggests
that both hydrogen bonds and π−π interactions compete and
can be considered structure directing interactions in these com-
plexes. It also appears that the chirality of the ligands in
conjunction with the bulky carborane favors RR/SS alternation
as a more economic packing arrangement allowing unexpect-
edly short Co···Co distances. In addition, 3a shows solvent
accessible channels running parallel to the hydrogen bonded
chains. The solvent could be removed from 3a with retention of
crystallinity, showing that this complex is an intrinsically porous
molecular material. The porosity in 3a seems to be triggered by
the self-assembly of staggered carborane fragments along the
hydrogen bonding network. Thus, complex 3a is a rare example
of a porous carborane-based metal−organic molecular material
where molecules are, in contrast to porous carborane-based
metal−organic frameworks, interacting by noncovalent inter-
actions. The magnetic results for 3a−c agree well with their
crystallographic data and stress the relevance of intermolec-
ular interactions among neighboring molecules providing well-
organized supramolecular 1D systems. Thus, octahedral com-
plex 3a is an antiferromagnetic complex with porous channels.
We also show that the latter complex is able to uptake
methanol vapors to convert into 3a·2MeOH. The structure of
the unsolvated compound is related to the methanol solvated
compound by rotation of complex molecules within the 1D O−
H ···Cl hydrogen bonding networks and insertion of methanol
into the network.

Figure 15. Solid state transformation of 3a into 3a·2MeOH. Left:
Comparison between calculated and experimental PXRD patterns (A
and B) for unsolvated powder of 3a and (C and D) after solvation
experiments. Right: Scheme for the solid transformation according to
the PXRD.
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Finally, we show experimentally (both in solution and solid
state) that the Co−OH(R) bonds in 3a are labile and that the
coordination strength of the alcohol function can be modulated
by solvent assisted intermolecular hydrogen bonding. Full
deprotonation of both alcohol hydrogens in the octahedral
cobalt complex 3a afforded a rare square-planar CoII complex 6
that has been characterized by single crystal X-ray diffrac-
tion. The square-planar geometry in this complex seems to be
induced by the steric hindrance generated by the carborane
moiety on the ligand. The absence of axially coordinated sol-
vent molecules in this complex is particularly interesting from a
supramolecular and coordination point of view, as the complex
offers two sites for coordination. Complex 6 seems to enable
O2 activation, followed by transformation of the ligands and
metal oxidation states affording a CoIII carborane complex 7.
We are currently exploring the reactivity of complex 6 as well as
gas sorption experiments for 3a.
The present work highlights the versatility of the

coordination and supramolecular chemistry of o-carboranyl
alcohols with cobalt and has important implications in the
structure−property relationships in these compounds, in
particular, and structural chemistry, in general. These observa-
tions also aid in the understanding of the basic principles of
metallosupramolecular chemistry of o-carboranyl systems and,
consequently, the progress of crystal engineering.
A number of further avenues of exploration arise from the

present work: (1) Would the acceptor character of the o-car-
borane cluster have any electronic effect on the N,O-donor set
of our ligands? (2) How would this affect the new ligands when
compared to the related purely organic ligands? (3) Would it be
possible to obtain polynuclear complexes of the bulky o-car-
boranyl alcohols? We are currently investigating these questions
and extending the metallosupramolecular chemistry of these
ligands to other transition metals.

■ EXPERIMENTAL SECTION
General Aspects. All manipulations were carried out under air

unless otherwise noted. The reactions were carried out in glass vials
equipped with a magnetic stirring bar and capped with a septum.
Chemicals were used as follows: Ethanol and methanol were distilled
from CaH2; acetone was distilled from P2O5; and CoCl2·6H2O
(98.9%, Fluka) was used as received. closo-ortho-Carboranylmethanols
1a−e and 2a−e were synthesized as previously reported.5 FTIR
spectra were recorded from KBr pellets or ATR on a Perkin−Elmer
1720X spectrometer. The UV−vis−NIR spectra of compounds 2a−c
in reflectance or absorbance mode were recorded at room temperature
on a double beam spectrophotometer Varian Cary 5000 with an opera-
tional range of 190−2500 nm equipped with a Diffuse Reflectance
Sphere DRA-2500 accessory. BaSO4 powder was used as reflectance
reference material. 1H, 13C{1H}, and 11B NMR spectra were recorded
at 300, 75, and 96 MHz, respectively, on a Bruker ARX 300 MHz
spectrometer and referenced to the solvent (1H, residual [D5]acetone;
13C, [D6]acetone) or BF3·OEt2 (

11B NMR). Chemical shifts (δ) are
reported in ppm and coupling constants (J) in Hz; peaks are described
as follows: s, singlet; d, doublet; t, triplet; sept, septet; br, broad; m,
multiplet. Elemental analyses (C, H, N) were performed in the
Analysis Service of the Universitat Autoǹoma de Barcelona on a Carlo
Erba CHNS EA-1108 microanalyzer. Samples for thermogravimetric
characterization were placed in open alumina crucibles and analyzed
using a NETZSCH STA 449F1 thermobalance operating under
nitrogen. A heating rate of 10 °C/min was used, and all samples (5−13
mg) were studied between 40 and 1000 °C. UV−visible measurements
were carried out on a Hewlett-Packard 8453 diode array spectrometer
equipped with a Lauda RE 207 thermostat using a screw capped quartz
cuvette. X-ray powder diffraction (XRPD) data was collected on a

Siemens Analytical X-ray D-5000 diffractometer with Cu Kα radiation.
All XRPD measurements were carried out at room temperature.

Synthesis of Co(II) Complexes 3a−e and 4a−e. General.
Ethanol or acetone solutions (0.25 mL) of CoCl2·6H2O (0.04 mmol,
9.5 mg) were added dropwise to stirred solutions (acetone) or
suspensions (ethanol) of the appropriate o-carboranylmethanols (0.08
mmol, 1a−c: 20.1 mg, 1d−e: 24.1 mg; 2a-c: 21.2 mg; 2d-e: 25.2 mg)
in the same solvents (0.25 mL). The blue solution turned bright blue
in most of the cases and blue-green for complex 4d within seconds,
and in the case of ethanol, complete dissolution of the starting pyridine
based ligand was also observed. The reaction mixture was stirred for
30 min and allowed to concentrate by solvent evaporation under a
current of nitrogen until precipitation of complexes was observed. The
crude product was then washed with a mixture of ethanol/ether (1:50)
and dried under vacuum to obtain the desired complexes in high
yields. Complementary in situ NMR experiments showed that the o-
carboranylmethanols react immediately after they are mixed with the
cobalt salt with >99% conversion into the corresponding complex,
based on the free ligand signals. For such experiments, 1a−e or 2a−e
(ca. 20.0 mg) were dissolved in [D6]acetone (0.250 mL) in an NMR
tube and then an [D6]acetone solution with 0.5 equiv of CoCl2·6H2O
was added at room temperature. The experiments were followed by
NMR (1H and 11B NMR) after observing that the initial blue solution
turned to bright blue.

Synthesis of cis-CoCl2[(2-pyridine)(o-carboranyl)methanol]2, 3a.
The general procedure was followed using (2-pyridine)(o-carboranyl)-
methanol (1a). Complex 3a was obtained as a light violet solid (19.4
mg, 0.031 mmol, 88%). Violet crystals suitable for X-ray diffraction
determinations were obtained by slow evaporation of the solvent of
the reaction mixture (acetone or ethanol) previously filtered through
Celite. The violet crystals corresponding to the methanol solvate
3a·2MeOH were obtained from a concentrated methanol solution of
the complex (i.e., 0.15 M) left in a closed vial at RT during 1−2 days.
1H and 13C NMR spectra showed a few very broad and noisy signals.
11B NMR (96 MHz, [D6]acetone) δ −3.24 (br d, J = 164 Hz, 2B),
−10.09 (br m, 8B). FTIR (in KBr): νOH = 3137; νCH = 3048 (cluster);
νCH = 2932, 2802, 2725 2570; νBH = 2617, 2578, 2589; 1608−500
other signals. Elemental Analysis for C16H34B20Cl2CoN2O2 (M: 632.51
g/mol): calculated C 30.38%, H 5.42%, N 4.43%; found C 30.45%, H
5.34%, N 4.36%.

Synthesis of CoCl2[(3-pyridine)(o-carboranyl)methanol]2, 3b. The
general procedure was followed using (3-pyridine)(o-carboranyl)-
methanol (1b). Complex 3b is obtained as a bright blue solid (17.0
mg, 0.027 mmol, 85%). Blue crystals suitable for X-ray diffraction deter-
minations were obtained by slow evaporation of the reaction solvent. 1H
NMR (300 MHz, [D6]acetone): δ 148 (br s; 1H, H2), 140 (br s; 1H,
H6), 41.11 (s, 1H; H5), 8.67 (s; H4),28 6.12 (s, 1H; OH), 4.51 (s, 1H;
CHOH), 3.34 (s, 1H; CclusterH).

1H{11B} NMR (300 MHz, [D6]-
acetone), only the new signals due to B−H protons are listed: δ 2.54 (br
s, 2H), 2.11 (s, 2H), 1.86 (s, 1H), 1.63 (s, 1H), 1.46 (s, 1H), 1.35 (br s,
1H), −1.68 (br s, 1H). 13C{1H} NMR (75 MHz, [D6]acetone): δ 534.6
(br s; C2), 526.6 (br s; C6), 282 (s; C3 or C5), 263 (s; C5 or C3),
137.80 (s; C4), 120.30 (s; CHOH), 86.90 (s; Ccluster), 62.59 (s; Ccluster).
11B NMR (96 MHz, [D6]acetone): δ −4.19 (d, J = 85.5 Hz, 2B), −9.41
(br s, 2B), −11.87 (br s, 2B), −13.33 (d, J = 77.0 Hz, 4B). FTIR (in
KBr): νOH = 3371; νCH = 3081 (cluster); νCH = 2976, 2929, 2898, 2872;
νBH = 2613, 2578; 1608−500 other signals. Elemental Analysis for
C16H34B20Cl2CoN2O2·0.25ether (M: 651.04 g/mol): calculated C
31.36%, H 5.65%, N 4.30%; found C 31.88%, H 5.55%, N 4.32%.

Synthesis of CoCl2[(4-pyridine)(o-carboranyl)methanol]2, 3c. The
general procedure was followed using (4-Ppyridine)(o-carboranyl)-
methanol (1c). Complex 3c is obtained as a bright blue solid (darker
than 3b) (19.5 mg, 0.031 mmol, 88%). Crystallization processes using
different solvents and mixtures led to bright blue crystals, but they
were not suitable for XRD measurements. 1H NMR (300 MHz,
[D6]acetone): δ 146 (br s, 2H; H2, H6), 40.14 (s, 2H; H3, H5), 5.00
(br s, 1H; OH), 4.31 (s, 1H; CHOH), 3.54 (br s, 1H; CclusterH).
1H{11B} NMR (300 MHz, [D6]acetone), only the new signals due to
B−H protons are listed: δ 1.67 (br s, 1H), 1.56 (br s, 1H), 1.47 (br s,
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2H), 1.30 (br s, 1H), 1.21−1.04 (br m, 1H), 0.90 (br d, 2H), −0.85
(br s, 1H). 13C{1H} NMR (75 MHz, [D6]acetone): δ 535.47 (br s;
C2, C6), 291.77 (br s; C3, C5), 130.47 (s; C4), 78.09 (s; CHOH),
75.13 (s; Ccluster), 60.59 (s, Ccluster).

11B NMR (96 MHz, [D6]acetone):
δ −4.08 (br s, 2B), −9.44 (d, J = 77 Hz, 2B), −12.89 (br s, 6B).
FTIR (in KBr): νOH = 3355; νCH = 3084 (cluster); νCH = 2923, 2854;
νBH = 2588; 1615−500 other signals. Elemental Analysis for
C16H34B20Cl2CoN2O2·0.5acetone (M: 661.55 g/mol): calculated C
31.77%, H 5.42%, N 4.23%; found C 31.84%, H 5.93%, N 4.43%.
Synthesis of CoCl2[(2-quinoline)(o-carboranyl)methanol]2, 3d.

The general procedure was followed using (2-quinoline)-
(o-carboranyl)methanol (1d). Complex 3d was obtained as a green-
blue solid (12.5 mg, 0.028 mmol, 70%). Crystallization processes using
different solvents and mixtures led to the degradation of the complex
into the starting material. 1H and 13C NMR data: spectra showed a few
very broad and noisy signals. 11B NMR (96 MHz, [D6]acetone) δ −2.5
to −10.7 (very broad m). FTIR (in KBr): νOH = 3388 and ∼3100
(broad); νCH = 3068 (cluster); νCH ∼2900; νBH = 2576; 1636−660
other signals. Elemental Analysis for C12H19B10Cl2CoNO (1:1
complex, M: 431.26 g/mol): calculated C 33.42%, H 4.44%, N
3.25% and for C24H38B20Cl2CoN2O2 (1:2 complex M: 732.63 g/mol):
calculated C 39.35%, H 5.23%, N 3.82%; found C 37.20%, H 5.11%, N
3.24%. Considering that the product contains ∼36% of the 1:1
complex and ∼64% of the 1:2, the calculated obtained values are as
follows: C 37.21%, H 4.95%, N 3.61%.
Synthesis of CoCl2[(4-quinoline)(o-carboranyl)methanol]2, 3e.

The general procedure was followed using (4-quinoline)-
(o-carboranyl)methanol (1e). Complex 3e is obtained as bright light
blue solid (26.1 mg, 0.036 mmol, 89%). Bright light blue crystals
suitable for X-ray diffraction determinations were obtained by slow
evaporation of an acetone solution. 1H NMR (300 MHz, [D6]-
acetone): δ 31.40 (s, 1H, NAR−H), 19.08 (s, 1H, NAR−H), 11.92 (very
br s, 8H, NAR−H and HDO), 9.15 (s, 1H, NAR−H), 7.06 (s, 1H), 6.05
(m, 1H; OH), 5.95 (s, 1H; CHOH), 4.51 (s, 1H; CclusterH).

1H{11B}
NMR (300 MHz, [D6]acetone), only the new signals due to B−H
protons are listed: δ 2.21 (br s, 2H), 1.74 (br s, 4H), 1.46 (br s, 2H),
1.12 (s, 1H), 0.36 (s, 2H). 13C{1H} NMR (75 MHz, [D6]acetone): δ
150.86 (s), 148.33 (s), 138.64 (s) for some NAR carbons, the rest were
not observed due to the paramagnetism of the sample, 81.42 (s;
CHOH), 62.25 (s; Ccluster−H) the other Ccluster is not observed due to
the low intensity. 11B NMR (96 MHz, [D6]acetone): δ −2.7 to −4.2
(m, 2B), −6.60 to −16.61 (m, 8B). FTIR(ATR): νOH = 3390 (br);
νBH = 2577; 1590−650 other signals. Elemental Analysis for
C24H38B20Cl2CoN2O2 (M: 732.63 g/mol): calculated C 39.35%, H
5.23%, N 3.82%; found C 40.37%, H 6.07%, N 3.37%. The calculated
values considering about 0.5 molecules of acetone per complex are as
follows: C 40.21%, H 5.43%, N 3.68%.
Synthesis of CoCl2[(2-pyridine)(methyl-o-carboranyl)methanol]2,

4a. The general procedure was followed using (2-pyridine)(methyl-o-
carboranyl)methanol (2a). Complex 4a was obtained as violet-blue
solid (18.5 mg, 0.028 mmol, 80%). Crystallization processes using
different solvents and mixtures led to the degradation of the complex
into the starting material. 1H and 13C NMR data: spectra showed a few
very broad and noisy signals. 11B NMR (96 MHz, [D6]acetone) δ 1
to −15 (m br d). FTIR (ATR): νOH = 3353; νCH = 3031, 3032; νBH =
2672, 2628, 2594, 2568, 2546; 1593−500 other signals. Elemental
Analysis for C18H38B20Cl2CoN2O2·1ether (M: 706.63 g/mol):
calculated C 33.99%, H 6.28%, N 3.96%; found C 33.48%, H 6.05%,
N 3.80%.
Synthesis of CoCl2[(3-pyridine)(methyl-o-carboranyl)methanol]2,

4b. The general procedure was followed using (3-pyridine)(methyl-o-
carboranyl)methanol (2b). Complex 4b is obtained as a bright light
blue solid (22.9 mg, 0.035 mmol, 87%). Crystallization processes using
different solvents and mixtures led to the degradation of the complex
into the starting material. 1H NMR (300 MHz, [D6]acetone): δ
151.16−132.90 (m, 2H; 1H, H6), 40.70 (s, 1H; H5), 8.54 (s, 1H, H4),
5.78 (s, 1H, OH), 5.33 (s, 4H, HDO), 3.56 (s, 1H, CHOH), 2.62 (s,
3H, CH3).

1H{11B} NMR (300 MHz, [D6]acetone), only the new
signals due to B−H protons are listed: δ 2.48 (s, 2H), 2.36 (s, 3H),
1.33 (s, 2H), 1.20 (s, 2H), −2.41 (s, 1H). 13C{1H} NMR (75 MHz,

[D6]acetone): δ 525.76 and 297 (very br s), 136.25 (s), and 122.14 (s)
NAR carbons, 91.11 (s, CHOH), 79.00 (s, Ccluster), 64.11 (s, Ccluster),
25.00 (s, CH3).

11B NMR (96 MHz, [D6]acetone): δ −2.45 (d, J =
139.9 Hz, 2B), −6.19 (d, J = 207.6 Hz, 2B), −6.64 to −14.43 (m, 4B).
FTIR (in KBr): νOH = 3356; νCH = 2962, 2910, 2858; νBH = 2579(b);
1608−500 other signals. Elemental Analysis for C18H38B20Cl2CoN2O2
(M: 660.57 g/mol): calculated C 32.73%, H 5.80%, N 4.24%; found C
32.58%, H 5.89%, N 4.22%.

Synthesis of CoCl2[(4-pyridine)(methyl-o-carboranyl)methanol]2,
4c. The general procedure was followed using (4-pyridine)(methyl-o-
carboranyl)methanol (2c). Complex 4c is obtained as a bright blue
solid (23.7 mg, 0.036 mmol, 90%). Blue crystals suitable for X-ray
diffraction determinations were obtained by slow evaporation of the
reaction solvent. For this complex, it was possible to obtain crystals
using acetone or ethanol, and in both cases 4c crystallized as a solvate.
1H NMR (300 MHz, [D6]acetone): δ 146.20 (br s, 2H; H3, H5),
40.98 (s, 2H; H2, H6), 5.93 (br s, 4H; HDO), 5.29 (br s, 1.3H; OH),
5.05 (s, 1H; CH), 2.66 (s, 2.6H; CclusterMe). 1H{11B} NMR (300
MHz, [D6]acetone), only the new signals due to B−H protons are
listed: δ 1.67 (br s, 1H), 1.56 (br s, 1H), 1.47 (br s, 2H), 1.30 (br s,
1H), 1.21−1.04 (br m, 1H), 0.90 (br d, 2H), −0.85 (br s, 1H). 13C
NMR (75 MHz, [D6]acetone): δ 527.13 (br s; C3, C5), 286.04 (br s;
C2, C6), 131.72 (s; C1), 78.75 (s; CclusterMe), 77.07 (s; Ccluster), 75.26
(s, CHOH), 24.43 (s, Me). 11B NMR (96 MHz, acetone): δ −3.40 (br
s, 2B), −6.93 (d, 2B), −11.6 (br s, 6B). FTIR (ATR): νOH = 3390,
3234; νCH = 3089, 2933, 2816; νBH = 2572(b); 1693−500 other
signals. Elemental Analysis for C18H38B20Cl2CoN2O2 (M: 660.57 g/
mol): calculated C 32.73%, H 5.80%, N 4.24%; found C 32.97%, H
5.77%, N 3.84%.

Synthesis of CoCl2[(2-quinoline)(methyl-o-carboranyl)methanol],
4d. The general procedure was followed using (2-quinoline)(methyl-o-
carboranyl)methanol (2d). Complex 4d was obtained as green-brown
solid (12.5 mg, 0.028 mmol, 70%). Crystallization processes using
different solvents and mixtures led to the degradation of the com-
plex into the starting material. Elemental analysis confirmed that the
stechiometry of the complex corresponds to 1:1 assuming a tetrahedral
geometry. 1H and 13C NMR data: spectra showed a few very broad
and noisy signals. 11B NMR (96 MHz, [D6]acetone) δ −2.24 (d, J =
146.6 Hz, 1B), −5.06 (d, J = 157.6 Hz, 1B), −8.86 (m, 8B). FTIR (in
KBr): νOH = 3523 and 3399; νCH = 3100 (cluster); νBH = 2583; 1620−
500 other signals. Elemental Analysis for C13H21B10Cl2CoNO (1:1
complex, M: 445.26 g/mol): calculated C 35.07%, H 4.75%, N 3.15%;
found C 34.98%, H 4.76%, N 3.15%.

Synthesis of CoCl2[(4-quinoline)(methyl-o-carboranyl)methanol]2,
4e. The general procedure was followed using (4-quinoline)(methyl-o-
carboranyl)methanol (2e). Complex 3e is obtained as a bright blue-
green solid (27.1 mg, 0.036 mmol, 89%). Aquamarine crystals suitable
for X-ray diffraction determinations were obtained by slow evaporation
of an acetone solution. 1H NMR (300 MHz, [D6]acetone): δ 108.16
(s, 1H, NAR−H), 28.78 (s, 1H, NAR−H), 18.02 (s, 1H), 10.00 (br s,
7H, HDO), 7.05 (s, 2H, NAR−H), 6.19 (s, 1H, OH), 5.65 (s, 1H,
CHOH), 1.83 (3H, CH3).

1H{11B} NMR (300 MHz, [D6]acetone),
only the new signals due to B−H protons are listed: δ 2.70 (s, 2H),
1.76 (s, 2H), 1.51 (s, 1H), 1.30 (s, 1H), 0.88 (br s, 1H), −0.16 (br s,
1H). 13C{1H} NMR (75 MHz, [D6]acetone): δ 165.62 (s), 146.84 (s),
144.92 (s), and 140.05 (s) NAR carbons, 83.41 (s; CHOH), 76.10 (s;
Ccluster), 67.93 (s; Ccluster), 25.1 (s, CH3).

11B NMR (96 MHz,
[D6]acetone): δ −3.5 (m, 2B), −9.41 (br s, 2B), −10 (m, 8B). FTIR
(ATR): νOH = 3520 and 3390; νCH = 3159−2996; νBH = 2617,
2576(b); 1576−500 other signals. Elemental Analysis for
C26H42B20Cl2CoN2O2 (M: 760.68 g/mol): calculated C 41.05%, H
5.57%, N 3.68%; found C 40.72%, H 5.78%, N 3.29%.

Synthesis of CoCl2[(4-Pyridine)(o-carboranyl)methanol]4, 5. An
acetone solution (0.25 mL) of CoCl2 anhydrous (0.04 mmol, 5.2 mg)
was added dropwise to a stirred acetone solution (0.25 mL) of ligand
2c (0.1 mmol, 25.1 mg). The blue solution turned bright blue. After
ca. 30 min the solvent was partially evaporated and left at 5°. Light
pink plates suitable for XRD analysis were collected after one week.
NMR experiments were run in a reaction performed in situ in the
NMR tube. 1H NMR (300 MHz, [D6]acetone): δ 70.07 (br s, ∼2H;
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H2, H6), 22.19 (s, ∼2H; H3, H5), 5.74 (br s, 1H; OH), 4.92 (s, 1H;
CHOH), 4.20 (br s, 1H; CclusterH), 3.77 (drs, HDO). 1H{11B} NMR
(300 MHz, [D6]acetone), only the new signals due to B−H protons
are listed: 2.00 (br s, 1H), 1.88 (br s, 2H), 1.80 (br s, 2H), 1.69 (br m,
2H), 1.58 (br d, 2H), 0.36 (br s, 1H). 13C{1H} NMR (75 MHz,
[D6]acetone): δ 312.01 (br s; C2, C6), 216.91 (br s; C3, C5), 141.04
(s; C4), 77.88 (s; CHOH), 75.50 (s; Ccluster), 60.74 (s, Ccluster).

11B
NMR (96 MHz, [D6]acetone): δ −3.54 (2B), −9.93 (m, 8B).
Synthesis of Complex 6 and Its Oxidation to 7. Under inert

atmosphere, a freshly distilled methanol solution of ButOK (7.1 mg,
0.063 mmol in 0.3 mL) was added to a methanol solution of 4a
(20 mg, 0.032 mmol, in 0.3 mL). The initial pink solution turned red
after the addition of the base and then darkened until obtainment of a
final red wine color. Then, a fine white solid corresponding to KCl was
observed and separated from the reaction mixture by centrifugation.
After partial evaporation of the solvent, complex 6 was obtained from
the supernatant as a light violet solid. The product was separated by
centrifugation and washed with water to discard possible soluble salt
impurities (0.019 mmol, 10.7 mg, 60%). FTIR (ATR): νCH = 3070;
νBH = 2568; 1604−500 other signals. Complex 7 was obtained by
leaving complex 6 in acetone solution for several days or weeks under
air. Bright blue crystals suitable for X-ray diffraction studies were
obtained for 7. Several attempts repeatedly gave a few such a crystals
after a long time in solution, which accounts for the slow oxidation
process. Three X-ray determinations on such blue crystals from
different reactions confirmed them to be 7.
UV−Visible Experiments for 3a. The temperature dependent

equilibrium involving octahedral and tetrahedral species derived from
3a was monitored by UV−visible spectrophotometry. A methanol
solution of the complex was placed in a screw capped cuvette, and the
spectra were taken at different temperatures (form 75° to 5°). Visible
bands around 535 nm are associated with an octahedral geometry, and
the bands around 664 nm are associated with a tetrahedral one. The
electronic spectrum of the deep blue solution of 3a in acetone was
recorded in order to confirm the presence of the peaks associated with
a tetrahedral geometry.29

Transformation of 3a into 3a·2MeOH. A polycrystalline dry
sample of complex 3a (100 mg) was exposed to vapors of methanol
for 7 days. The quantitative formation of 3a·2MeOH was assessed by
comparing the X-ray powder diffraction pattern of the crystalline
product with the spectrum calculated on the basis of the single-crystal
structure.
Single Crystal Studies. Single crystal intensity data for 3a, 3b, 3e,

4c, 4e, 5, and 6 were collected at 120 K on a Bruker Nonius
KappaCCD area detector mounted at the window of a rotating Mo
anode (λ(Mo Ka) = 0.71073 Å) (Table S2 of the Supporting
Information). Data collection and processing were performed using
the programs COLLECT30 and DENZO,31 and a multiscan absorp-
tion correction was applied using SADABS.32 Data for 3a·MeOH and
7 were collected at 100 K on a Rigaku AFC12 goniometer equipped
with an enhanced sensitivity (HG) Saturn724+ detector mounted at
the window of an FR-E+ SuperBright molybdenum rotating anode
generator (λ(Mo Ka) = 0.71073 Å) with HF Varimax optics (100 μm
focus). Data collection and processing, including a multiscan absorp-
tion correction, were performed using CrystalClear.33 The structures
were solved via direct methods34 and refined by full matrix least-
squares35 on F2. 3a contains solvent accessible voids of ca. 192 Å3 that
consist of well-defined channels running along the c axis; electron
density difference maps show these contain disordered solvent (pro-
bably ethanol) that was treated using the Squeeze algorithm.36 3b
exhibits probable rotational disorder of the carborane cage, resulting in
excessively anisotropic thermal parameters; isotropic restraints were
applied. The crystal quality of 4c was poor, and voids contained many
small electron density peaks that could not be adequately modeled
as solvent and were treated using the Squeeze algorithm.35 In 4e, one
of the carborane cages is disordered, and similarity restraints, with
reference to the first molecule, were applied to the geometry and
thermal parameters. The crystals of 5 were nonmerohedrally twinned,
and attempts at deconvolution failed.

Magnetic Determinations. Magnetic susceptibility measure-
ments of 3a were performed between 2 and 300 K and carried out
in a SQUID magnetometer Quantum Design Magnetometer, model
MPMP, at the “Unitat de Mesures Magnet̀iques (Universitat de
Barcelona)”. Two different magnetic fields were used for 3a, 0.03 T
(2−30 K) and 1.0 T (2−300 K), with superimposable graphs. 3b and 3c
were measured between 5 and 300 K using a 0.05 T field in a SQUID
magnetometer model MPMS XL-7T at the ICMAB Low Temperatures
and Magnetometry Service Laboratory. Pascal’s constants were used to
estimate the diamagnetic corrections for all three compounds 3a−3c.
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