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ABSTRACT: Chloride ion-aided one-pot template self-
assembly of a mixed pyrazoloxime ligand with phenylboronic
acid on a corresponding metal(II) ion as a matrix afforded the
first boron-capped zinc, cobalt, iron, and manganese
pseudoclathrochelate tris-pyrazoloximates. The presence of a
pseudocross-linking hydrogen-bonded chloride ion is critical
for their formation, as the same chloride-capped complexes
were isolated even in the presence of large excesses of bromide
and iodide ions. As revealed by X-ray diffraction, all complexes
are capped with a chloride ion via three N−H···Cl hydrogen
bonds that stabilize their pseudomacrobicyclic frameworks.
The MN6 coordination polyhedra possess a distorted trigonal
prismatic geometry, with the distortion angles φ between their
nonequivalent N3 bases of approximately 0°. Temperature dependences of the effective magnetic moment for the paramagnetic
complexes showed the encapsulated metal(II) ions to be in a high-spin state in the temperature range of 2−300 K. In the case of
the iron(II) pseudoclathrochelate, density functional theory (DFT) and time-dependent DFT calculations were used to assess its
spin state as well as the 57Fe Mössbauer and UV−vis−NIR parameters. Cyclic voltammetry studies performed for these
pseudomacrobicyclic complexes showed them to undergo irreversible or quasi-reversible metal-localized oxidations and
reductions. As no changes are observed in the presence of a substantial excess of bromide ion, no anion-exchange reaction occurs,
and thus the pseudoclathrochelates have a high affinity toward chloride anions in solution.

1. INTRODUCTION
Most of the known cage metal complexes with polyazomethine
quasi-aromatic macrobicyclic frameworks (clathrochelates,1

Scheme 1, 1 and 2) have been synthesized via one-pot self-
assembly of corresponding chelating ligands and capping
(cross-linking) agents on a metal ion as a matrix. In case of
symmetric ligands with equivalent donor groups, this allowed
obtaining clathrochelate complexes mainly with the same apical
tripodal moieties and chelate ribbed fragments. At the same
time, the use of ligands with substantially nonequivalent donor
fragments (and, therefore, with different reactivity) made it
possible to synthesize a variety of polytopic and hybrid
molecular and supramolecular systems by their stepwise
assembling. A wide range of clathrochelates has been thus
obtained, starting from oximehydrazonate ligands with non-
equivalent oxime and hydrazone donor groups2 using their
different reactivity for the above stepwise synthesis. In
particular, template condensation of oximehydrazones with

corresponding Lewis acids (i.e., boron-,2a−c,g,j−m tin-,2e

germanium-,2f,h and antimony-containing2d cross-linking
agents) afforded semiclathrochelate complexes; condensation
with active carbonyl-containing agents via their reactive
hydrazonate donor groups gave the target clathrochelates
with 1,3,5-triazacyclohexane capping fragment (Scheme 1, 2).
Recently, hybrid dioximatopyrazoloximate macrocyclic and

macrobicyclic (clathrochelatoscorpionate) complexes (Scheme
1, 3 and 4, respectively), the derivatives of a mixed
pyrazoloxime ligand PzOxH, were synthesized;3 however,
their properties are mainly governed by two α-benzyldioximate
chelate fragments. Here we describe the first boron-capped
metal tris-pyrazoloximates with an unusual pseudomacrobicy-
clic encapsulating ligand (Scheme 1, 5).
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2. EXPERIMENTAL SECTION
Materials and Physical Measurements. The reagents used,

FeCl2·4H2O, CoCl2·6H2O, MnCl2·4H2O, anhydrous ZnCl2, phenyl-
boronic acid, sorbents, organic bases, and solvents, were obtained
commercially (SAF). The pyrazoloxime ligand PzOxH was prepared as
described in reference 3.
Analytical data (C, H, N contents) were obtained with a Carlo Erba

model 1106 microanalyzer.
MALDI-TOF mass spectra were recorded using a MALDI-TOF-MS

Bruker Autoflex II (Bruker Daltonics) mass spectrometer in reflecto-
mol mode. The ionization was induced by UV-laser with wavelength
337 nm. The samples were applied to a nickel plate, and 2,5-
dihydroxybenzoic acid was used as the matrix. The accuracy of
measurements was 0.1%.
Infrared (IR) spectra of the solid samples (KBr tablets) in the range

of 400−4000 cm−1 were recorded with a Perkin-Elmer FT-IR
Spectrum BX II spectrometer.
Ultraviolet−visible (UV−vis) spectra of solutions in dichloro-

methane were recorded in the range of 230−900 nm with a Lambda 9
Perkin-Elmer spectrophotometer. The individual Gaussian compo-
nents of these spectra were calculated using the SPECTRA program.
Visible−near-IR (vis−NIR) spectra of solutions in chloroform were
recorded in the range of 700−2500 nm with Tensor 37 Bruker FT-
and Jasco V-670 spectrophotometers.

1H and 13C NMR spectra were recorded from CD2Cl2 and CDCl3
solutions with a Bruker Avance 600 spectrometer. The measurements
were done using the residual signals of deuterated solvents (CD2Cl2:
1H 5.32 ppm, 13C 53.8 ppm; CDCl3:

1H 7.25 ppm, 13C 77.0 ppm).
57Fe Mössbauer absorption spectra of the iron complex were

recorded at 77 and 298 K using a NP-255 spectrometer (Hungary)
with a constant acceleration mode and a symmetrical triangular change
in the velocity of a γ-quantum source (57Co in a rhodium matrix with
an activity equal to 5 mCu and with a line emission width equal to 0.11
mm s−1). The spectra were collected with a 511-multichannel analyzer.
The speed scale of the spectrometer was calibrated using the spectrum
of sodium nitroprusside as a standard. The isomeric shift (IS) value
was obtained relative to the center of this spectrum.
Cyclic voltammetry (CV) experiments were carried out in

dichloromethane solutions with 0.1 M ((n-C4H9)4N)(BF4) as
supporting electrolyte, using a model Parstat 2273 (Prinston Applied
Research, USA) potentiostat with a conventional and one-compart-
ment three-electrode cell (10 mL of solution). A platinum disk
electrode with an active surface area of 0.125 cm2 was used as a
working electrode. The electrode was thoroughly polished and rinsed
before measurements. A platinum counter electrode and standard Ag/
AgCl/KClaq reference electrode (RE) were applied. All solutions were
thoroughly de-aerated by passing argon through the solution before
the CV experiments and above the solution during the measurements.
The magnetic susceptibility of the polycrystalline samples was

measured with a Quantum Design MPMSXL SQUID magnetometer

in the temperature range of 2−300 K, with magnetic field of up to 5
kOe. None of complexes exhibited any field dependence of molar
magnetization at low temperatures. The diamagnetic corrections were
made using the Pascal constants. The effective magnetic moment was
calculated as μeff(T) = [(3k/NAμB

2)χT]1/2 ≈ (8χT)1/2.
Single-Crystal X-ray Analysis. Single crystals of the complexes

[Fe(PzOx)3(BC6H5)]Cl·C2H5OH and [Mn(PzOx)3(BC6H5)]Cl·
C2H5OH were grown at room temperature (r.t.) from a dichloro-
methane−hexane−ethanol mixture; those of the pseudoclathrochelate
[Co(PzOx)3(BC6H5)]Cl·CHCl3 and [Zn(PzOx)3(BC6H5)]Cl·CHCl3
were grown from a chloroform−hexane mixture. The intensities of
reflections were measured at 100(2) K with a Bruker Apex II CCD
diffractometer using graphite monochromated Mo Kα radiation (λ =
0.71073 Å). Transmission coefficients were determined using the
SADABS program.4 The structures were solved by the direct method
and refined by full-matrix least-squares against F2. Non-hydrogen
atoms were refined in anisotropic approximation. The unit cell of the
crystal [Fe(PzOx)3(BC6H5)]Cl·C2H5OH contains highly disordered
solvate ethanol molecules, which were treated as a diffuse contribution
to the overall scattering without specific atom positions by
SQUEEZE/PLATON;5 the chemical formula, formula weight, and
density were calculated, taking the solvate molecules into account. The
solvate ethanol molecules in the crystal [Mn(PzOx)3(BC6H5)]Cl·
C2H5OH were refined with fixed C−O and C−C distances. Positions
of the H(C) atoms were calculated geometrically, and those of H(N)
atoms were located on Fourier maps. Hydrogen atoms were included
in the refinement by the riding model with Uiso(H) = nUeq(C), where
n = 1.5 for methyl groups and 1.2 for the other atoms. All calculations
were made using the SHELXTL PLUS 5 program package.6 The
crystallographic data and experimental details are listed in Table S1
(see Supporting Information).

Computational Details. All computations were performed using
Gaussian 09 software package running under Windows or UNIX OS.7

Molecular orbital (MO) contributions were compiled from single-
point calculations, using the QMForge program.8 In all geometry
optimizations and single-point calculations, the hybrid B3LYP
exchange-correlation functional9 was used. To account for the
electrostatic contribution of chloride counterion to the density
functional theory (DFT)-predicted 57Fe Mössbauer spectral parame-
ters, all computational work was conducted on the neutral ion pair. In
geometry optimizations, X-ray diffraction data for the complex
[Fe(PzOx)3(BC6H5)]Cl were used as a starting point with standard
6-311++G(2d) basis set for chloride anion10 to ensure an accurate
description of cation−anion interactions. Wachter’s full-electron basis
set11 was used for the iron atom, while the 6-311G(d) basis set12 was
employed for all other atoms during geometry optimization. All three
possible spin states (s = 2, s = 1, and s = 0) of this
pseudoclathrochelate were considered during the geometry optimiza-
tion. Default convergence criteria for the geometry optimization were
used as implemented into the Gaussian 09 program.7 Although all
three geometry optimizations were carried out without any symmetry

Scheme 1. Some Cage Complexes and Their Macrocyclic and Pseudomacrobicyclic Analogs
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restraints, in all cases the geometries converged to Cs point group. In
the case of the high-spin state (s = 2), DFT-optimized geometry was in
a good agreement with the experimental X-ray diffraction data (see
Supporting Information, Table S3). The vibronic frequencies were
calculated for all optimized geometries to ensure convergence to a
local minimum on the potential energy surface. In the case of single-
point calculations, the Wachter’s full-electron basis set11 was
decontracted as previously described12,13 to facilitate an accurate
electron density description at the iron center. DFT-predicted ISs for
the optimized geometries with s = 2, s = 1, and s = 0, as well as that of
the X-rayed complex with s = 2, were obtained from the electron-
density values at the iron nucleus and calculated using the calibration
equations as described previously by Hadt and Nemykin.13 Quadru-
pole splitting value QS and symmetry parameter η were calculated
directly from the electric field gradient (EFG) values of tensor
components using the following equations: QS = 1/2 e Q Vzz (1 + η2/
3)1/2 and η = (Vxx − Vyy)/Vzz, using constants described earlier.13 A
combination of the Wachter’s full-electron basis set for iron atom(s)
and the 6-311G(d) basis set11,12 for all other atoms was used for the
time-dependent (TD) DFT calculations. TDDFT calculations were
conducted for the geometrically optimized structure of the complex
[Fe(PzOx)3(BC6H5)]Cl (s = 2) for the first 50 excited states to ensure
that all charge-transfer (CT) transitions of interest were calculated.
Only positive excitation energies were found in the TDDFT
calculations, suggesting that the self-consistent field (SCF) solution
represented the ground state.
Syntheses. [Co(PzOx)3(BC6H5)]Cl. Pyrazoloxime PzOxH (2.5 g, 20

mmol) and phenylboronic acid (1.17 g, 7.3 mmol) were dissolved in
dry ethanol (20 mL) with intensive stirring under argon, and CoCl2·
6H2O (1.58 g, 6.7 mmol) and NaHCO3 (0.57 g, 6.7 mmol) were
added. The reaction mixture was refluxed for 30 min and cooled to r.t.,
and the dark-orange precipitate formed was filtered off. The precipitate
was washed with ethanol, diethyl ether, and hexane and dried in vacuo.
The orange pseudoclathrochelate product was extracted from this solid
with dichloromethane; the dichloromethane solution obtained was
filtered off and rotary evaporated to dryness. Yield: 3.9 g (75%). Anal.
Calcd for C21H23N9O3BClCo (%): C, 45.47; H, 4.18; N, 22.73. Found
(%): C, 45.32; H, 4.07; N, 22.54. 1H NMR (CD2Cl2) δ 268.75 (br. s,
3H, NH), 85.08 (br. s, 3H, 5-Pz), 75.56 (br. s, 2H, ortho-Ph), 33.06
(br. s, 2H, meta-Ph), 28.26 (br. s, 1H, para-Ph), −7.46 (br. s, 3H, 4-
Pz), −14.25 (br. s, 9H, CH3).

13C NMR (CD2Cl2) δ 827.4 (br. s, 5-
Pz), 291.3 (s, CH3), 288.7 (br.s, 4-Pz), 218.9 (s, ortho-Ph), 210.2 (s,
ipso-Pz), 188.7 (br. s, ipso-Ph), 169.6 (s, meta-Ph), 159.1 (s, para-Ph),
−436.2 (s, CH3−CN). MS (MALDI-TOF) m/z (I, %): 395 (100)
[M−PzOx−Cl−]+, 519(40) [M−Cl−] +. IR (KBr) ν/cm−1: 915, 936,
977, 1069, 1090, 1115, 1165 ν(N−O), 1217−1238m ν(B−O), 1530
{ν(CN) + ν(CC), Pz}, 1563, 1571 {ν(CN), Ox}, 1645m
{ν(CN) + ν(CC), Pz}. UV−vis (CH2Cl2): λmax/nm (ε × 10−3

mol−1 L cm−1) 247 (17), 261 (11), 283 (6.7), 317 (2.6), 346 (0.4),
434 (0.2), 486 (0.01). NIR (CHCl3) λmax/nm (ε, mol−1 L cm−1) 1081
(7.1).
[Fe(PzOx)3(BC6H5)]Cl. This complex was obtained like the previous

one except that FeCl2·4H2O (1.33 g, 6,7 mmol) was used instead of
CoCl2·6H2O. Yield of the light-yellow fine-crystalline product was 2.12
g (64%). Anal. Calcd for C21H23N9O3BClFe (%): C, 45.73; H, 4.20; N,
22.85. Found (%): C, 45.65; H, 4.07; N, 22.74. 1H NMR (CDCl3) δ
49.91 (br. s, 9H, CH3), 42.71 (br. s, 3H, HCCH), 27.33 (br. s, 3H,
NH), 23.73 (br. s, 3H, HCCH), 6.88, 6.41 (all br. s, 5H, Ph). 13C
NMR (CD2Cl2) δ 784.80 (s, 5-Pz), 326.15 (s, ipso-Pz), 286.38 (s, 4-
Pz), 152.83 (s, CH3), 145.17 (s, ortho-Ph), 130.42(s, meta-Ph), 125.38
(s, para-Ph), 69.36 (br. s, ipso-Ph), −310.32 (s, CH3−CN). MS
(MALDI-TOF) m/z (I, %): 392(100) [M−PzOx−Cl−]+, 516(75)
[M−Cl−] +. IR (KBr) ν/cm−1: 939, 974, 1068, 1086, 1115, 1163
ν(N−O), 1215m ν(B−O), 1533 {ν(CN) + ν(CC), Pz}, 1568
{ν(CN), Ox}, 1649 {ν(CN) + ν(CC), Pz}. UV−vis
(CH2Cl2): λmax/nm (ε × 10−3 mol−1 L cm−1) 247 (19), 260 (5.2),
264 (1.5), 296 (5.4), 326 (0.7), 369 (0.4). NIR (CHCl3) λmax/nm (ε ×
10−3 mol−1 L cm−1) 905 (0.005). 57Fe Mössbauer spectra (mm s−1): IS
= 1.232, QS = 3.447 (298 K); IS = 1.351, QS = 4.141 (77 K).

[Zn(PzOx)3(BC6H5)]Cl. This complex was obtained like the
pseudomacrobicycle [Co(PzOx)3(BC6H5)]Cl, except that anhydrous
ZnCl2 (0.92g, 6.7 mmol) was used instead of CoCl2·6H2O. Yield of
the white fine-crystalline product was 2.63g (75%). Anal. Calcd for
C21H23N9O3BClZn (%): C, 44.95; H, 4.13; N, 22.47. Found (%): C,
44.85; H, 3.95; N, 22.34. 1H NMR (CDCl3) δ 14.71 (s, 3H, NH), 7.79
(m, 2H, ortho-Ph), 7.79 (s, 3H, 5-Pz), 7.33 (m, 2H, meta-Ph), 7.33 (m,
1H, para-Ph), 6.51 (s, 3H, 4-Pz), 2.31 (s, 9H, CH3).

13C NMR
(CDCl3) δ 147.79 (s, CH3−CN), 147.15 (s, ipso-Pz), 140.00 (br. s,
ipso-Ph), 132.30 (s, ortho-Ph), 132.20 (s, 5-Pz), 127.43 (s, meta-Ph),
127.24 (s, para-Ph), 103.56 (s, 4-Pz), 11.72 (s, CH3). MS (MALDI-
TOF) m/z (I, %): 437 [M−PzOx]+, 525(5) [M−Cl−] +. IR (KBr) ν/
cm−1: 945, 977, 1071, 1092, 1113, 1165 ν(N−O), 1215−1235m ν(B−
O), 1541 {ν(CN) + ν(CC), Pz}, 1560, 1577 {ν(CN), Ox},
1653 {ν(CN) + ν(CC), Pz}. UV−vis (CH2Cl2): λmax/nm (ε ×
10−3 mol−1 L cm−1) 246 (16), 254 (14), 268 (7.2), 289 (7.0), 303
(1.6).

[Mn(PzOx)3(BC6H5)]Cl. This complex was obtained like the
pseudomacrobicycle [Co(PzOx)3(BC6H5)]Cl one, except that
MnCl2·4H2O (1.33g, 6.7 mmol) was used instead of CoCl2·6H2O.
Yield of the yellowish fine-crystalline product was 2.83g (82%). Anal.
Calcd for C21H23N9O3BClMn (%): C, 45.75; H, 4.18; N, 22.87. Found
(%): C, 45.64; H, 4.34; N, 22.69. 1H NMR (CDCl3) δ 67.32 (br. s,
3H, NH), 40.29 (br. s, 3H, Pz), 27.50 (br. s, 3H, Pz), 7.36 (br. s, 5H,
Ph), 2.15 (br. S, 9H, CH3).

13C NMR (CDCl3) δ 207.09 (s, Pz),
144.89 (s, Pz), 130.93, 128.04, 127.32 (all s, Ph), 31.01 (s, CH3). MS
(MALDI-TOF) m/z: 515 [M−Cl−] +. IR (KBr) ν/cm−1: 935, 947,
974, 1069, 1085, 1113, 1161 ν(N−O), 1212−1229m ν(B−O), 1526
{ν(CN) + ν(CC), Pz}, 1562, 1580 {ν(CN), Ox}, 1654
{ν(CN) + ν(CC), Pz}. UV−vis (CH2Cl2): λmax/nm (ε × 10−3

mol−1 L cm−1) 246 (12), 261 (18), 280 (9.9), 296 (5.4), 307 (3.3),
371 (0.028), 419 (0.025), 476 (0.009).

3. RESULTS AND DISCUSSION
Synthesis. Easy and efficient self-assembly of zinc, cobalt,

iron, and manganese(II) pseudoclathrochelates was performed
in mild conditions by one-pot template condensation of the
mixed pyrazoloxime ligand PzOxH having significantly non-
equivalent donor groups with phenylboronic acid as a capping
Lewis-acidic agent on the corresponding metal ion as a matrix
(Scheme 2); such general synthetic approach is characteristic of

the clathrochelate chemistry.1 In this case, however, hydrogen
atoms of three terminal pyrazolyl NH groups form a
pseudomacrobicyclic ligand via their hydrogen bonding with a
chloride counterion Cl−···(HN)3, thus encapsulating the
corresponding metal ion (vide infra). As a result, three
additional six-membered pseudochelate cycles are formed in a
tripodal tris-pyrazolyl fragment.
Hydrogen bonding of halogen ions with nitrogen-containing

heterocyclic groups has been widely used for halogen ion

Scheme 2. Synthesis of the Pseudoclathrochelate Metal Tris-
Pyrazoloximates
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binding, recognition, and detection.14 Indeed, we failed to
obtain the pseudomacrobicyclic complexes in the absence of
chloride ions in the reaction mixture, for example, either
starting from tetrafluoroborate salts of these metal ions or using
nonhalogen-containing ionic liquids as a solvent instead of
ethanol. Thus, the presence of the capping (cross-linking)
chloride ion is critical for their formation; the same chloride-
capped complexes were isolated even in the presence of 10 M
excesses of bromide and iodide ions. Note that, by using the 3d
metal(II) bromides instead of their chlorides, we failed to
obtain the corresponding pseudomacrobicyclic complexes in
various reaction conditions.
Spectral Studies. The complexes obtained were thoroughly

characterized using elemental analysis, MALDI-TOF mass
spectrometry, IR, UV−vis, 57Fe Mössbauer (for an iron
complex), 1H and 13C NMR spectroscopy, and SQUID
magnetometry.
The spin state of paramagnetic ions in these pseudocla-

throchelates was determined by SQUID magnetometry (see
Supporting Information, Figure S1). All the complexes were
high-spin in the temperature range of 5−300 K, with s = 3/2, 2,
and 5/2 in the case of cobalt, iron, and manganese(II)
compounds, respectively (see Supporting Information for more
details).15 The high-spin state of the encapsulated iron(II) ion
in its complex [Fe(PzOx)3(BC6H5)]Cl also follows from the
57Fe Mössbauer parameters (see Experimental Section).

Magnetic properties of these compounds can be additionally
characterized by NMR spectroscopy, allowing detailed insight
into their structure.16 As NMR signals of paramagnetic
compounds are usually significantly shifted and broadened,
the assignment of signals was not trivial, so it was assisted by
DFT calculations (see Supporting Information), which will be
published elsewhere. The NMR paramagnetic shifts depend on
both the geometry and electronic structure of a compound,17

with a dipolar mechanism of interaction leading to
pseudocontact shifts, which directly depend on purely geo-
metrical parameters, while direct contact interaction gives rise
to Fermi shifts, which are determined by spin density
delocalization. As both these mechanisms lead to similar
changes in the spectra, the differentiation between them is
usually not straightforward. In the case of the complexes
studied, the separation is relatively easy to make owing to the
remoteness of the apical substituent from the paramagnetic ion
(five and more single bonds) that reduces direct spin
delocalization on these groups, leading to the spectra
dominated by pseudocontact shifts. At the same time, for
nuclei in the chelate fragments, both the contact and
pseudocontact interactions are possible.
Surprisingly, given the structural similarities of the complexes

studied, the paramagnetic shifts in their NMR spectra (see
Supporting Information, Figures S2−S9) were governed by
very different mechanisms. The cobalt(II) complex demon-

Figure 1. General views of the pseudomacrobicyclic ionic associates [M(PzOx)3(BC6H5)]Cl {where M
2+ is (a) Zn2+, (b) Fe2+, (c) Co2+, and (d)

Mn2+} and those of their MN6-coordination polyhedra {(a,d) the side views and (b,c) the projections along their C3-pseudoaxis} given in thermal
ellipsoids drawn at p = 50%.
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strated very large values of the paramagnetic shifts of both the
chelate and the capping fragments’ nuclei, suggesting the
significant contribution of the pseudocontact mechanism.18 In
the case of the iron(II) complex, large paramagnetic shifts were
observed for the signals of the chelate fragments’ nuclei,
whereas those of the phenyl substituents are affected by the
paramagnetic metallocenter only slightly. This corresponds to
the prevalence of the contact contribution into the value of the
paramagnetic shift with a very small pseudocontact input. For
the manganese(II) complex with the electronic configuration
d5, no pseudocontact interaction is expected, so the observed
shifts are entirely due to the direct delocalization of an unpaired
electron over the polyazomethine pseudomacrobicyclic ligand,
with paramagnetic broadening not allowing us to observe the
signals of the carbon nuclei close to its encapsulated metal ion.
Thus, the magnetic properties of three paramagnetic

complexes obtained strongly depend on the nature of the
caged metal ion; the perspectives of the usage of these
complexes as paramagnetic tags and single molecular magnets
are currently under study in our groups.
IR spectra of the metal pseudomacrobicycles contain CN,

N−O, and B−O bond stretching vibrations characteristic of
boron-capped α-dioximate macrobicyclic frameworks, together
with the bands characteristic of the initial ligand PzOxH and
metal scorpionates (first of all, ν(CN) + ν(CC) at
approximately 1530 and 1670 cm−1).
MALDI-TOF mass spectra of the pseudoclathrochelates of

3d metal ions with preferable octahedral N6 coordination {i.e.,
iron, cobalt, and manganese(II) cations} contain intensive
peaks of cationic pseudomacrobicyclic species [M−Cl−]+ as
well as their pseudomacrocyclic derivatives with detachment of
one pyrazoloximate fragment. The peak of cationic species,
which resulted from a detachment of this fragment from a
parent ionic associate, dominates in the spectrum of zinc(II)
complex with a preferable tetrahedral N4-coordination of its
caged metal ion.
X-ray Diffraction Studies. Metal pseudoclathrochelates

and their MN6 coordination polyhedra as revealed by X-ray
diffraction are shown in Figure 1; their main geometrical
parameters and those of the hybrid iron(II) dioximatopyr-
azolates FeBd2(PzOx)(BF2)(BF) and FeBd2(PzOx)(BF)2

(Scheme 1, 3 and 4) are listed in Table 1 and Table S2 (see
Supporting Information), respectively. The B−O, O−N, N
C, and C−C distances are characteristic of both the boron-
capped tris-dioximate clathrochelate analogs1 and such hybrid
clathrochelatoscorpionates.3 At the same time, the absence of
one rigid apical group and the lability of the chloride−
containing pseudocapping fragment allows for an expansion of
the tripodal tris-pyrazolyl fragment of the pseudomacrobicyclic
ligand in comparison with its boron-capped analog. The MN6-
coordination polyhedra possess a distorted trigonal prismatic
geometry, with the distortion angles φ between their
nonequivalent N3-bases of approximately 0°. The average N···
N distances in the boron-capped apical groups vary from 2.77
to 2.84 Å, which is substantially lower than those in the tripodal
tris-pyrazolyl fragments (3.13−3.40 Å). Nevertheless, M−N
distances fall in a narrow range for all these pseudoclathroche-
lates, and the encapsulated metal ions are situated in their
geometrical centers. In the case of the cobalt(II) complex, this
suggests the absence of a Jahn−Teller distortion, indicating a
high-spin state (s = 3/2) of the caged cobalt(II) ion with the
electronic configuration d7.
The average M−N distances for the iron and manganese(II)

pseudoclathrochelates are also characteristic of the high-spin
complexes. These distances increase in a series of 3d transition
metal ions from cobalt(II) (av 2.13 Å) to iron(II) (av 2.18 Å)
and then to manganese(II) (av 2.24 Å), in agreement with
Shannon radii for such high-spin hexacoordinate cations (Table
1) and experimental magnetometry data (vide supra). As a
result, the average Fe−N distances (approximately 1.92 Å) for
the low-spin hybrid iron(II) dioximatopyrazoloximates
FeBd2(HPzOx)(BF2)(BF) and FeBd2(PzOx)(BF)2

3 are sub-
stantially smaller than those of their high-spin analog
[Fe(PzOx)3(BC6H5)]Cl. Therefore, the pseudoclathrochelate
species are able to undergo an expansion−contraction along
their B···Fe···Cl rotation C3 pseudoaxes, which makes it
possible to encapsulate a relatively wide range of metal ions
in their highest spin states. At the same time, unlike most of the
polyazomethine iron and cobalt(II) clathrochelates1 and their
dioximatopyrazoloximate hybrid analogs (i.e., semi- and
clathrochelatoscorpionates3) with the distortion angles φ in
the range of 10−30°, the pseudoclathrochelates obtained do

Table 1. Main Geometrical Parameters of the Pseudomacrobicyclic Metal Tris-Pyrazoloximates

[Zn(PzOx)3(BC6H5)]Cl [Co(PzOx)3(BC6H5)]Cl [Fe(PzOx)3(BC6H5)]Cl [Mn(PzOx)3(BC6H5)]Cl

metal ion Zn2+ Co2+ (hs) Fe2+ (hs) Mn2+ (hs)
Shannon radius (Å) 0.88 0.885 0.92 0.97
M−N1 (Å) 2.199(3) 2.132(3) 2.157(3) 2.273(3)
M−N2 (Å) 2.118(4) 2.129(4) 2.175(3) 2.221(3)
M−N4 (Å) 2.160(4) 2.134(4) 2.181(3) 2.237(3)
M−N5 (Å) 2.157(3) 2.159(3) 2.164(3) 2.228(3)
M−N7 (Å) 2.187(4) 2.125(4) 2.187(3) 2.280(3)
M−N8 (Å) 2.171(3) 2.127(3) 2.161(3) 2.211(3)
av M−N (Å) 2.17 2.13 2.18 2.24
B−O (Å) 1.490(6)−1.497(6) av 1.50 1.489(6)−1.503(7) av 1.49 1.484(5)−1.501(5) av 1.49 1.490(6)−1.510(6) av 1.50
N−O (Å) 1.374(4)−1.381(4) av 1.38 1.374(4)−1.392 (4) av 1.39 1.387(4)−1.388(4) av 1.39 1.366(4)−1.387(4) av 1.38
CN (Å) 1.279(5)−1.288(6) av 1.28 1.285(7)−1.289(7) av 1.29 1.284(4)−1.342(4) av 1.32 1.280(6)−1.286(6) av 1.28
C−C (Å) 1.465(6)−1.476(6) av 1.47 1.458(6)−1.467(6) av 1.46 1.454(5)−1.466(5) av 1.46 1.464(4)−1.474(4) av 1.46
NN (Å) 1.349(5)−1.352(5) av 1.35 1.343(6)−1.352(6) av 1.34 1.339(3)−1.352(3) av 1.35 1.347(4)−1.352(4) av 1.35
Cl···N (Å) 3.108(4)−3.156(4) av 3.13 3.103(4)−3.155(4) av 3.13 3.069(3)−3.126(3) av 3.10 3.068(4)−3.141(4) av 3.11
φ (deg) 1.3 1.5 3.8 1.9
α (deg) 36.7 37.1 36.4 35.8
h (Å) 2.58 2.57 2.56 2.60
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not undergo a rotational distortion around this axis: the
corresponding φ values do not exceed 4° (Table 1).
Such expansion of the tripodal tris-pyrazoloximate frame-

work allows for its capping (cross-linking) with chloride ion via
three N−H···Cl hydrogen bonds that stabilize their pseudo-
macrobicyclic structures. The geometry of the resulting ionic
associates is the same for all the X-rayed complexes, which may
be divided into the following isostructural solvate pairs:
[Fe(PzOx)3(BC6H5)]Cl·C2H5OH and [Mn(PzOx)3(BC6H5)]-
Cl·C2H5OH, [Co(PzOx)3(BC6H5)]Cl·CHCl3, and [Zn-
(PzOx)3(BC6H5)]Cl·CHCl3.
The fourth lone electron pair of the chloride counterion

allows it to be involved in intermolecular hydrogen bonding;
the C−H···Cl-bonded dimers are observed in the crystals of all
four pseudomacrobicyclic complexes (Figure 2). Only in the

case of the ethanol solvates [Fe(PzOx)3(BC6H5)]Cl·C2H5OH
and [Mn(PzOx)3(BC6H5)]Cl·C2H5OH, this chloride ion forms
an almost tetrahedral H4-environment with ri(C···Cl) from 3.45
to 3.51 Å. In the crystals [Co(PzOx)3(BC6H5)]Cl·CHCl3 and
[Zn(PzOx)3(BC6H5)]Cl·CHCl3, it also forms intermolecular
C−H···Cl hydrogen bonds with the solvate chloroform

molecule and with the methyl substituent at donor oxime
fragment; such hydrogen bonds are up to 3.74 Å long.

Quantum Chemical Calculations and UV−vis−NIR
Spectra. To explain why the pseudoclathrochelate [Fe-
(PzOx)3(BC6H5)]Cl has a high-spin ground state and to
correlate its electronic structure with the experimental 57Fe
Mössbauer and UV−vis−NIR spectral data, we performed DFT
and TDDFT calculations for all the possible spin states of this
complex. It was found that the high-spin quintet state for the
pseudoclathrochelate [Fe(PzOx)3(BC6H5)]Cl is indeed the
lowest energy state for a DFT-optimized geometry, while its
triplet and singlet states are much higher in energy (Table 2).
As DFT-predicted orbital energies and compositions for the
experimental (X-ray) and optimized geometries of a high-spin
complex (s = 2) are very close (see Supporting Information,
Table S3), only a brief description of the electronic structure of
the optimized system is provided below, while the detailed
discussion on the subject can be found in the Supporting
Information. The DFT-optimized geometry converged into Cs
point group, in agreement with the X-ray data for this
pseudoclathrochelate. The MO diagram for the optimized
complex [Fe(PzOx)3(BC6H5)]Cl is given in Figure 3, and MO

compositions are summarized in Table 3 and Table S4 (see
Supporting Information); the selected MOs are also shown in
Figure 4, and the full set of these MOs can be found in Figures
S10 and S11 (see Supporting Information).
The DFT-predicted electronic configuration of the high-spin

pseudoclathrochelate complex [Fe(PzOx)3(BC6H5)]Cl is
(dz2)

2, (dxy)
1, (dxz)

1, (dyz)
1, (dx2−y2)

1, which can be expected
for the pseudotrigonal ligand field created by the tripodal

Figure 2. C−H···Cl-bonded dimers and other associates involving the
chloride anion in the crystals (a) [Mn(PzOx)3(BC6H5)]Cl·C2H5OH
and (b) [Co(PzOx)3(BC6H5)]Cl·CHCl3; the corresponding hydrogen
bonds are depicted with dashed line. Hydrogen atoms that do not
form such bonds are omitted for clarity.

Table 2. Experimental and DFT (B3LYP)-Predicted 57Fe Mössbauer Spectral Parameters (mm s−1) as well as the Relative
Energies (Erel, kcal mol−1) and Spin Densities (au) for the Different Spin States of the Complex [Fe(PzOx)3(BC6H5)]Cl

geometry spin state ρspin (Fe) Erel ρ (Fe) IS Vxx Vyy Vzz QS

experimental
1.232 (298K) 3.447 (298K)

s = 2 1.351 (77K) 4.141 (77K)
DFT-predicted

X-ray s = 2 3.716 11 565.7551 1.355 −0.1794 −2.0926 2.2719 −4.093
DFT s = 2 3.732 0.0 11 566.3942 1.065 −0.2618 −2.0753 2.3371 −4.149
DFT s = 1 1.972 15.81 11 566.4738 1.040 0.2759 0.3323 −0.6082 0.987
DFT s = 0 0.0 26.17 11 567.4078 0.753 0.4306 0.6765 −1.1071 1.808

Figure 3. DFT-predicted molecular energy diagram for the high-spin
state of the pseudoclathrochelate [Fe(PzOx)3(BC6H5)]Cl.
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pseudoencapsulating tris-pyrazoloximate ligand. In the α-set of
DFT MOs, the 3d metal manifold contributed to several MOs
(Table 3). The HOMO and HOMO-1 in the α-set are
predominantly axial phenyl-centered MOs, while HOMO-2−
HOMO-6 are predominantly pyrazolyl-centered π-orbitals. The
LUMO to LUMO+5 are dominated by the pyrazolyl-centered
π*-orbitals. In the β-set, the HOMO has a predominantly dz2
character (88%); HOMO-1 and HOMO-3 are dominated by
the phenyl-centered π-orbitals, while HOMO-2 and HOMO-
4−HOMO-5 are pyrazolyl-centered. The unoccupied iron 3d
orbitals contribute significantly to LUMO and up to LUMO
+13 (β-set).
The DFT-predicted 57Fe Mössbauer spectral parameters of

the high-spin complex [Fe(PzOx)3(BC6H5)]Cl are in excellent
agreement with the experimental data (Table 2). More
importantly, DFT-calculated IS and QS values for s = 1 and s
= 0 states are very different from the experimental ones. The
TDDFT approach was used to assign the experimental UV−
vis−NIR spectrum of the complex [Fe(PzOx)3(BC6H5)]Cl. Its
TDDFT-predicted UV−vis−NIR spectrum is in a good
agreement with the experimental one (Figure 5). Three types
of transitions dominate in this spectrum: (i) intraligand π−π*
transitions in its tripodal tris-pyrazoloximate pseudomacrobi-
cyclic framework; (ii) phenyl-centered π−π* transitions; and
(iii) π−π* transitions between the apical phenyl substituent
and the pyrazoloximate chelate fragments (see Supporting
Information, Table S5). Broad weak (ε ≈ 5 mol−1 L cm−1)
band observed in the NIR region was tentatively assigned to the
iron-localized ligand−field transition(s). Similar weak and
Jahn−Teller broadened NIR transitions are characteristic of

the high-spin iron(II) ion in its octahedral environment as well
as in the tetragonally distorted systems with electronic
configuration d6.19

At the same time, the data for the trigonally distorted
complexes of hexacoordinate high-spin iron(II) ion are
surprisingly rare.20 In a simplistic approach, the state diagram
for quintet states of such d6 systems is shown in Figure 6.21

Given the expected small splitting between 5A1 and 5E (T2g)
states, one can assume the experimentally observed band at 905
nm to originate from the 5A″ (5E/5Eg) ← 5A′ (5A1/

5T2g) and
5A′ (5E/5Eg) ← 5A′ (5A1/

5T2g) transitions (bands 3 and 4),
while the two lowest energy transitions 5A″ (5E/5T2g) ← 5A′
(5A1/

5T2g) and 5A′ (5E/5T2g) ← 5A′ (5A1/
5T2g) should be

observed at very low energies (bands 1 and 2, Figure 6). In
agreement with this model, the TDDFT approach predicts that
the first two ligand−field transitions dz2 → dxy/dx2−y2 should be
observed in the IR region (see Supporting Information, Table
S5), while the NIR absorption band should consist of two
contributions with dz2 → dxz/dyz character. Although symmetry-
allowed, these transitions were predicted to have zero oscillator
strength, which is in excellent agreement with the experimental
data. The TDDFT calculations also predict that the broad band
at approximately 400 nm (ε ≈ 350 mol−1 L cm−1) has three
major contributions (excited states 5−7, see Supporting
Information, Table S5), which have significant phenyl(π) →
Fe(dxz/dyz) and pyrazolyl(π)→ Fe(dxz/dyz) CT characters.
Finally, numerous intensive bands in the range of 250−300 nm
(see Supporting Information, Table S6) can be attributed to the
allowed intraligand π−π* transitions in and between pyrazolyl
and oxime fragments and phenyl substituent. We also observed

Table 3. DFT (B3LYP)-Predicted Compositions of Frontier MOs and Frontier MOs Region with Significant Iron Character for
the Pseudoclathrochelate [Fe(PzOx)3(BC6H5)]Cl, Based on Its Optimized Geometry

MO E (eV) Fe Pyz 1a Pyz 2a Pyz 3a Cl− BPh

α-set composition, %
112 −10.855 27.58 3.42 3.42 62.32 0.05 3.21
113 −10.806 23.64 32.97 32.97 6.67 0.04 3.71
114 −10.784 19.58 25.14 25.14 1.57 0.00 28.57
115 −10.771 18.13 13.81 13.81 0.65 0.01 53.59
116 −10.671 24.09 22.00 22.00 30.60 0.06 1.25
117 −10.614 19.76 33.94 33.94 7.56 0.10 4.71
120 −9.580 52.19 11.53 11.53 21.80 0.00 2.96
121 −9.561 52.25 18.66 18.66 5.83 0.00 4.61
128 −8.401 26.60 24.76 24.76 22.65 0.04 1.20
129 −8.306 22.58 25.62 25.62 19.36 0.02 6.79
130 −7.977 30.74 6.76 6.76 6.19 0.08 49.47
131 −7.927 49.21 7.10 7.10 3.59 0.42 32.58
133 −7.594 18.49 36.55 36.55 6.52 1.80 0.09
141 −6.429 18.65 33.23 33.23 8.68 0.04 6.16
144b −6.082 1.31 6.94 6.94 6.11 0.01 78.68
145 −1.760 4.07 45.36 45.36 2.79 0.14 2.29
153 0.736 28.09 20.32 20.32 15.73 10.40 5.14

β-set composition, %

140b −5.683 87.78 4.31 4.31 2.69 0.45 0.45
141 −2.508 36.00 29.58 29.58 3.77 0.06 1.00
142 −2.494 34.80 12.18 12.18 40.39 0.05 0.40
144 −0.914 31.93 27.51 27.51 10.23 0.22 2.59
145 −0.830 33.06 14.70 14.70 35.83 0.23 1.50
146 −0.387 40.73 17.85 17.85 23.26 0.01 0.31
150 0.329 22.19 20.14 20.14 31.16 0.07 6.30

aPyz 1, Pyz 2, and Pyz 3 refer to three pyrazoloximate chelate fragments of the tripodal pseudomacrobicyclic ligand. bHOMO−LUMO are in bold
font style.
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a similar low-intensive ligand−field band at 1071 nm in the
vis−NIR spectrum of its cobalt-containing analog, being
characteristic of d−d transitions in this ion.19

Electrochemistry. The electrochemical properties of the
pseudomacrobicyclic complexes obtained were studied by cyclic
voltammetry (CV). The peaks observed are characteristic of
diffusion-controlled current processes (as it follows from the
linear plot of Ip versus v1/2, where v is scan rate). All these
complexes undergo both the oxidation and the reduction in the
potential range from −2000 to 2000 mV; the corresponding E
values are summarized in Table S7 (see Supporting
Information). The CV for the dichloromethane solution of
the complex [Fe(PzOx)3(BC6H5)]Cl (Supporting Information,
Figure S12) contains, in its anodic range, one-electron quasi-
reversible wave with a ratio of the peak currents of direct and
backward processes equal to 1 assigned to a metal-centered
Fe2+/3+ redox couple. This suggests the formation of oxidized
iron(III)-containing pseudoclathrochelate species that are
stable on the CV time scale. The cathodic range of this CV
contains an irreversible Fe2+/+ reduction wave; this irrever-
sibility persists even at high potential scan rates (up to 1000
mV s−1) and suggests fast chemical reactions of the reduced
iron(I)-containing pseudoclathrochelate species. A similar
redox behavior has been earlier described for an iron(II)
macrocyclic complex FeBd2(HPzOx)(BF2)(BF) and a clathro-
chelatoscorpionate FeBd2(PzOx)(BF)2 (Scheme 1, 3 and 4).3

CVs of these complexes also contain the anodic waves of metal-
centered Fe2+/3+ redox processes. The macrocyclic dioximato-
pyrazoloximate FeBd2(HPzOx)(BF2)(BF), lacking a rigid
three-dimensional macrobicyclic framework that stabilizes the
oxidized metallocenter, undergoes an irreversible oxidation,
whereas its clathrochelate analog with a polyazomethine
framework undergoes a quasi-reversible oxidation, suggesting
the formation of its oxidized iron(III)-containing macrobicyclic
form that is stable on the CV time scale.3

The oxidation of the pseudoclathrochelate [Fe(PzOx)3-
(BC6H5)]Cl is also quasi-reversible on this time scale,
indicating that its pseudocross-linking chloride ion retains
Cl−···HN hydrogen bonds even in solution. This negatively
charged apical cap stabilizes the oxidized form of this iron
complex by forming a pseudomacrobicyclic hydrogen-bonded
framework (vide supra), supplemented by strong electrostatic
Coulombic interactions with triply positively charged oxidized
metallocenter. Therefore, an opposite electrostatic effect of the
negatively charged chloride counterion should be observed in
the case of the metal-centered Fe2+/+ reduction of the complex
[Fe(PzOx)3(BC6H5)]Cl. Indeed, as can be seen from
Supporting Information, Figure S11, this process is irreversible.
In general, the oxidation Fe2+/3+ potentials of these iron(II)

Figure 4. Selected surfaces for the frontier orbitals of the high-spin
state (s = 2) of the pseudoclathrochelate [Fe(PzOx)3(BC6H5)]Cl.

Figure 5. (top) Experimental and (bottom) TDDFT-calculated UV−
vis−NIR spectra of [Fe(PzOx)3(BC6H5)]Cl; two top vertical bars are
the excited states 3 and 4 ( f = 0).

Figure 6. State diagram for quintet states of the high-spin
pseudoclathrochelate [Fe(PzOx)3(BC6H5)]Cl.
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complexes (Supporting Information, Table S7) increase in a
series: macrocyclic complex FeBd2(HPzOx)(BF2)(BF) (950
mV) < pseudoclathrochelate [Fe(PzOx)3(BC6H5)]Cl (1300
mV) < clathrochelate FeBd2(PzOx)(BF)2 (1410 mV). The
reverse is observed in the case of their reduction Fe2+/+

potentials: macrocycle (−1420 mV) < pseudoclathrochelate
(−1320 mV) < clathrochelate (−1075 mV). Thus, the
formation of a macrobicyclic framework stabilizes their oxidized
iron(III)-containing forms and destabilizes reduced iron(I)-
containing complexes, but the reversibility of the corresponding
redox process on the CV time scale increases in both these
cases.
CV for a dichloromethane solution of the complex

[Co(PzOx)3(BC6H5)]Cl (see Supporting Information, Figure
S12) contains, in the cathodic range, a quasi-reversible wave
assigned to the metal-centered Co2+/+ reduction; this quasi-
reversibility is caused by a structural rearrangement of the
reduced pseudomacrobicyclic species on the CV time scale.
The only irreversible wave in the anodic range at approximately
1800 mV can be assigned either to the metal-centered oxidation
Co2+/3+ or to the oxidation of the hydrogen-bonded chloride
counterion. To assign this wave correctly, we studied the
influence of the addition of n-tetrabutylammonium chloride to
the dichloromethane solution of the complex [Co(PzOx)3-
(BC6H5)]Cl on the oxidation peak current: its value increased
linearly with the concentration of this salt (Supporting
Information, Figure S13). Note that the chloride anion in the
dichloromethane solution of ((n-C4H9)4N)Cl undergoes
oxidation at the same potential value. Therefore, the irreversible
wave at approximately 1800 mV in the CV of the
pseudoclathrochelate [Co(PzOx)3(BC6H5)]Cl was assigned to
the oxidation of its pseudocapping chloride ion, whereas the
encapsulated cobalt(II) ion undergoes no oxidation in the
potential range studied. Such unprecedented high stability of
this oxidation state of the encapsulated cobalt ion has not been
observed before for boron-capped tris-dioximate cobalt
clathrochelates: all of them underwent oxidation at substantially
lower potential values.22 The dramatic difference in the redox
behavior of the pseudoclathrochelate [Co(PzOx)3(BC6H5)]Cl
and its tris-dioximate clathrochelate analogs may be explained
by the low stability of the oxidized cobalt(III)-containing
pseudomacrobicyclic tris-pyrazoloximate.
An irreversible reduction of the manganese(II) pseudocla-

throchelate [Mn(PzOx)3(BC6H5)]Cl in its dichloromethane
solution proceeds only at extremely high potential value (more
than 2000 mV) and is followed by the destruction of its
pseudomacrobicyclic framework. The CV of this complex (see
Supporting Information, Figure S14) contains, in the anodic
range, two irreversible oxidation waves at 950 and 1400 mV;
the first was assigned to the metal-centered Mn2+/3+ oxidation,
being irreversible even at high scan rates (more than 1000 mV
s−1), while the second one was assigned to the oxidation of the
products of irreversible chemical reactions following the
complete destruction of the pseudoclathrochelate framework
after its first oxidation to the unstable manganese(III)-
containing pseudomacrobicyclic dicationic species.
In the case of the pseudoclathrochelate [Zn(PzOx)3-

(BC6H5)]Cl formed by a redox-inactive zinc(II) ion, the
electrochemical oxidation and reduction are localized on the
pseudoencapsulating polyazomethine ligand. As a result, the
CV of this complex contains only irreversible multielectron
waves assigned to ligand-localized redox processes.

We also performed the CV study of anion-exchange reactions
of the complexes obtained in the presence of a substantial
excess of bromide ions. Even in the case of a 50 M excess of n-
tetrabutylammonium bromide, both the shape of the CV curve
and the corresponding redox potential were the same. This
suggests the absence of the anion-exchange reactions under
these experimental conditions.

4. CONCLUSIONS
We found the first example of pseudoclathrochelate metal tris-
pyrazoloximates obtained by efficient one-pot procedure in the
presence of chloride anion. As it follows from X-ray diffraction
data, this ion completes the formation of their pseudocapping
apical fragment via strong hydrogen bonding with HN groups
of three pyrazoloximate chelate moieties. While previously
described boron-capped tris-dioximate clathrochelates and their
hybrid clathrochelatoscorpionate analogs with covalently
bonded rigid polyazomethine macrobicyclic ligands preferably
encapsulate iron, ruthenium(II), and cobalt(II,III) ions in their
low-spin states, a lability and the geometrical parameters of
these new pseudoclathrochelate tris-pyrazolyl ligand systems
allow for an efficient caging of various 3d metal ions in the
high-spin states. This experimental result is found to be in
excellent agreement with quantum-chemical DFT and TDDTF
computations. According to CV data, such hydrogen-bonded
cage complexes undergo irreversible or quasi-reversible electro-
chemical oxidations and reductions, and their capping chloride
anion is inert to exchange reactions even in the presence of a
high excess of bromide ion; thus, these pseudoclathrochelates
have a high affinity toward chloride anions even in solution.
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