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Abstract: Four new manganese(I) complexes, based on dinitro and tetranitrothiacalix[4]arenes,
were synthesized and characterized from structural points of view in the crystalline phase. It was
revealed that thiacalix[4]arenes decorated with two and four electron withdrawing groups, when
combined with MnCl,, afforded the formation of similar tetranuclear complexes 1 and 2a with two
non-equivalent metal ions and a rhombic geometry of the metallic cluster core. The distortion of
the coordination sphere of metal cations within the obtained complexes was found to be dependent
on the number of nitro groups located at the upper rim of the macrocyclic backbone, adopted in
cone conformation. The tetranuclear complex 2b of a different type, displaying the formation of
a dinuclear cluster core, crystallized in a non-centrosymmetric space group was obtained, when
tetranitrothiacalix[4]arene, adopted in a partial cone conformation, was involved in coordination with
manganese(II) cations. The switching of coordination behavior for the macrocyclic ligand in 2b was
achieved due to the presence of upper-rim-disposed electron-withdrawing nitro groups, increasing
the flexibility of the macrocyclic backbone by breaking the H-bonding between the OH phenolate
moieties within the ligand structure. Finally, the use of 2,2'-bipyridine as an auxiliary ligand in
coordination with tetranitrothiacalix[4]arene and manganese(II) cations led to the third type complex
formation 3, where the macrocycle platform adopted in a 1.2-alternate conformation.

Keywords: thiacalix[4]arenes; manganese(Il) complexes; clusters; nitro derivatives; partial cone;
supramolecular chemistry; X-ray diffraction; self-assembly

1. Introduction

Calix[4]arenes [1-3] are a class of macrocyclic compounds composed of four phenolate
moieties connected together by methylene bridges (CA), thioether (TCA) [4] or sulfonyl
groups (SO CA) [5] (see Figure 1). Due to annular rotation around C-C or C-S single bonds
imposed by the steric repulsion of aryl moieties, these macrocycles can adopt four limited
conformations: cone (A), partial cone (paco) (B), 1.2-alternate (C), and 1.3-alternate (D)
(see Figure 2). In solution as well as in the crystalline phase, the conformations for non-
substituted calix[4]arene derivatives can be stabilized by H-bonding, occurring between the
OH-phenolate groups: for cone conformation the formation of cyclic four-center H-bonds
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is observed, whereas one three-center and two two-center H-bonds are involved in a partial
cone conformation and 1.2-alternate conformation stabilization, respectively. Finally, the
1.3-alternate conformation is realized when the steric repulsion of aryl units is a dominating
factor influencing the conformation behavior of the macrocycle backbone. Earlier, crystal
structure studies revealed that for CA [6] and TCA [7], the cone conformation is more stable
in the crystalline phase. On the contrary, the appearance of strong electron-withdrawing
groups such as SO, bridges in the SO;CA structure leads to the weakening of the H-
bonding between the OH phenolate groups, leading to the formation of the 1.3-alternate
conformation in the crystalline phase [8].

Rl
X X
CA: X =CH,; R' =R? = tert-Bu
@ ()H()ll-_l{() o TOA:X= SR =R? = fert-Bu
SO,CA: X = SOy; R! =R? = tert-Bu
OH di-NO,-TCA: X = S; R! = H, R? = NO,
X X tetra-NO,-TCA: X = S; R' =R?=NO,

RI

Figure 1. The calix[4]arene family of polydentate ligands.

“ ® © D)

Figure 2. Four possible limited conformations of the macrocyclic platform for calix[4]arene family of
ligands (X = CHp, S, SO;,): cone (A), partial cone (paco) (B), 1.2-alternate (C), and 1.3-alternate (D).

It Is Important to note that the stabilization of the macrocyclic backbone conformation
can also be achieved by using not only H-bonding but coordination bonding with metal ions.
Over the last few decades, the coordination chemistry of calix[4]arene-based compounds
presenting the formation of cluster complexes of different nuclearities, involving 3d as
well as 4f metal ions, has been intensively studied [9,10]. A growing interest to such
types of coordination compounds has evolved due to the smart properties that these
complexes exhibit. In particular, it was shown that the conventional “classical” calix[4]arene
demonstrates a strong ability to coordinate with manganese (II/1II) cations, leading to the
formation of discrete cluster complexes displaying intriguing magnetic properties, such
as single molecular behavior [11-13] or the magnetic calorimetry effect [14]. It should
be mentioned that for all reported 3d and 4f metal complexes, the macrocycle adopts
only a cone conformation serving as a “cap” for the stabilization of obtained polynuclear
species [15-18]. For this reason, the CA ligand and its functional derivatives can be
considered as rather conformationally rigid ligands.

As expected, whereas CA and TCA are prone to adopt only cone conformation upon
the formation of polymetallic coordination species with 3d and 4f metal ions [19-25],
SO,CA demonstrates more flexible conformational behavior when binding with metal
ions, adopting cone [26] as well as 1.2-alternate conformations [27,28]. It is important to note
that the 1.3-alternate conformation (D) was observed mostly for the d-metal coordination
polymers [29-31] based on the lower-rim modified CA/TCA ligands. To the best of our
knowledge, no evidence of coordination compounds, displaying the macrocyclic ligands,
adopted in a partial cone conformation (C), was reported to date.

It was shown that TCA- and SO,CA-based 3d and 4f metal complexes can exhibit
not only attractive magnetic [28], but luminescence properties [32-34]. For a series of
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S0O,CA-based manganese (ILIII) complexes [35], green—red luminescence was revealed,
related with prohibited d-d* electron transitions, thus evidencing the significant role of
the electron structure of the macrocyclic ligand with respect to the observed physical
properties of the complexes. Some of obtained polynuclear coordination species based
on TCA were useful for (photo)catalytic application [36]. In addition, the interaction of
TCA and SO,CA ligands (L) with M(II) ions (especially, Co**, Ni** and Zn?*) can also
lead to generated [ML]** “shuttlecock”-like secondary building blocks in situ due to their
involving an interaction with metal ions S- or O-atoms from the bridging groups with
the following formation of porous coordination cages [37—44] or polymers [45-48] upon
self-assembly with polytopic carboxylic or pyrazolyl compounds, finding applications as
porous materials, which proves the wide range interest in the design of calix[4]arene-based
supramolecular solid-state architectures.

As already mentioned, physical properties, such as magnetic behavior or luminescence,
of the coordination complexes are strongly dependent on the coordination environment of the
metallic centre and the ligand field that can be tuned up by the insertion of functional groups,
displaying different electron-withdrawing or donating effects. In particular, the presence
of electron-withdrawing groups may straighten or weaken the coordination bonding with
the metallic ion, thus leading to a drastic change in its magnetic behavior. Concerning the
calix[4]arene family of the ligands (see Figure 1), the study of the influence of the withdrawing
groups grafted at the para position, with respect to the OH-phenolate coordinating centres, on
their coordination ability towards 3d or 4f metal ions has not been reported.

In this contribution, we report on the formation and X-ray diffraction study of a series
of new manganese(Il) complexes based on thiacalix[4]arenes, bearing two and four nitro
groups, disposed at the upper rim of the macrocycle backbone (di-NO>-TCA and tetra-
NO;-TCA, respectively), which allows for a better understanding of the influence of upper-
rim-disposed electron-withdrawing groups on the conformation flexibility of macrocycle
ligands and performs the fine tuning of the coordination environment of 3d metal ions.
The elucidation of the structural change of the coordination sphere of manganese(1l) ions
within the obtained complex is of a high importance from the application point of view
and may pave the way for the further investigation in this field.

2. Materials and Methods
2.1. Materials and Characterization Methods

All chemicals were purchased from commercial suppliers and used without additional
purification. Solvents were purified according to standard protocols. Dinitro and tetrani-
trothiacalix[4]arene (di-NO,-TCA and tetra-NO,-TCA) were synthesized by following the
reported procedure [49,50].

Infrared spectra (IR) of powdered crystalline samples in KBr were recorded on a Tensor
27 Fourier-transform spectrometer (Bruker, Germany) in a range of 4000-400 cm ™! with an
optical resolution of 4 cm~! and an accumulation of 32 scans.

Elemental analysis was performed on a EuroEA 3028-HT-OM Eurovector S.p.A.
(Pavia, Italy).

2.2. Crystallization Conditions
2.2.1. Synthesis of [Mn!!(di-NO,-TCA),(DMF),] 2DMF (1)

Dinitrothiacalix[4]arene (di-NO2-TCA) (0.02 g, 0.03 mmol) and MnCl, - 4H,0 (0.027 g,
0.13 mmol) were mixed in DMF/MeOH solution (v/v = 1/1, 20 mL), followed by triethy-
lamine addition (0.039 mL, 0.27 mmol), affording a yellow solution. The reaction mixture
was stirred at room temperature for 1 h and then filtered out. The vapor diffusion of i-PrOH
into filtrate induced the formation of crystals, suitable for X-ray diffraction analysis, for
1 month. The yield of the complex was 30%, based on p-dinitrothiacalix[4]arene. IR (v,
cm™1): 2926(m), 2855(m), 1655(s), 1648(s), 1639(s), 1571(m), 1459 (m), 1451(s), 1326(m),
1281(m),1131(m), 1064(m), 844(w), 796(w), 767 (w), 744(w), 713(w). Elemental analysis for
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C66H62MH4N1002258, Anal. Calcd.: C, 43.470/0; H, 3.430/0,' N, 7.680/0,' Found: C, 43.900/0} H,
3.89%; N, 8.53%.

2.2.2. Synthesis of [Mn!l4(tetra-NO,-TCA),(DMF),] 4Et,0 (2a)

Tetranitrothiacalix[4]arene (tetra-NO,-TCA) (0.03 g, 0.044 mmol) MnCl, - 4H,O
(0.035 g, 0.177 mmol) were mixed in DMF/MeOH solution (v/v =1/1, 10 mL), followed
by triethylamine addition (0.16 mL, 1.15 mmol). The solution color turned light brown.
The reaction mixture was stirred at room temperature for 1 h and then filtered out. The
crystals of complex 2a, suitable for X-ray diffraction analysis, were formed after the vapor
diffusion of Et,O into filtrate for 1 month. The yield of complex 2a was 52 % based on
tetranitrothiacalixarene. IR (v, cm™1): 3070 (w), 2982 (w), 2931(w), 1654(s), 1566(s), 1462(s),
1338(w), 1332(s), 1140(s), 1067(w), 914(m), 835(w), 765(m), 746(m), 714 (m). Elemental
analysis for CegHgaMnaN12030Sg, Anal. Caled.: C, 40.72%; H, 3.22%; N, 8.38%; Found: C,
41.58%; H, 3.59%; N, 8.08%.

2.2.3. Synthesis of [Mn!!4(tetra-NO,-TCA),(DMF)g] (2b)

Tetranitrothiacalix[4]arene (tetra-NO,-TCA) (0.03 g, 0.044 mmol) and MnCl, - 4H,O
(0.035 g, 0.177 mmol) were mixed in DMF/MeOH solution (v/v =1/1, 10 mL), followed by
the triethylamine addition (0.16 mL, 1.15 mmol). The solution color turned light brown.
The reaction mixture was stirred at room temperature for 1 h. The crystals of 2b, suitable for
X-ray diffraction analysis, were formed after the vapor diffusion of i-PrOH into filtrate for
1 month. The yield of complex 2b was 22 % based on tetranitrothiacalixarene. IR (v, cm™1):
3071(w), 2928(w), 1654 (m), 1566(m), 1460(m), 1386(w), 1336(s), 1184(w), 1139(m), 1066(w),
914(w), 833(w), 766(w), 746(w), 713(w). Elemental analysis for C7gHgyMngN13034Sg, Anal.
Calcd.: C, 40.73%; H, 3.94%; N, 10.96%; Found: C, 41.25%; H, 4.08%; N, 11.12%.

2.2.4. Synthesis of [Mn!!y(tetra-NO,-TCA)(bipy),(DMF),] (3)

Tetranitrothiacalix[4]arene (tetra-NO,-TCA) (0.052 g, 0.07 mmol), 2,2"-bipyridine
(bipy) (0.087 g, 0.56 mmol) and MnCl, - 4H,O (0.0915 g, 0.4 mmol) were mixed in
DMEF/MeOH solution (v/v =1/1, 10 mL) and then triethylamine was added (0.183 mL,
1.23 mmol). The solution color turned orange. The reaction mixture was stirred at room
temperature for 1 h. The formed precipitate was filtered out and dissolved in DMF. The
crystals of 3, suitable for X-ray diffraction analysis, were obtained upon the slow evap-
oration of the DMF solution. The yield of 3 was 55 % based on tetranitrothiacalixarene.
IR (v, em™1): 3070 (w), 2929(w), 1660(s), 1595(m), 1557(s), 1487(s), 1439(s), 1407(w), 1385(m),
1334(s), 1301(s), 1177(w), 1136(s), 1058(m), 1016(m), 916(m), 831(m), 762(m), 748(w), 738(w),
715(m). Elemental analysis for CsoH3sMnyN19O14S4, Anal. Caled.: C, 48.39%; H, 3.09%; N,
11.29%; Found: C, 48.49%; H, 3.32%; N, 11.36%.

2.3. Crystallographic Data Collection and Refinement

Diffraction data for single crystals of 1 and 2a were collected at 100 K on the ‘Be-
lok/XSA’ beamline (A = 0.745 A, 0.7454 A for 1 and 2a, respectively, ¢-scans) of the Kur-
chatov Synchrotron Radiation Source (Moscow, Russia) [51,52]. Diffraction patterns were
collected using a Mardtb goniometer equipped with Rayonix SX165 2D positional sensitive
CCD detector at 100 K. In total, 300 frames were collected with an oscillation range of 1°.
The data were indexed, integrated and scaled; absorption correction was applied using the
XDS program package [53]. The structures were solved by direct methods with the software
SHELXT [54]. The structural model was investigated and refined using Olex2 software [55]
with a full-matrix least-squares method on F2 with anisotropic displacement. All hydrogen
atoms were placed in calculated positions and included in the refinement within the rid-
ing model with fixed isotropic displacement parameters Uiso(H) = 1.5Ueq(O), 1.2Ueq(N),
and 1.2Ueq(C). For 1, since there was a high disordering of solvent molecules located in
the pores, the Solvent Mask command generated by the BYPASS module within Olex 2
software [55] was applied to calculate 740 electrons per unit cell within solvent-accessible



Crystals 2023, 13,1017

50f17

voids of 1398.7 A3 (16.4%) determined by PLATON analysis [56]. The recovered number of
electrons can correspond to an unidentifiable number and composition of solvate molecules
comprising DMF, MeOH, iso-propanol, and H,O.

Diffraction data for single crystals of 2b were collected on a Rigaku XtaLab Synergy
S instrument with a HyPix detector and a PhotonJet microfocus X-ray tube using Cu-Ko
(1.54184 A) radiation at 100 K. The reflections were indexed and integrated according to
the diffraction patterns using the CrysAlisPro data reduction package. Data were corrected
for systematic errors and absorption using the ABSPACK module. The GRAL module was
used for the analysis of systematic absences and space group determination. Using Olex 2
software [55], the structure was solved by direct methods with SHELXT [54] and refined
by the full-matrix least-squares method on F? using SHELXL [57]. A solvent mask was
calculated and 140 electrons were found in a void volume of 692 A3 per unit cell. This
is consistent with the presence of one isopropanol molecule per asymmetric unit which
counts 136 electrons per unit cell. Non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were inserted at the calculated positions and refined as riding atoms.

Diffraction data for single crystals of 3 were collected on a Bruker D8 Quest single
crystal X-ray diffractometer equipped with an Incoatec InS microfocus source (Mo K,
A =0.71073 A), a multilayers optics monochromator, and a PHOTON III area detector, in the
w- and @-scan modes at 100 K. The frames were integrated with the Bruker SAINT software
package using a narrow-frame algorithm. Data were corrected for absorption effects using
the Multi-Scan method by the SADABS program [58]. The structure was solved by a direct
method using SHELXS and refined by the full-matrix least-squares method using SHELXTL
programs [59]. All non-hydrogen atoms were refined anisotropically. The positions of the
hydrogen atoms were determined based on the electronic density distribution and were
refined as riding atoms. For data collection, the frames were indexed and integrated using
the APEX3 data reduction package [60]. All calculations were performed on PC using the
WinGX suit of programs [61,62].

The crystallographic data for 1, 2a, 2b and 3 are gathered in Table 1.

Table 1. Crystallographic data and structure refinement details for the compounds 1, 2a, 2b and 3.

Compound Name 1 2a 2b 3
Empirical formula Chol_;‘z?fg;ﬁgzos& CﬁoHZ?g“éﬁg?zgs& C72H72Clz/[§‘;§803258’ Cs50H3sMnyN19O14S4
Formula weight (g/mol) 1823.49 2153.79 2222.79 1241.02
Wavelength, A 0.745 (synchrotron) 0.7454 (synchrotron) 1.54178 0.71073
Temperature 100(2) 100(2) 100(1) 100(2)
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group C2/c P2y /n Pca2; P2y /n
a/A 34.619(7) 18.524(4) 30.9394(3) 11.6426(14)
b/A 15.323(3) 12.704(3) 16.75530(10) 10.3239(12)
c/A 18.704(4) 19.494(4) 18.9143(2) 21.412(2)
w/° 90 90 90 90

B/° 120.86(3) 103.59(3) 90 94.661(3)
v/° 90 90 90 90

V, A3 8517(4) 4459.0(16) 9805.15(15) 2565.2(5)
z,7 4,05 2,05 4 2,05
Peale g/cm® 1.422 1.604 1.506 1.607

w, cm~! 0.958 0.941 6.443 7.34
F(000) 3728.0 2216.0 4560.0 1268

Crystal size, mm
20 range for data collection/°

Index ranges

Reflections collected /independ.

Rint

Completeness to Omax/ %
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [ > 20 (I)]
R1/wR2

Final R indexes (all data)
Pmax/ Pmin (€A %)

Flack parameter

0.32 x 0.21 x 0.14
3.134 <20 < 61.986

0.33 x 0.25 x 0.15
4.048 <20 < 62.046

0.19 x 0.15 x 0.12
5274 <20 < 152.986

0.34 x 0.15 x 0.13
3.818 <20 < 61.094

—47<h<47 —25<h<25 —34<h<39, ~16<h<16
—20 <k <20 ~17<k<15 —21<k<18, —14<k<14,
—25<1<25 —26<1<26 —22<1<22 —30<1<30
48,978/11,583 43,236/12,068 55,374/16,302 44,904/7836
0.0596 0.0418 0.0388 0.0447
98.3 9758 97.1 99.7
11,583/2/516 12,068/0/603 16,302/1/1253 7836,/0/363
1.046 1.020 1.078 1.055
0.0542/0.1469 0.0390/0.0967 0.0428/0.1171 0.0363/0.0908
0.0798/0.1607 0.0546,/0.1051 0.0441/0.1181 0.0453/0.1000
0.57/—-0.62 0.48/—0.79 0.56/—0.48 0.553/—0.640
- - 0.361(3) -
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The crystallographic data are available for free-of-charge downloading from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/datarequest/cif (accessed on
20 June 2023). CCDC Numbers: 2,265,060 (1), 2,265,061 (2a), 2,265,062 (2b) and 2,260,192 (3),
respectively.

3. Results
3.1. Syntheses and General Aspects

The synthesis of crystals of 1 and 2b suitable for single crystal X-ray diffraction was
achieved by the slow vapor diffusion of the iso-propanol into the DMF/MeOH solution
(v/v=1/1) containing the dissolved compounds di-NO,-TCA or tetra-NO,-TCA (1 equiv.),
MnCl, salt (4 equiv.) and triethylamine (10 equiv.). For 2a, the monocrystals were synthe-
sized as described for 1 and 2b, but the diethyl ether was used instead of iso-propanol
upon the vapor’s diffusion. Finally, the crystals of 3 were obtained when the 2,2"-bipydine
(equiv.) was added to the reaction mixture composed of dissolved compound 2, MnCl, and
triethylamine in the same molar ratio, as mentioned above, followed by recrystallisation
from the DMF solution (see Section 2).

3.2. Crystal Structure Analysis

Complex 1 crystallizes in the monoclinic C2/c space group giving rise to crystal formula
[CeoHagMnyNgOySs] 2(C3HyNO) and is composed of two tetra-deprotonated di-NO,-TCA
molecules, four manganese atoms, six DMF solvate molecules (see Figure 3a, Table 1). There
are two non-equivalent manganese atoms in the asymmetric unit. The first one, Mn(1),
adopting the distorted trigonal prismatic (TPR-6) coordination sphere [63] (see Table S2), is
bound with four O-atoms and two S-atoms, belonging to two adjacent macrocycle molecules
(see Figure 3b, Tables S1 and S2 see in Supplementary Materials). In contrast, the Mn(2)
atom is octacoordinated and adopts a biaugmented trigonal prismatic coordination sphere
(JBTPR-8) [63] (see Table S3), in which four O-atoms come from phenolate groups and two
S-atoms come from two macrocyclic molecules and two O-atoms from coordinated DMF
molecules (see Figure 3b, Table S1). According to bond lengths analysis (see Table S1) and the
charge balance, all manganese atoms, presenting in the tetranuclear cluster node, are in the
+II oxidation state as in the used metal salt (MnCl,). The Mn(1) and Mn(2) atoms form the
flat rhomb with sides equal to 3.499(1) A and 3.523(1) A, respectively, and angles 104.59(2)°
(for Mn(1)) and 75.41(2)° (for Mn(2)). The di-NO,-TCA behaves as a tetra-tridentate ligand,
bonding with four Mn(Il) cations, by offering three coordination pockets composed of two
up-O-phenolate atoms and one S-atom. The macrocycle backbone adopts a pinched cone
conformation, which is identified by the dihedral angles between the opposite aryl units equal
to0 69.17° and 49.50°. Moreover, the coordination of di-NO,-TCA with manganese(1I) cations
leads to the screwing of the macrocycle’s opposite aryl units respecting the axis, passing
though the C(8), C(4) C(12), and C(16) atoms, resulting in the formation of torsion angles
equal to —9.1(2)° and 8.5(2)°, respectively (see Figure S2a).

For 1, the hydrophobic cavity of di-NO2-TCA accommodates the DMF molecule due
to weak CH/m interactions between the methyl group and its thiacalix[4]arene aryl units
(dcHs ... Cocentroid = 3-631 A and 3.547 A, respectively) (Figure S3a). The DMF molecules
are found to be disordered over two positions with occupancies 0.54/0.46.

In the crystal of 1, the complex species forms 2D layers supported by O(DMF) ... S,
C-H... S, C-H(DMF) ... C(DMF), C-H ... O(nitro) intermolecular interactions along
the y0z plane (see Figure 4). Within the layer, the coordination species of 1 display a
perpendicular orientation: the dihedral angle formed by the planes, passing through
four Mn(II) atoms, belonging to each {Mny}-cluster unit is found to be equal to 89° (see
Figure 54). The 2D layers are stacked along the Ox axis completing the 3D crystal packing
with the pores occupied by the disordered solvent molecules, which were not refined
(see Section 2).
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Figure 3. Crystal structure of 1 (a) and its rhombic tetranuclear {Mny}-cluster unit (b) demonstrating
the coordination environment of Mn(1) and Mn(2) atoms. The C-, N-, O-, Mn- and S-atoms are
represented by black, blue, red, purple and yellow spheres, respectively. Hydrogen atoms and DMF
solvate molecules are omitted for clarity.

Figure 4. A portion of crystal packing of 1 showing the parallel stacking of the supramolecular
noncovalent-bonded 2D layers along y0z plane. The C-, N-, O-, Mn- and S-atoms are represented by
black, blue, red, purple and yellow spheres, respectively. Hydrogen atoms are omitted for clarity.

Complex 2a, very similar to 1 from a structural point of view, crystallizes in the mono-
clinic P2, /n space group, leading to crystal formula [CgoHs4MngN1200855] 4(C4H1¢O) (see
Table 1, Figure 5a). The structure of 2a is also composed of a tetranuclear {Mny}-cluster
core hold between two molecules of tetra-NO,-TCA ligand. As for 1, four DMF molecules
are found to be coordinated to manganese(ll) atoms at both side positions. There are four
non-equivalent manganese(II) atoms, displaying the coordination environment/sphere
similar to those of 1: O45; (Mn(1)) and OgS; (Mn(2)) (see Figure 5b). On the other hand, the
corresponding Mn(1)-S bonds are found to be slightly stronger, while Mn(1)-O coordination
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bonds are relatively weaker when compared to those observed for 1 (see Table S1). For the
Mn(2) atoms, the coordination bonds formed between p,-O-phenolate atoms of the macro-
cycle backbone and Mn(Il) atoms are also relatively weaker than in 1, but, surprisingly, it
was revealed that the coordination bonding with O-atoms belonging to DMF molecules is
enhanced with a remarkable difference of ca. 0.02-0.05 A. As a result, it is worth noting
that such a change in coordination behavior influences the corresponding coordination
bonds’ characteristics (length and angles) involving the Mn(2) atoms and O(DMF)-atoms.
Moreover, due to the enhancement in the coordination bonding of the Mn(2) atoms with
DMEF molecules, a significant elongation of corresponding Mn(2)-S bonds is observed for
2a, compared to those found for 1. Four manganese atoms are located in the same plane
forming the rhomb with a distorted geometry, compared to this one described for 1. The
distances between the Mn(1) and Mn(2) atoms are 3.532(1) A and 3.5744(8) A, respectively.
The Mn(2)-Mn(1)-Mn(2) and Mn(1)-Mn(2)-Mn(1) angles are found to be equal to 105.40(1)°
and 74.60(1)°, respectively. This means that the {Mny}-cluster node for 2a is relatively
compressed along the Mn(1)-Mn(1) axis and stretched respecting to the Mn(2)-Mn(2) axis
(see Figure 5b) compared to the one of 1.

(a) (b)

Figure 5. Crystal structure of 2a (a) and rhombic tetranuclear {Mny}-cluster unit (b) demonstrating
the coordination environment of Mn(1) and Mn(2) atoms. The C-, N-, O-, Mn- and S-atoms are
represented by black, blue, red, purple and yellow spheres, respectively. Hydrogen atoms and DMF
solvate molecules are omitted for clarity.

The tetra-NO»-TCA demonstrates the same coordination mode when binding with the
Mn(II) ions in 2a as the di-NO,-TCA ligand in 1, providing four tri-dentate OSO-pockets.
All phenolic O-atoms are deprotonated, giving rise to an overall charge for the ligand [tetra-
NO,-TCAJ*. Despite tetra-NO,-TCA displaying very similar values of dihedral angles
between the opposite aryl units of the macrocycle backbone (66.05° and 46.18°), compared
to di-NO,-TCA, the enhanced distortion of the tetra-NO,-TCA platform, caused by the
screwing of the macrocycle backbone along the axis connecting C(1) and C(4) atoms as well
as C(12) and C(6) atoms, leading to torsion angles of —11.7(1)° and 10.7(1)°, respectively, is
observed (see Figure 52b). Due to weak CH/t interactions, the hydrophobic cavity of both
coordinated tetra-NO2-TCA molecules forms the inclusion complex with one molecule
of diethyl ether with a 1/1 ratio (dcis . Cocentroid = 3-621 A and dcs; ... Cecentroid 3-648 A,
respectively, see Figure S3b).

In terms of crystal packing, the molecules of 2a are arranged in an anti-parallel fashion
along the Oy axis, forming the channels fielded by solvate molecules of diethyl ether, which
demonstrate the weak CH/m bonding of nitroaryl thiacalix[4]arene moieties from the
outward side (see Figures 6 and S5) (d¢(3s) ... Cocentroid = 3:670 A).
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Figure 6. A portion of crystal packing of 2a showing the formation of 1D channels along Oy axis filled
by diethyl ether molecules. The C-, N-, O-, Mn- and S-atoms are represented by black, blue, red,
purple and yellow spheres, respectively. Hydrogen atoms are omitted for clarity. The diethyl ether
molecules are represented by large grey and red spheres.

Complex 2b crystallizes in the non-centrosymmetric Pca2; space group of the or-
thorhombic system and is of the formula [C7,H7,MnyN1603,Sg, C3H7NO] (see Figure 7,
Tables 1 and S1). The complex structure demonstrates a completely different coordina-
tion pattern and is formed by two thiacalix[4]arene ligands, four Mn ions, and solvate
DMF molecules. The distinctive feature of 2b is the macrocyclic ligand, adopted in a
less symmetric paco conformation, when coordinating to metal ions, which is, to the best
of our knowledge, the first evidence of thiacalix[4]arene-based metal complexes in the
crystalline phase. On one side, the tetra-NO,-TCA behaves as monodentate ligand, when
binding with Mn(3) and Mn(4) atom and bis-tridentate ligand, offering two adjacent OSO
cavities for coordination with two Mn(1) and Mn(2) atoms. As a result, the Mn(3) and
Mn(4) atoms are located in the centers of the trigonal bipyramids (see Table S4) and display
a very similar Os-coordination environment composed of one O-atom of the phenolate
group of the thiacalix[4]arene backbone and four O-atoms belonging to four coordinated
DMEF solvate molecules. The Mn(1) and Mn(2) atoms, disposed in the central part of the
complex, coordinate with both molecules of the macrocyclic ligand, adopting a distorted
trigonal prismatic coordination sphere [63] (see Table S2), filled by four O-atoms of the
phenolate groups (of which two are pp-O-bonding atoms) and two S-atoms (see Figure 7b,
Table S1). One of the four DMF molecules coordinated to the Mn(1) and Mn(2) atoms is
oriented inward, respecting the macrocyclic hydrophobic cavity, displaying intermolecular
CH/m-bonding with one of three nitroaryl moieties (dcse ... Cocentroid = 3-574 A).

In the crystal of 2b, the self-assembly of complex species leads to the formation of a
3D molecular network, resulting from various weak CH/m-, CH/O(nitro) interactions (see
Figures 8 and 56).
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(@)

Mn(2) Mn(1)

s
(b)

Figure 7. For 2b, a crystal structure (a) and coordination environment of Mn atoms (b). The C-, N-,
O-, Mn- and S-atoms are represented by black, blue, red, purple and yellow spheres, respectively.
Hydrogen atoms are omitted for clarity.

Figure 8. A portion of 3D crystal packing of 2b (view along Oy axis). The C-, N-, O-, Mn- and S-atoms
are represented by black, blue, red, purple and yellow spheres, respectively. Hydrogen atoms are
omitted for clarity.
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The combination of tetra-NO,-TCA, MnCl; and 2,2'-bipyridine (bipy) bearing N,N-
donor chelate coordinating group led to the formation of complex 3 presenting the crystal
formula [C50H3sMnyN19O1454] (see Figure 9a, Tables 1 and S1). The crystal structure of 3
is composed of one molecule of tetra-NO,-TCA, two Mn(II) atoms, two bipy molecules,
and two DMF molecules. There is only one non-equivalent Mn(1) atom, presenting in
the +II oxidation state and coordinated with two O-atoms and one S-atom, belonging to
two phenolate groups and thioether junctions of the macrocycle backbone, one O-atom of
DMF molecule, and two N-atoms coming from the bipy molecule, leading to the N,O,S
distorted octahedral coordination sphere (see Figure 9b, Tables S1 and 52). The macrocyclic
ligand adopted in the 1.2-alternate conformation displayed a parallel orientation of the
opposite aryl rings of the molecular platform, offering two OSO pockets for the formation of
coordination bonds when binding with the Mn(II) ions. The Mn(1) atoms are symmetrically
disposed, with respect to the two O-phenolate atoms, with 2.083(1) A and 2.085(1) A bond
distances, respectively (see Figure 9b, Table S1).

(a) (b)

Figure 9. Crystal structure of 3 (a) and coordination environment of Mn(1) atom (b). The C-, N-,
O-, Mn- and S-atoms are represented by black, blue, red, purple and yellow spheres, respectively.
Hydrogen atoms are omitted for clarity.

The bipy ligand, providing both N-atoms for coordination with Mn(II) ions, acts as
a bidentate chelate ligand. Two Mn(1)-N coordination bonds are found to be practically
equivalent (see Table S1). The pyridyl moieties of bipy are lying in the same plane, which
is identified by the corresponding dihedral angle equal to 1.77°.

The coordination of Mn(1) ions with one DMF molecule completes their octahe-
dral coordination sphere. The 3D crystal packing of 3 is stabilized by a number of rel-
atively cohesive intermolecular n/n-, CH/n-, and CH/O interactions, involving an O-
atom of the nitro groups and aromatic systems of bipy pyridyl moieties ant nitroaryl
groups of the macrocycle backbone (dow) ... Cécentroid = 3-066 A, doget)... c23) = 3.083 A,
dc(19) ... Cécentroid = 3.628 A, do2) ... c(10) = 3.639 A, respectively, see Figures 10 and S7).
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"4

Figure 10. A portion of crystal packing of 3 (view along Oy axis).

4. Discussion

The use of the upper rim of di- and tetranitro derivatives of thiacalix[4]arene (di-NO;-
TCA and tetra-NO,-TCA) as ligands in coordination with Mn(Il) cations under self-assembly
conditions produced the formation of three tetranuclear complexes (1, 2a and 2b) with a
metal/ligand ratio equal to 2/1. For complexes 1 and 2a, the macrocyclic ligands, adopting
cone conformation, displayed a similar coordination mode, leading to the formation of a
tetranuclear “sandwich”-like cluster where the cluster core was held by two macrocyclic
ligands. For both 1 and 2a, thiacalix[4]arene ligands displayed a similar coordination mode,
offering four OSO-tridentate cavities for binding with four Mn(Il) cations.

For 1 and 2a, it was found that the appearance of the nitro groups at the upper rim of the
thiacalix[4]arene ligands significantly changes depending on the structure of the tetranuclear
cluster core, displaying the rhombic geometry and, consequently, presenting two types of
non-equivalent manganese(Il) atoms with O4S; and OgS, coordination environments, whereas
for the earlier reported analogues, obtained using the thiacalix[4]arene ligands, the bearing
electron donor groups such as -t-Bu and -Ph, and all four Mn(II) atoms forming the tetranuclear
square cluster core were found to be equivalent [19,64]. Moreover, the involvement of tetra-
NO,-TCA, instead of di-NO,-TCA, in the coordination of Mn(II) ions resulted in an increase
of thombic cluster core distortion, consisting in its compression along the axis connecting two
Mn(1) atoms, which was caused by the weakening (elongation) of the coordination bonding
between the O-atoms of the phenolate moieties. As a result, it induced the enhancement of the
interaction between Mn(Il) atoms with coordinated DMF molecules, leading to their partial
intrusion into the complex. The emerged repulsion of coordinated solvent molecules and
macrocyclic ligand in the coordination sphere of Mn(2) atoms resulted in the elongation of
Mn-S coordination bonds (see Table S1).

There are only a few examples of octacoordinated Mn(II) cations in the metal-organic
complexes displaying a Ng-, N7O-, or Og-coordination environment when the polydentate
N-or O-donor ligands were used for the encapsulation of the single metal ion [65-70]. Thus,
1 and 2a are the first examples of polynuclear complexes where the O-/S-donor ligands
based on the thiacalix[4]arene macrocyclic platform are used for the stabilization of eight
coordinate Mn(II) cations.

In contrast to 1 and 2a, the macrocyclic ligand in 2b is found to be adopted in a paco
conformation, providing two kinds of coordination modes. The first one leads to the
formation of a dinuclear cluster core, connecting two adjacent macrocyclic ligands, offering
two OSO-tridentate cavities for coordination with two Mn(II) atoms. In addition, due to the
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coordination of one inverted O-phenolate moiety, each molecule of the macrocyclic ligand
binds with a single Mn(II) atom, which is located on one of the side positions of the complex.
The formation of 2b evidences the enhanced conformational flexibility of the macrocyclic
platform of used tetra-NO,-TCA, compared to TCA, which coordination chemistry has
thoroughly explored. Moreover, the changing of the coordination pattern for 2b leads
to an enhanced value of the distortion parameter (CShM) of the O45, trigonal prismatic
coordination sphere for Mn(II) ions (see Table S2). It should be noted that the observation
of pentacoordinated Mn(IlI) atoms, connected with only one anion (phenolate group), is
documented for the first time. Interestingly, the arrangement of complex molecules in
the crystalline phase, displaying the non-centrosymmetrical space group Pca2; for 2b, can
expand the chemistry of thiacalix[4]arene ligands, adopted in paco conformation.

Finally, the addition of auxiliary ligand 2,2-bipyridine led to the formation of complex
3 with tetra-NO,-TCA, demonstrating an easy conformational transformation by adopting
the 1.2-alternate conformation. The obtained result indicates that the involvement of
chelating NN-donor ligand, possessing a high affinity to bind with Mn(II) cations, as shown
earlier in the example of a CA-based cluster [71], instead of DMF molecules, in coordination
with metal ions results in the destruction of the tetranuclear cluster core observed for 1 and
2a, assumedly because of the steric hindrances.

5. Conclusions

The coordination of upper-rim substituted di- and tetranitro derivatives of thia-
calix[4]arene (di-NO>-TCA and tetra-NO,-TCA) with Mn(II) cations under mild self-
assembly conditions afforded the formation of four new polynuclear complexes, whose
crystal structure was established using X-ray diffraction. Two complexes, 1 and 2a, con-
taining similar tetranuclear metallic clusters, presented two type of non-equivalent Mn(II)
atoms with O4S; and O4S; coordination spheres, for which distortion was adjusted by
varying the number of the nitro substituents on the upper rim of the macrocycle backbone.
It was revealed that, for 1 and 2a, thiacalix[4]arene ligands adopted in a cone conformation,
in the case of 2b, a paco conformation was observed for the macrocyclic ligand, leading to a
non-centrosymmetric space group of the unit cell and the presence of four non-equivalent
Mn(II) atoms within the complex species displaying an O45; or Os coordination envi-
ronment. For 3, the combination of 2,2’-bipyridine, tetra-NO,-TCA, and MnCl, afforded
dinuclear complex formation, where the macrocyclic ligand, adopting a 1.2-alternate con-
formation, was bound with two metal ions, displaying the N,O3S-coordination sphere.

The presented results evidence that the control over the coordination environment and
the distortion of coordination sphere of manganese(Il) cations as well as the conformation
behavior of the macrocycle ligand can be achieved via the use of thiacalix[4]arene ligands
containing electron-withdrawing groups, such as nitro substituents, from one side, and the
addition of auxiliary ligands from another side. The magnetic and luminescence properties
of the obtained coordination compounds are currently under investigation.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cryst13071017/s1. Figure S1: The thermal ellipsoids representation
with 50% probability of asymmetric unit for 1 (a), 2a (b), 2b (c) and 3 (d). H-atoms are omitted for
clarity; Figure S2: The macrocycle platform deformation resulting in the screwing of the opposite aryl
units when binding with Mn (II) ions in 1 (a) and 2a (b); Figure S3: For 1 and 2a, inclusion of solvate
DMEF (a) or diethyl ether molecules (b) into the hydrophobic cavity of thiacalix[4]arene based ligands
supported by CH/7- interactions presented by blue dotted lines; Figure S4: Perpendicular orientation
of the cluster molecules within the 2D layer for 1; Figure S5: External CH/m bonding between the
co-crystallized molecules of diethyl ether and aryl units of macrocycle platform upon the crystal
packing; Figure S6: For 2b, the intermolecular CH/O(nitro) (a) and CH/m (b) interactions involved in
stabilization of the crystal packing; Figure S7: The noncovalent intermolecular interactions acting in
stabilization of the crystal packing of 3; Table S1: The coordination bonds lengths and angles for 1, 2a,
2b and 3; Table S2: CShM deviation values calculated by SHAPE program [63] for hexacoordinated
Mn (II) atoms in 1, 2a, 2b and 3; Table S3: CShM deviation values calculated by SHAPE program [63]
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for octacoordinated Mn atoms in 1 and 2a; Table S4: CShM deviation values calculated by SHAPE
program [63] for pentacoordinated Mn atoms in 2b.
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