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Abstract: Two solvated rhenium(IV) complexes with formula [ReCls(bpym)]-MeCN (1) and
[ReCls(bpym)]-CHsCOOH-H20 (2) [bpym = 2,2-bipyrimidine] have been prepared and
characterized by means of Fourier transform infrared spectroscopy (FT-IR), scanning electron
microscopy and energy dispersive X-ray analysis (SEM-EDX), single-crystal X-ray diffraction (XRD)
and SQUID magnetometer. 1 and 2 crystallize in the monoclinic system with space groups P2i/n
and P2i/c, respectively. In both compounds, the Re(IV) ion is six-coordinate and bound to four
chloride ions and two nitrogen atoms of a 2,2"-bipyrimidine molecule forming a distorted octahedral
geometry around the metal ion. In the crystal packing of 1 and 2, intermolecular halogen---halogen
and mt--halogen type interactions are present. Hydrogen bonds take place only in the crystal
structure of 2. Both compounds exhibit an akin crystal framework based on halogen bonds.
Variable-temperature dc magnetic susceptibility measurements performed on microcrystalline
samples of 1 and 2 show a similar magnetic behavior for both compounds, with antiferromagnetic
exchange between the Re(IV) ions connected mainly through intermolecular Re-Cl--Cl-Re
interactions.

Keywords: rhenium; 2,2-bipyrimidine; metal complexes; crystal structure; crystal explorer;
magnetic properties

1. Introduction

The study on solvate formation in crystalline compounds is becoming increasingly a significant
topic, given the academic and industrial interest in elucidating the properties and variations in
morphology of different crystal forms [1,2]. Many times the crystallization solvent can explain the
observed changes in physical properties of a crystalline material, and this investigation can assist in
the ongoing efforts to improve the design of crystallization processes from solution [1-5].

In the coordination chemistry of Re(IV), the polymophism and the effect of the solvent on the
magnetic properties of Re(IV) complexes have been relatively little studied [6,7]. The mononuclear
complexes based on halides of Re(IV) ion have been investigated during decades and are
characterized by large values of magnetic anisotropy and significant intermolecular magnetic
exchange [8-22]. Indeed, these compounds can display relatively strong dipolar exchange through
Re-X--X-Re type contacts (X = halogen), which can result in a magnetic order as, for instance,
metamagnetism or spin canting [23-25].

The neutral mononuclear [ReClsy(bpym)] complex has been previously studied, showing
remarkable properties [26]. It displays potent in vitro anti-proliferative activity against a series of
cancer cells [27]. Regarding its magnetic properties, it exhibits magnetic ordering below 7.0 K through
the spin-canting phenomenon, with values of the coercive field (Hc) and remanent magnetization
(Mr) of 1750 G and 0.05 uB, respectively [28]. Besides, it has been employed as starting material for
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the preparation of rhenium-based compounds as, for instance, the first heterodinuclear 2,2'-
bipyrimidine-bridged complex magnetostructurally studied, of the formula [ReCla(p-
bpym)NiBr2(H20):] [29], and the chiral, photoluminescent, and spin-canted compound of formula
{CuReCly(p-Cl)(p-pyz)[ReCls(p-bpym)]}-MeNO:  [30]. More recently, two one-dimensional
coordination polymers of general formula {[ReCls(u-bpym)CuX:]-solvent}n have been characterized
structurally and magnetically [31].

To develop our investigation on the effect of the solvent and the intermolecular interactions on
the magnetic properties of Re(IV) compounds, we herein report the synthesis, crystal structure and
magnetic properties of two solvated Re(IV) complexes based on the 2,2-bipyrimidine ligand, with
formula [ReCls(bpym)]-MeCN (1) and [ReClsy(bpym)]-CHsCOOH-H20 (2), which are compared with
the unsolvated complex.

2. Results and Discussion

2.1. Description of the crystal structures

The crystal structures of 1 and 2 were studied through the single-crystal X-ray diffraction
technique. Both compounds crystallize in the monoclinic crystal system with space groups P2i/n and
P2i/c, respectively (Table 1). The not solvated [ReCls(bpym)] complex crystallizes in the orthorhombic
space group P212121 [26]. The crystal structure of 1 is made up of neutral [ReCls(bpym)] complexes
and MeCN molecules, whereas the crystal structure of 2 is based on [ReCls(bpym)], CH:COOH and
H20 molecules, as showed in their respective asymmetric units (Figures 1 and 2).

In the mononuclear [ReCls(bpym)] complexes of 1 and 2, each Re(IV) ion is bonded to four
chloride ions and two nitrogen atoms of a 2,2'-bipyrimidine molecule forming a distorted octahedral
geometry around the metal ion. In both compounds, the average values of the Re-N bond lengths
[2.129(1) A for 1 and 2.137(1) A for 2] are shorter than those of the Re—Cl bond lengths [2.317(1) A for
1 and 2.308(1) A for 2], displaying values which are in agreement with those previously published
for similar Re(IV) complexes [26,32]. Besides, the Re-Cl bond lengths in axial positions are longer than
those located in equatorial positions in both 1 and 2 (Figures 1 and 2). The chelating 2,2"-bipyrimidine
molecule is pretty much planar in both compounds, and exhibit average C-C, N-N, and C-N bond
length values in agreement with those found in similar bpym-based complexes containing 4d and 5d
metal ions [33,34].

CI3

Figure 1. Detail of the mononuclear [ReCls(bpym)] complex and solvent MeCN molecule in 1.
Thermal ellipsoids are depicted at the 50% probability level.
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Figure 2. Detail of the mononuclear [ReCls(bpym)] complex and solvent molecules in 2. Thermal
ellipsoids are depicted at the 50% probability level.

In the crystal packing of 1, intermolecular short Cl---Cl contacts of 3.559(1) A [C1(3)--Cl(7a)
distance with (a) = x-1, y, z] and 3.560(1) A [CI(2)--Cl(6b) distance with (b) = x-1, y-1, z] direct
alternate chains formed by complexes of Re(1) and Re(2) ions, which grow along the crystallographic
c axis (Figure 3). These chains are interlinked with each other through C-H--N interactions involving
neighboring bpym ligands [C(15¢c)-~N(4) distance being ca. 3.50 A; (c) = x, y-1, z], and also with
somewhat longer Cl-Cl contacts of ca. 3.667(1) A, resulting in a corrugated layered structure that
grows in the ac plane (Figure 3). Further C-H--N interactions [C(6d)---N(9) distance being ca. 3.62 A;
(d) = —x+1, —y+2, —z+1] occur between [ReCls(bpym)] complexes and MeCN solvent molecules. These
intermolecular interactions, along with n--Cl contacts of ca. 3.283(1) A and several weak C-H-Cl
interactions, draw together a 3D crystal structure in compound 1.

Figure 3. View along the crystallographic b axis of the one-dimensional motifs of [ReClsy(bpym)]
complexes (polyhedron model) connected through Cl--Cl interactions in 1 (left); View along the
crystallographic a axis of the one-dimensional motifs of [ReClsy(bpym)] complexes (polyhedron
model) connected through CI--Cl interactions in 2. Solvent molecules and bpym ligand have been
omitted for clarity.

In the crystal packing of 2, several O-H-+O and O-H--N hydrogen bonds connect the solvent
molecules CHsCOOH and H20 to the [ReCls(bpym)] complexes [O1w--N(7a) distance of ca. 2.866 A;
(a) = -x+1, y-1/2, -z+3/2] (Table 2). As in 1, chains formed through alternate complexes of Re(1) and
Re(2) ions are generated by short Cl--Cl contacts (Figure 3). In the case of 2, this type of
halogen--halogen bonds are shorter than those found in 1 [the shortest one being CI(3)---Cl(7b) with
distance of ca. 3.309 A and (b) = x+1, -y+3/2, z+1/2] (Figure 3). Further Cl---Cl contacts of approximately
3.708 A, together with C-H--N interactions between bipyrimidine rings of adjacent [ReCla(bpym)]
complexes, link the chains forming 2D sheets [C(6c)--N(8) distance of ca. 3.507 A; (0)=x, -y+3/2, z+1/2]
(Figure 4).
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Figure 4. View along the crystallographic b axis of the intermolecular interactions between
[ReCly(bpym)] complexes and between [ReCls(bpym)] complexes and MeCN molecules in 1 (left);
View along the crystallographic a axis of the intermolecular interactions between [ReClsy(bpym)]
complexes and CHsCOOH and H20 molecules in 2.

Table 1. Summary of the crystal data and structure refinement parameters for 1 and 2.

Compound 1 2
CIF 2233243 2233244
Formula Ci1sH15ClsNoRe2 Ci1sH1sClsNsOsRe2
Fw/g mol™! 1013.39 1050.40
Temperature/K 120(2) 120(2)
Crystal system monoclinic monoclinic
Space group P2i/n P2i/c
a/A 13.239(1) 11.960(1)
b/A 11.852(1) 18.089(1)
/A 17.666(1) 13.433(1)
af® 90 90
B/° 90.02(1) 93.02(1)
Y/° 90 90
V/A3 2771.97(13) 2902.30(10)
Z 4 4
Dc/g cm 2.428 2.404
pu(Mo-Ka)/mm-? 9.526 9.110
F(000) 1888 1968
Goodness-of-fit on F2 1.307 1.061
R1 [I>20(I)]/all data 0.0221/0.0252 0.0377/0.0424
wRa [I>20(])] /all data 0.0649/0.0773 0.0793/0.0816

Table 2. Selected hydrogen-bonding interactions in 2.

D-H--A D-H/A H--A/A D--A/A (DHA)/°
0(2)-H(A)--O(1w) 0.888 1.91(1) 2.599(1) 173.6(1)
O(1w)-H(1wB)--N(4) 0.927 1.91(1) 2.804(1) 162.7(1)
O(1w)-H(1wA)--N(7a) 0.935 1.97(1) 2.866(1) 160.8(1)
O(1w)-H(1wA)--N(8a) 0.935 2.67(1) 3.301(1) 125.4(1)

In 2, there are n---Cl contacts, involving bipyrimidine rings and chloride anions, which are of
approximately 3.283(1) A, and also weak C-H-Cl interactions, which implicate the methyl group of
the CHsCOOH molecules and chloride anions of the [ReClsbpym)] complexes [C(18)--Cl(5d)
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distance of ca. 3.617 A; (d) = x+1, -y+3/2, z-1/2]. These last intermolecular interactions also contribute
to stabilizing the crystal structure in compound 2 (Figure 4).

2.2. Hirshfeld Surface Analysis

Hirshfeld surfaces of the neutral [ReCly(bpym)] complex in compounds 1 and 2 were calculated
and their close intermolecular interactions were analyzed through the CrystalExplorer program [35-37].
CrystalExplorer calculates a series of surfaces which allow obtaining a both qualitative and
quantitative visualization of the main intermolecular interactions, in this case, taking place in 1 and 2, the
shorter contacts being shown with red color [38,39]. This is performed by mapping the distances from
the surface to the nearest atom outside (de) and inside (di) of each surface and, at the same time,
considering a normalized contact distance (dnorm) that takes into account some limitations generated
by the atomic radii [35-37]. The Hirshfeld surfaces for compounds 1 and 2 are given in Figures 5 and 6,
respectively. According to their fingerprint plots, both 1 and 2 show a very similar percentage
regarding the intermolecular CI--Cl contacts between adjacent [ReClsy(bpym)] complexes [ca. 6.4% for
1 and ca. 6.3% for 2], which is consistent with the akin framework based on halogen bonds that both
compounds exhibit (Figure 7). The Cl---H contacts connecting mainly chloride anions and C-H groups
of neighboring [ReClsy(bpym)] complexes in 1 and 2, and also the methyl groups of CH:COOH
molecules in the case of 2, are the main interactions observed on the Hirshfeld surfaces for both
compounds, which cover ca. 34.9% for 1 and ca. 39.2% for 2 on their respective fingerprint plots
(Figures 5 and 6). Finally, further N--H contacts involving solvent molecules, mainly MeCN (in 1)
and H20 (in 2), and N atoms and C-H groups of adjacent bipyrimidine rings are approximately 11.6%
and 9.7% of the complete fingerprint plot of 1 and 2, respectively (Figures 5 and 6).
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Figure 5. Hirshfeld surface mapped through dnorm function for 1 (left); Full fingerprint plot for the
dinuclear Re(IV) compound 1 (right).
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Figure 6. Hirshfeld surface mapped through dnorm function for 2 (left); Full fingerprint plot for the
dinuclear Re(IV) compound 2 (right).
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Figure 7. View along the crystallographic a axis of the grid formed by [ReCls(bpym)] complexes
connected through intermolecular CI--Cl bonds acting as host of MeCN molecules in 1 (left); View
along the crystallographic c axis of the grid formed by [ReCls(bpym)] complexes connected through
intermolecular CI--Cl bonds acting as host of CHs=COOH and H20 molecules in 2 (right).

2.3. Magnetic Properties

Dc magnetic susceptibility measurements were performed on microcrystalline samples of 1 and 2 in
the 2-300 K temperature range and under an external magnetic field of 0.5 T. The resulting ymT versus
T plots (M being the molar magnetic susceptibility per mononuclear Re(IV) complex) for compounds
1 and 2 are shown in Figure 8. At 300 K, the ymT values are ca. 1.57 (1) and ca. 1.54 cm®mol'K (2),
which are very close to those earlier published for magnetically isolated complexes based on Re(IV)
ion (5d? ion with S = 3/2) [7]. Upon cooling, the curve that the ymT values draw for 1 follow the Curie
law with decreasing temperature to approximately 100 K, before they decrease reaching minimum
values of approximately 0.17 cm®mol-'K at 2.0 K (Figure 8). In the case of 2, the ymT values decrease
gradually with decreasing temperature, and more abruptly at approximately 50 K, reaching a
minimum value of 0.49 cm®mol-'K at 2.0 K (Figure 8). The decrease of the ymT value observed for both
1 and 2 would be assignable to antiferromagnetic interactions as well as zero-field splitting (ZFS)
effects [40,41]. No maximum of the magnetic susceptibility is observed for either compound, as
shown in their respective ym versus T plots (insets in Figure 8).
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Figure 8. Thermal variation of the xmT product for compounds 1 (left) and 2 (right). The solid red line
represents the theoretical fit of the experimental data and the inset shows the xm versus T plot.

As indicated in the description of the crystal structure of 1 and 2, both compounds exhibit short
Cl---Cl contacts between the paramagnetic [ReClybpym)] complexes in their crystal lattices (Figure 3).
Hence, these relatively important through-space interactions between Re(IV) ions precludes the
occurrence of SIM behavior [40,41]. Besides, the presence of solvent molecules changes drastically the
magnetic properties, given that the unsolvated [ReClsy(bpym)] complex exhibits magnetic ordering
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through spin-canting, as previously reported [7,28], a magnetic behaviour which is not observed
neither in 1 nor in 2.

H =D[ (5, ~ S5 +1/3] + gpHS @)
+2
v — Z// 3 ZJ. (2)

_ NpB’g;, 1+9exp(-2D/kT)
4k(T —0) 1+exp(-2D/kT)

X

_ Np’g? 1+(3kT/4D)[1-exp(-2D/kT)]
L k(T - 0) 1+exp(-2D/kT)

To analyze the magnetic behavior of 1 and 2, we have employed the Hamiltonian of equation (1)
and its derived theoretical expression for the magnetic susceptibility, equation (2), by including a 6
term to account for the observed intermolecular interactions, where S. is the easy-axis spin operator,
H is the applied field, § is the Bohr magneton, the ¢ parameter is the Landé factor and D is the zero-
field splitting (ZFS) for the Re(IV) ion [7]. Thus, the first term in equation (1) corresponds to the ZFS
and the second term to the Zeeman effects. Besides, we have assumed that g, = g1 = g for complexes 1
and 2. The best least-squares fit gave the parameters D = 31.9 cm, g =1.86, 0 =-5.3 Kand R =2.94-10-
5for1and D =358 cm, g =1.83, 0 =- 8.8 K and R = 4.52-10° for 2 {R being the agreement factor
defined as Zi[(xmT)iobs — (xmT)i@ed]2/[(xmT)ie>s]?}. As shown in Figure 8, the calculated curves (solid red
lines) reproduce quite well the experimental magnetic data in the whole temperature range. The D
and g values calculated for 1 and 2 are in agreement with those earlier reported for mononuclear
Re(IV) complexes [7,8]. The sign and magnitude of the 8 values corroborate the presence of relatively
strong antiferromagnetic exchanges between the Re(IV) ions connected through intermolecular Re-
Cl--Cl-Re pathways (Figure 3), with the shorter interactions in 2 [ca. 3.6 A (in 1) versus ca. 3.3 A (in
2)] resulting in stronger antiferromagnetic exchange.

3. Experimental Section

3.1. Materials

All manipulations were performed under aerobic conditions, using all the solvents and
chemicals as received. The Re(IV) precursors, [ReCls(bpym)] [26] and (NBuas)2[ReCls(ox)] [42], were
prepared following literature procedures.

3.2. Preparation of the complexes

3.2.1. Synthesis of [ReClsy(bpym)]-MeCN (1)

1 was prepared by dissolving [ReClsbpym)] (0.05 mmol, 24.3 mg) in 2 mL of a N,N-
dimethylformamide-acetonitrile (1:1, v/v) mixture, followed by a slow diffusion in isopropanol at
room temperature. Brown crystals of 1 were thus obtained in a few days and were suitable for single-
crystal X-ray diffraction studies. Yield: ca. 75%. Anal. Calcd. for CioHoNsCliRe (1): C, 9.5; H, 3.2; N,
5.5. Found: C, 9.9; H, 3.0; N, 5.3. SEM-EDAX: a molar ratio of 1:4 for Re/Cl was found for 1. IR (KBr
pellet) peaks are observed at 3100 (m), 3067 (s), 2245 (m), 1578 (vs), 1541 (m), 1453 (w), 1407 (vs), 1269
(w), 1213 (m), 1113 (m), 1021 (s), 987 (w), 818 (m), 747 (s), 693 (m), 665 (s), 490 (w), 440 (w) cm™.
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3.2.2. Synthesis of [ReClsy(bpym)]-CHsCOOH-H20 (2)

2 was prepared through ligand substitution of the previously reported (NBuas)2[ReCls(ox)]
complex. (NBus)2[ReCls(ox)] (0.12 mmol, 110 mg) and 2,2-bipyrimidine (0.25 mmol, 39.5 mg) were
mixed in glacial acetic acid (4.0 mL). The mixture was heated to 100 °C and stirred for 4h. The
resulting solution was filtered while hot and left to evaporate at room temperature. Dark orange
crystals of 2 were grown in less than 1 week, and were suitable for X-ray diffraction data collection.
Yield: ca. 60%. Anal. Calcd for CioH12N4OsCliRe (2): C, 21.3; H, 2.1; N, 9.9. Found: C, 21.4; H, 2.0; N,
9.6. SEM-EDAX: a molar ratio of 1:4 for Re/Cl was found for 2. IR (KBr pellet) peaks are observed at
3424 (br), 3091 (m), 3066 (m), 1711 (m), 1579 (vs), 1547 (m), 1452 (w), 1436 (w), 1406 (vs), 1303 (w),
1258 (m), 1211 (w), 1109 (m), 1024 (s), 989 (w), 877 (w), 819 (m), 748 (s), 695 (m), 669 (m), 617 (w), 515
(w) cmeL.

3.3. X-ray data collection and structure refinement

X-ray diffraction data collection on single crystals of dimensions 0.28 x 0.21 x 0.21 (1) and 0.17 x
0.16 x 0.06 mm? (2) were collected on a Bruker D8 Venture diffractometer with PHOTON II detector
and by using monochromatised Mo-Ka radiation (A = 0.71073 A). Crystal parameters and refinement
results for 1 and 2 are summarized in Table 1. The structures were solved by standard direct methods
and subsequently completed by Fourier recycling using the SHELXTL [43] software packages and
refined by the full-matrix least-squares refinements based on F? with all observed reflections. The
final graphical manipulations were performed with the DIAMOND [44] and CRYSTALMAKER [45]
programs. CCDC 2233243 and 2233244 for 1 and 2, respectively.

3.4. Physical measurements

Elemental analyses (C, H, N) were performed in an Elemental Analyzer CE Instruments
CHNS1100 and the molar ratio between heavier elements was found by means of a Philips XL-30
scanning electron microscope (SEM-EDAX), equipped with system of X-ray microanalysis, in the
Central Service for the Support to Experimental Research (SCSIE) at the University of Valencia.
Infrared spectra (IR) of 1 and 2 were recorded with a PerkinElmer Spectrum 65 FT-IR spectrometer
in the 4000-400 cm™! region. Variable-temperature, solid-state dc magnetic susceptibility data were
collected on a Quantum Design MPMS-XL SQUID magnetometer equipped with a 5 T dc magnet.
Experimental magnetic data were corrected for the diamagnetic contributions of both the sample
holder and the eicosene. The diamagnetic contribution of the involved atoms was corrected by using
Pascal’s constants [46].

4. Conclusions

In summary, the synthesis, crystal structure and magnetic properties of two novel solvated
Re(IV) complexes based on the 2,2'-bipyrimidine ligand, with formula [ReClsy(bpym)]-MeCN (1) and
[ReCls(bpym)]-CHsCOOH-H20 (2), have been reported. In the crystal structures of 1 and 2, there are
present intermolecular halogen---halogen and 7---halogen type interactions and only in compound 2
there exist O-H--O and O-H-~N hydrogen bonds. Having into account the presence of Re-Cl---Cl-Re
contacts, both compounds exhibit a corrugated crystal framework, which host the solvent molecules.
The investigation of the magnetic properties of 1 and 2 through dc magnetic susceptibility
measurements reveals a similar magnetic behavior, since both compounds display antiferromagnetic
exchange couplings between Re(IV) ions. The magnetic properties can be drastically modified by the
presence of solvent molecules, given that the unsolvated [ReCls(bpym)] complex exhibits a very
different magnetic behaviour, that is, magnetic ordering through spin-canting, as previously
reported. In this way, by changing suitable solvents, it is possible to tune the magnetic properties in
this type of Re(IV) complexes.
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