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A B S T R A C T   

A series of seven-coordinate pentagonal-bipyramidal (PBP) Cr(III) complexes with pentadentate pyridine-based 
ligands, 2,6-diacetylpyridine bis(4-methoxybenzoylhydrazone), H2DAPMBH (H2LOCH3) or 2,6-diacetylpyridine 
bis(benzoylhydrazone), H2DAPBH (H2L) and different axial ligands have been prepared. The reaction of the 
H2LOCH3 with CrCl2⋅4H2O in methanol or CrCl3⋅6H2O in CH3CN led to a novel seven-coordinate pentagonal- 
bipyramidal (PBP) complex [Cr(HLOCH3)Cl2] (1) with the mono-deprotonated chelating ligand in the equatorial 
plane and two apical Cl atoms. Then, taking advantage of lability of the apical Cl ligands in 1, a number of PBP 
CrIII complexes with charged (viz. CH3O− , N3

− , CN− , NCS− ) and neutral (viz. CH3OH, H2O) apical ligands was 
obtained and characterized: [Cr(HLOCH3)Cl2]⋅4CHCl3 (1), [Cr(HLOCH3)Cl2]⋅CH3OH (1a), [Cr(HLOCH3)(H2O)Cl] 
PF6⋅CH3OH (2), [Cr(HL)(H2O)Cl]ClO4⋅0.25H2O (3), [Cr(HLOCH3)(H2O)2](NO3)2⋅H2O⋅C2H5OH (4), [Cr(LOCH3) 
(CH3OH)(OCH3)]⋅CH3OH (5), [Cr(HLOCH3)(NCS)2]⋅1.5H2O (6), [Cr(HLOCH3)(N3)2]⋅xH2O (7, x  = 0.2, 8, x  = 0, 9, 
x  = 0, three phases in the same synthesis), [Cr(LOCH3)(N3)2][Na(CH3OH)2]⋅2CH3OH (10), [Cr(LOCH3)(CN)2][Na 
(H2O)(C2H5OH)] (11). Single crystal X-ray analysis reveals that all the complexes 1–11 have the PBP geometry 
with a pentadentate ligand in a form of [HLOCH3]− or [LOCH3]2− in the equatorial plane. The PBP complexes are 
prone to aggregate into dimers or polymers, either due to strong hydrogen bonds or due to the transformation of 
terminal ligands into bridging between different metallic centers. All complexes 1–11 exhibit considerable in- 
plane distortion of the CrN3O2 pentagon due to the shift of the CrIII ion from the central position, which is 
caused by the strong first-order Jahn-Teller (JT) effect for the high-spin 3d3 configuration in the PBP ligand field. 
The mechanism of JT distortions is rationalized in terms of DFT calculations. DC magnetic measurements 
indicate a high-spin (S = 3/2) ground state of complex [Cr(HLOCH3)Cl2]⋅4CHCl3 (1); theoretical analysis of its 
magnetic properties reveals negative zero-field splitting energy with the anisotropy parameter D = –1.8 cm− 1 

and weak dimer-like antiferromagnetic spin coupling J = –0.23 cm− 1 between neighboring PBP units [CrIII(H-
LOCH3)Cl2] mediated by π-stacking of planar H2LOCH3 ligands.   

1. Introduction 

Coordination chemistry of chromium(III) compounds continues to 
attract great interest, both as an active field of fundamental research and 
due to development of new advanced functional materials for modern 
applications, such as efficient catalysts based on chromium complexes 
[1], photoactive materials [2,3] and molecule-based magnetic materials 
[4]. Currently, a huge number of various inorganic and organometallic 

chromium(III) coordination compounds, both mono- and polynuclear, 
have been isolated and characterized; in most of them, CrIII ions are 
octahedrally coordinated. However, in recent years, the research inter-
est has shifted towards transition-metal complexes with less-common 
coordination, trigonal–pyramidal [5–7], trigonal-prismatic [8–11] and 
pentagonal-bipyramidal [12–17]. Of these, pentagonal-bipyramidal 
(PBP) complexes are of special interest as spin carriers with strong 
Ising-type magnetic anisotropy [16–19]. These complexes are promising 
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building units for the molecular design of new magnetic materials based 
on magnetically bistable low-dimensional coordination compounds 
featuring slow magnetic relaxation at low temperature, namely, single- 
molecule magnets (SMMs) and single-chain magnets (SCMs) [4,6–20]. 
In this respect, transition metal complexes with planar pentadentate 
macrocyclic ligands of the Schiff base type are especially attractive since 
they provide robust, nearly planar pentagonal coordination in the 
equatorial plane, which is supplemented by two apical ligands to form 
the PBP coordination polyhedron. Such complexes with high-spin 3d 
metal ions often exhibit substantial single-ion magnetic anisotropy with 
the zero-field splitting (ZFS) parameter D in the range of several tens of 
wavenumbers, as is the case for Fe(II) [16–18,20], Co(II) [15,16,18–20] 
and Ni(II) [16,20–22] complexes. 

To date, numerous seven-coordinate PBP complexes with penta-
dentate Schiff base ligands have been obtained for almost all 3d tran-
sition metals [4,6–22]. By contrast, the number of chromium(III) PBP 
complexes is still very limited. Overall, the chemistry of Cr(III) com-
plexes with such ligands is scarcely developed: in fact, there are only a 
few reports in the literature on crystallographically characterized PBP Cr 
(III) complexes with pentadentate Schiff base ligands. The first seven- 
coordinate Cr(III) complex was obtained in 1975 by Palenick et al. 
[23], when inorganic chemists still debated if such Cr(III) complexes 
could even exist. The authors of [23], and later in ref. [24] demonstrated 
the formation of PBP Cr(III) complex in the reaction of chromium nitrate 
with a pentadentate ligand with N3O2 chelating node, 2,6-diacetylpyri-
dine-disemicarbazone, DAPSC. Recently, Sutter et al. [25–27] reported 
the synthesis of some new seven-coordinate PBP Cr(III) complexes with 
a similar pentadentate N3O2 ligand and successfully used them as 
metallo-ligand units for tailoring heterometallic molecule-based mag-
nets. Besides, these PBP Cr(III) complexes exhibit considerable in-plane 
distortion of the CrN3O2 pentagon caused by the strong first-order Jahn- 
Teller effect for the high-spin 3d3 configuration [25–27]. 

One more important avenue of research of Cr(III) Schiff base com-
plexes concerns their catalytic activity. In particular, chromium com-
plexes with tetradentate N2O2 Schiff bases (such as salen) are known as 
efficient catalysts of the ring-opening copolymerization of epoxides and 
carbon dioxide, which are important for synthesis of aliphatic poly-
carbonates [28–32]. The search for new, more active and selective 
catalysts for this reaction is therefore an urgent task. In this regard, 
chemically related Cr(III) complexes with pentadentate Schiff bases may 
be promising as catalysts for the reaction of CO2 with epoxides. 
Recently, we have started work in this direction and obtained some 
encouraging results; this work is currently underway [33]. 

Herein, we report synthesis and study of a series of new Cr(III) 
complexes with a pentadentate ligands, 2,6-diacetylpyridine bis(4- 
methoxybenzoylhydrazone), (H2LOCH3) or 2,6-diacetylpyridine bis 
(benzoylhydrazone), (H2L) and with various apical ligands, [Cr(HLOCH3) 
Cl2]⋅4CHCl3 (1), [Cr(HLOCH3)Cl2]⋅CH3OH (1a), [Cr(HLOCH3)(H2O)Cl] 
PF6⋅CH3OH (2), [Cr(HL)(H2O)Cl]ClO4⋅0.25H2O (3), [Cr(HLOCH3) 
(H2O)2](NO3)2⋅H2O⋅C2H5OH (4), [Cr(LOCH3)(CH3OH)(OCH3)]⋅CH3OH 
(5), [Cr(HLOCH3)(NCS)2]⋅1.5H2O (6), [Cr(HLOCH3)(N3)2]⋅xH2O (7, x  =
0.2, 8, x  = 0, 9, x  = 0, three phases in the same batch), [Cr(LOCH3)(N3)2] 
[Na(CH3OH)2]⋅2CH3OH (10), [Cr(LOCH3)(CN)2][Na(H2O)(C2H5OH)] 
(11). This study represents a part of our research activities aimed at 
designing new advanced molecular magnetic materials, which are based 
on new principles of the control of magnetic anisotropy [34–37]; the 
PBP 3d, 4d, 4f complexes with pentadentate Schiff base ligands are a key 
element of our strategy [38–43]. This paper describes investigations of 
the peculiarities of syntheses, crystallographic characterization and 
ligand-exchange reactions of a series of new Cr(III) complexes 1–11 with 
pentadentate ligand H2LOCH3. Magnetic measurements were done for 
compound 1 as a representative of the family of Cr(III) complexes 1–11; 
its magnetic behavior is supplemented with a detailed theoretical 
analysis. 

2. Experimental section 

All manipulations involving air-sensitive materials (CrCl2⋅4H2O) 
were carried out under an argon atmosphere using the standard Schlenk- 
line method. Syntheses using CrIII compounds as starting materials were 
performed under aerobic conditions. 2,6-diacetylpyridine, benzoylhy-
drazide, Et3N, CrCl2⋅4H2O, CrCl3⋅6H2O, Cr(NO3)3⋅9H2O, NaCN, NaN3, 
4-methoxybenzoic acid, thionyl chloride, hydrazine hydrate solution 
(50–60% N2H4), NaOCH3 (solution in CH3OH, Aldrich), LiClO4, NH4PF6, 
NH4CNS, were purchased from commercial sources and used without 
further purification. Methanol was dried upon refluxing with magne-
sium methoxide followed by distillation. Acetonitrile and chloroform 
were refluxed over calcium hydride and then distilled off. All the sol-
vents were purged with argon and stored over molecular sieves 3 Å prior 
to use. The infrared spectra were measured on solid samples using a 
Perkin Elmer Spectrum 100 Fourier Transform infrared spectrometer in 
the range of 4000–500 cm− 1. Elemental analyses were carried out by the 
Analytical Department service at the Institute of Problems of Chemical 
Physics RAS using a vario MICRO cube (Elementar Analysensysteme 
GmbH) equipment. 

2.1. Synthesis and characterization 

H2DAPMBH (H2LOCH3) and H2DAPBH (H2L) ligands were prepared 
in a ketone-hydrazine condensation reaction between one equivalent of 
2,6-diacetylpyridine and two equivalents of 4-methoxybenzoylhydra-
zine or benzoylhydrazine, respectively in 96% ethanol according to 
previously reported procedure [40,44]. The yields were more than 90% 
for both ligands. 

H2LOCH3. Anal. Calc. for C25H25N5O4 (M.W.: 459 g mol− 1) C, 65.35; 
H, 5.48; N, 15.24%. Found: C, 65.62; H, 5.71; N, 15.35%. FT-IR νmax/ 
cm− 1: 3411 m, 3218 m, 2296 m, 1646 s, 1606 s, 1580 m, 1547 s, 1502vs, 
1455 m, 1365 m, 1285 s, 1250vs, 1176vs, 1145 m, 1120 m, 1025 s, 919 
m, 834vs, 758 m. 

H2L. Anal. Calc. for C23H21N5O2 (M.W.: 399 g mol− 1) C, 69.16; H, 
5.30; N, 17.53%. Found: C, 69.25; H, 5.35; N, 17.49%. FT-IR νmax/cm− 1: 
3277 m, 1660vs, 1603 m, 1580 m, 1524vs, 1491 m, 1450 s, 1372 m, 
1342 m, 1271vs, 1188 m, 1160 m, 1077 m, 917 s, 812 s, 708vs. 

[Cr(HLOCH3)Cl2]⋅4CHCl3 (1). Compound 1 in the form of light 
brown block crystals suitable for X-ray diffraction analysis was obtained 
by recrystallization of 1a from chloroform. 

[Cr(HLOCH3)Cl2]⋅CH3OH (1a). To a suspension of H2LOCH3 (0.65 
mmol, 300 mg) in absolute methanol (19 ml) in Ar atmosphere solid 
CrCl2⋅4H2O (127 mg, 0.65 mmol) was added while stirring. A green-
–brown mixture was stirred and heated at 60 ◦C for 1.5 h. The ligand was 
slowly dissolving during this time. Some yellow–brown solid developed 
after 30 min under stirring. The reaction mixture was stirred at 60 ◦C for 
additional 1 h to complete the reaction. After cooling to room temper-
ature, the resulting yellow–brown precipitate was collected by filtration, 
washed with absolute CH3OH, diethyl ether, and dried under vacuum. 
Yield: 16% (60 mg). Anal. Calc. for CrC26H28N5O5Cl2 (M.W.: 613 g 
mol− 1) C, 50.91; H, 4.60; N, 11.42%. Found: C, 51.00; H, 4.75; N, 
11.14%. FT-IR (solid) νmax/cm− 1: 682 m, 744vs, 761vs, 804 m, 849vs, 
1021 s, 1051 m, 1171vs, 1259vs, 1291 m, 1309 m, 1380vs, 1439 m, 
1499 s, 1602vs, 1626 m, 2995 m, 3132 m. Carrying out the reaction 
under similar conditions, but in acetonitrile, leads to product [Cr 
(HLOCH3)Cl2]⋅CH3CN (1b) with a yield of about 80%. Anal. Calc. for 
CrC27H27N6O4Cl2 (M.W.: 622 g mol− 1) C, 52.09; H, 4.37; N, 13.50%. 
Found: C, 52.55; H, 4.81; N, 13.40%. FT-IR (solid) νmax/cm− 1: 682 m, 
698 m, 762 s, 807 m, 848 s, 860 m, 1022 m, 1054 m, 1175vs, 1246 s, 
1254 s, 1322 m, 1378vs, 1497 s, 1600 s. 

[Cr(HLOCH3)(H2O)Cl]PF6⋅CH3OH (2). All manipulations were 
performed in an inert atmosphere. CrCl2 4H2O (53 mg, 0.27 mmol) was 
dissolved in 5 ml of 1 N aqueous HCl. This solution was added dropwise 
to a suspension of the ligand H2LOCH3 in 10 ml of CH3OH. The mixture 
was stirred for 1 h. Complete dissolution of the ligand and the formation 

T.A. Bazhenova et al.                                                                                                                                                                                                                          



Inorganica Chimica Acta 522 (2021) 120358

3

of a homogeneous green–brown solution occurred. The addition of 
excess of NH4PF6 to the cooled, filtered solution followed by slow 
evaporation over 2 weeks gave light brown crystals of 2. (90 mg, yield 
45%). The complex was identified by X-ray diffraction analysis. 

[Cr(HL)(H2O)Cl]ClO4⋅0.25H2O (3). To a mixture of H2L (184 mg, 
0.45 mmol) and LiClO4 (190 mg ,1.78 mmol) in 17 ml of C2H5OH under 
Ar atmosphere solid CrCl2 4H2O (90 mg, 0.46 mmol) was added while 
stirring. The green–brown mixture was stirred at 60 ◦C for 1 h, then 
cooled to r.t. and filtered. Light brown block crystals 3 suitable for 
single-crystal X-ray diffraction were obtained by slow evaporation of the 
filtrate after several days. Yield: 40% (112 mg). Anal. Calc. for 
CrC23H26N5O7Cl2 (M.W.: 607 g mol− 1) C, 45.48; H, 4.31; N, 11.53%. 
Found: C, 45.91; H, 4.05; N, 11.75%. FT-IR (solid) νmax/cm− 1: 697 s, 
712vs, 811 m, 1051vs, 1099vs, 1132 s, 1169 s, 1273 m, 1300 s, 1392vs, 
1425 m, 1500 s, 1526 s, 1572 m, 1600 m, 3256w, 3615w. 

[Cr(HLOCH3)(H2O)2](NO3)2⋅H2O⋅C2H5OH (4). Complex 4 was 
prepared from CrIII nitrate according to the literature method [25]. 
Yield: 45%. Anal. Calc. for CrC27H36N7O14 (M.W.: 734 g mol− 1) C, 
44.14; H, 4.94; N, 13.35%. Found: 44.51; H, 5.25; N, 13.75%. FT-IR 
(solid) νmax/cm− 1: 2958vs, 2904 s, 2867 s, 1606vs, 1557vs, 1529vs, 
1494vs, 1386vs, 1315vs, 1269 s, 1190 m, 1166 m, 848 m, 682 m. 

[Cr(LOCH3)(CH3OH)(OCH3)]⋅CH3OH (5). Complex 1a (350 mg, 
0.57 mmol) was added to 22 ml of CH3OH. To this suspension the so-
lution of NaOCH3 in CH3OH (0.44 M, 3.9 ml, 92 mg, 1.7 mmol) was 
added. The mixture was stirred for 10 min. The green–brown solid 
dissolved during this time and the color of the resulting solution turned 
red-brown. The reaction mixture was filtered and the filtrate was 
allowed to crystallize at r. t. After 10 days the red-brown crystalline solid 
(suitable for X-ray diffraction analysis) was separated from the mother 
liquor, washed with CH3OH (5 ml), Et2O (5 ml) and dried in vacuum to 
give 5. Yield: 61% (210 mg). Anal. Calc. for C28H34N5O7Cr (M.W.: 604.6 
g mol− 1) C, 55.62; H, 5.67; N, 11.58%. Found: C, 55.31; H, 5.81; N, 
11.62%. FT-IR (solid sample) ν, cm− 1: 2930 m, 1607 m, 1583 m, 1505 s, 
1379vs, 1307 m, 1256 s, 1170 s, 1029vs, 994 m, 908 m, 842 s, 814 m, 
761 s. 

[Cr(HLOCH3)(NCS)2]⋅1.5H2O (6). Complex 1a (150 mg, 0.24 mmol) 
was added to 20 ml of CH3OH. The mixture was stirred for 10 min., 
followed by the addition of the ethanol solution of NH4NCS (90 mg, ~ 1 
mmol in 8 ml EtOH). The resulting solution continued to stir at 50 ◦C for 
1 h. The precipitate of 6 developed during the first 10 min. The green-
–brown mixture was cooled to r.t., and filtrated. The crystalline solid 
obtained was washed with Et2O (2x5 ml) and dried in vacuum. Yield: 
71% (111 mg). Anal. Calc. for CrC27H25N7O5S2 (M.W.: 652 g mol− 1) C, 
49.69; H, 3.91; N, 15.03; S, 9.82%. Found: C, 51.04; H, 4.35; N, 14.84; S, 
9.35%. FT-IR (solid) νmax/cm− 1: 761 s, 805 m, 844 s, 1024 m, 1051 m, 
1171vs, 1255vs, 1301 m, 1383vs, 1493 s, 1561 m, 1603vs, 2064vs, 
3075w, 3509w. Single crystals of 6 suitable for X-ray diffraction analysis 
were obtained by slow evaporation of mother liquor. 

[Cr(HLOCH3)(N3)2]⋅xH2O (7, x  ¼ 0.2, 8, x  ¼ 0, 9, x  ¼ 0). To a 
methanol solution of NaN3 (56 mg, 0.86 mmol in 16 ml) was added solid 
complex 1a (50 mg, 0.082 mmol). The mixture was stirred at 60 ◦C for 
approximately 10 min. Then the hot cloudy mixture was filtered and left 
for crystallization under slow evaporation. After storing overnight at the 
room temperature, black crystals appeared, the color of the solution 
became pale yellow. The crystalline black solid was separated from so-
lution by decantation, washed with CH3OH (1.5 ml) and Et2O (2 ml), 
dried under weak stream of Ar for 5 min. Yield: 67% (33 mg). Anal. Calc. 
for C25H24N11O4Cr (M.W.: 604 g mol− 1) C, 50.51; H, 4.07; N, 25.92%. 
Found: C, 49.95; H, 4.36; N, 25.51%. FT-IR (solid sample) ν, cm− 1: 761 s, 
844 m, 1024 s, 1168vs, 1252vs, 1308 m, 1338 m, 1381vs, 1508 m, 1559 
m, 1607 s, 2059vs. In this reaction under an excess of NaN3 from 2.5 to 
10, three phases, (7, 8, 9) of the complex [Cr(HLOCH3)(N3)2]⋅xH2O (7, x 
= 0.2, 8, x  = 0, 9, x  = 0) are formed in the same batch, which were 
identified by single crystal X-ray diffraction analysis (see crystal struc-
ture determination). 

[Cr(LOCH3)(N3)2][Na(CH3OH)2]⋅2CH3OH (10). To a solution of 

NaN3 in absolute methanol (360 mg, 5.5 mmol of NaN3 in 20 ml of 
CH3OH) a portion of solid 1a (60 mg, or 0.1 mmol) was added while 
stirring and the reaction mixture was stirred at 40 ◦C for 15 min. The 
formation of a homogeneous green–brown solution was observed. The 
reaction solution was cooled to r. t., filtered through a fritted glass filter 
and left for crystallization at room temperature. After a few hours, the 
formation of plate-shaped golden-brown crystals occurred. After this, 
the solvent was decanted, and the crystalline precipitate was washed 
with diethyl ether (2x3 ml) and dried in air. Upon drying, crystals of 10 
easily lose crystallization alcohol. To carry out X-ray diffraction, the 
crystal was quickly removed from the mother liquor and immediately 
placed at a low temperature (200–250 K nitrogen stream, see Crystal 
structure determination section). Elemental analysis corresponds to a 
complex 10 without 2 CH3OH solvate molecules. Yield: 67% (45 mg). 
Anal. Calc. for CrNaC27H31N11O6 (M.W.: 680 g mol− 1) C, 47.65; H, 4.59; 
N, 22.64%. Found: C, 47.41; H, 4.13; N, 22.84%. FT-IR (solid) νmax/ 
cm− 1: 765 s, 804 m, 849 s, 906 m, 1023vs, 1051 s, 1006 m, 1138 m, 
1167vs, 1175vs, 1254vs, 1376vs, 1407 m, 1505 s, 1585 m, 1607 m, 
2072vs, 2090vs, 2837 m, 3075 m, 3307w. 

[Cr(LOCH3)(CN)2][Na(H2O)(C2H5OH)] (11). A sample of complex 
1a (60 mg, or 0.1 mmol) was added to 15 ml of absolute methanol, and a 
solid sample of NaCN⋅2H2O salt (40 mg, 0.47 mmol) was added to this 
suspension with stirring using a magnetic stirrer. The reaction mixture 
was stirred at 60 ◦C for 2 h. During this time, a complete dissolution of 
the complex observed followed the formation of a homogeneous red- 
brown color solution. The reaction mixture was cooled to room tem-
perature, concentrated to about 5 ml by pumping out the solvent in 
vacuo. After this, a fine-crystalline orange precipitate developed. The 
precipitate was dissolved in ethanol, filtered through a glass filter and 
left at r. t. for slow evaporation. After some days, the formation of 
rhombus-shaped bright red crystals of 11 occurred. The mother liquor 
was decanted from the crystals; the precipitate was washed with diethyl 
ether (2x3 ml) and dried in air. Yield: 40% (26 mg). Anal. Calc. for 
CrNaC29H31N7O6 (M.W.: 648 g mol− 1) C, 50.91; H, 4.60; N, 11.42%. 
Found: C, 53.45; H, 4.93; N, 14.85%. FT-IR (solid) νmax/cm− 1: 755 s, 
840 m, 1055 s, 1173vs, 1244 s, 1369vs, 1505 s, 1591 m, 1604 s, 2137 m, 
2943 m, 3230 m, 3406w. 

2.2. Crystal structure determination 

X-ray diffraction data were collected on an APEX II DUO CCD 
diffractometer (for 1) and on an Oxford Diffraction Gemini-R CCD 
diffractometer (for 2–11) [λ(MoKα) = 0.71073 Å, graphite mono-
chromator, ω-scans]. Crystals 7–9 were found in the same dried batch; 
other single crystals were taken from mother liquid using a nylon loop 
with paratone oil and immediately transferred into cold (200–250 K) 
nitrogen stream of the diffractometer. All the transfer process took no 
more than 5–7 s to prevent solvent loss and to preserve diffraction 
quality of the crystals. Then crystals were cooled down to 120–150 K to 
collect the full set of data. Data reduction with empirical absorption 
correction of experimental intensities (Scale3AbsPack program) was 
made with the CrysAlisPro software [45]. The structures were solved by 
a direct method using SHELXS [46] or by a charge-flipping algorithm 
using Superflip [47] and refined by a full-matrix least squares method 
using SHELX-2016 program. All non-hydrogen atoms were refined 
anysotropically. The positions of H atoms were calculated geometrically 
and refined in a riding model with isotropic displacement parameters 
depending on Ueq of connected atom. Torsion angles for methyl and 
hydroxyl groups were refined using HFIX 137 and HFIX 147, respec-
tively. N–H bonds were refined without restraints (except for DFIX in 2 
and 7). H atoms in water were found from difference Fourier map and 
refined with bond length restraints (SADI or DFIX). For disordered sol-
vate water molecules with occupancy of 0.5 or less (in 3, 6, 7) hydrogen 
atoms were not localized but included into compound formula. 

In all the structures 1–11 the Cr complex is in a general position, i.e. 
its molecular geometry is not restricted by the crystal symmetry. 
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Position disorder was found in the structures 2 (PF6
− anion and MeOH 

solvent), 3 (ClO4
− and H2O), 6 (central part of CrIII complex, one NCS 

ligand and H2O), 7 (one N3 ligand), 8 (one N3 ligand and one MeOPh- 
moiety of HLOCH3). Non-merohedrally twinned structure 7 (twinning 
by a 180◦ rotation about c*) was refined using HKLF5 data with twin 
fraction of 0.2155(8). Crystallographic data for all the complexes are 
listed in Table 1. 

Crystallographic data for the structures reported in this paper have 
been deposited to the Cambridge Crystallographic Data Centre. These 
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data via www.ccdc.cam.ac.uk/data_request/cif. 

2.3. Magnetic measurements 

Magnetic susceptibility measurements on complex 1 were carried 
out using Physical Properties Measurements System PPMS-9 (Quantum 

Design) in the temperature range of T = 2–300 K under magnetic field up 
to B = 9 T. The samples in polycrystalline (powder) form were loaded 
into an insulating capsule. The experimental data were corrected for the 
sample holder. The diamagnetic contribution from the ligand was 
calculated using Pascal’s constants. 

3. Results and discussion 

3.1. Synthesis of 1–11 

Ten of the eleven compounds described in this work were obtained 
using the pentadentate ligand with the [N3O2] binding node, 2,6-diace-
tylpyridine bis(4-methoxybenzoylhydrazone), H2LOCH3, that was syn-
thesized by us via ketone-hydrazine condensation reaction between 2,6- 
diacetylpyridine and 4-methoxy-benzoylhydrazine in 96% ethanol 
similarly to previously reported procedure [40,44]. The compound was 

Table 1 
Crystallographic data and refinement parameters for 1–11.   

1 2 3 4 5 6 

Chemical formula C29H28Cl14CrN5O4 C26H30ClCrF6N5O6P C23H22.5Cl2CrN5O7.25 C27H36CrN7O14 C28H34CrN5O7 C27H27CrN7O5.5S2 

M, g/mol 1058.86 740.97 607.86 734.63 604.6 653.67 
Crystal system triclinic monoclinic triclinic triclinic monoclinic monoclinic 
Space group P-1 C2/c P-1 P-1 P21/c C2/c 
T, K 120 150 150 150 150 150 
a, Å 11.021(2) 23.6793(3) 10.6884(1) 8.6705(1) 18.0177(4) 21.8426(4) 
b, Å 13.694(3) 12.0298(2) 10.7350(1) 13.4643(2) 7.4036(2) 14.4563(2) 
c, Å 15.179(3) 22.7889(3) 11.9854(2) 13.7681(2) 21.7447(7) 19.9308(5) 
α, ◦ 91.83(3) 90 107.402(1) 90.272(1) 90 90 
β, ◦ 103.76(3) 90.052(1) 96.942(1) 90.923(1) 91.852(3) 99.837(2) 
γ, ◦ 108.40(3) 90 101.0624(9) 95.971(1) 90 90 
V, Å3 2097.0(8) 6491.6(1) 1264.33(3) 1598.36(4) 2899.1(1) 6200.9(2) 
Z 4 8 2 2 4 8 
ρcalcd, g/cm3 1.677 1.516 1.597 1.526 1.385 1.400 
μ, mm− 1 1.207 0.565 0.719 0.439 0.448 0.553 
Θ range, ̊ 1.58–29.00 1.90–29.00 2.05–29.50 2.11–25.25 2.16–29.00 2.07–29.00 
Ntotal 25,626 19,108 25,935 16,756 18,086 21,270 
Nunique 11,139 9019 7337 8146 8039 8784 
Rint 0.0230 0.0127 0.0170 0.0147 0.0222 0.0205 
Nrefl (I ≥ 2σ(I)) 9493 7743 6521 7284 6186 6298 
Nparameters 482 503 408 469 379 457 
R1, wR2 (I ≥ 2σ(I)) 0.0376, 0.1267 0.0532, 0.1343 0.0342, 0.0891 0.0384, 0.1017 0.0422, 0.0900 0.0656, 0.1769 
R1, wR2 (all data) 0.0458, 0.1369 0.0621, 0.1417 0.0400, 0.0932 0.0440, 0.1063 0.0624, 0.1007 0.0921, 0.1993 
Δρmin/Δρmax, e/Å3 1.74 / − 1.14 1.13 / − 1.05 0.62 / − 0.75 0.78 / − 0.47 0.58 / − 0.43 1.08 / − 0.74 
GOF 1.027 1.000 1.000 1.001 1.000 1.001 
CCDC number 1850320 2013957 2013958 2013959 2013960 2013961   

7 8 9 10 11 

Chemical formula C25H24.4CrN11O4.2 C25H24CrN11O4 C25H24CrN11O4 C29H39CrN11NaO8 C29H31CrN7NaO6 

M, g/mol 598.15 594.55 594.55 744.7 648.6 
Crystal system monoclinic triclinic monoclinic monoclinic triclinic 
Space group P21/n P-1 P21/c P21/c P-1 
T, K 150 150 150 150 150 
a, Å 10.4048(1) 9.3767(3) 14.746(2) 16.5539(3) 10.3246(1) 
b, Å 13.9974(2) 10.6915(3) 13.952(2) 8.2006(2) 12.4590(2) 
c, Å 18.8722(2) 14.5124(8) 14.604(2) 26.4264(5) 13.3384(2) 
α, ◦ 90 102.116(4) 90 90 111.089(1) 
β, ◦ 95.2214(9) 107.086(4) 115.97(1) 99.724(2) 104.890(1) 
γ, ◦ 90 103.583(3) 90 90 93.537(1) 
V, Å3 2737.13(5) 1289.4(1) 2701.1(7) 3535.9(1) 1524.32(4) 
Z 4 2 4 4 2 
ρcalcd, g/cm3 1.452 1.531 1.462 1.399 1.413 
μ, mm− 1 0.473 0.501 0.478 0.399 0.444 
Θ range, ̊ 1.81–29.00 2.05–29.25 2.12–27.00 2.50–28.75 1.78–29.00 
Ntotal 27,276 21,109 14,797 21,805 19,480 
Nunique 7883 11,458 5858 9595 8566 
Rint 0.0163 0.0299 0.0588 0.0248 0.0162 
Nrefl (I ≥ 2σ(I)) 6842 8031 3556 7707 7486 
Nparameters 404 378 444 463 409 
R1, wR2 (I ≥ 2σ(I)) 0.0349, 0.0947 0.0584, 0.1644 0.0985, 0.2349 0.0429, 0.1081 0.0331, 0.0819 
R1, wR2 (all data) 0.0416, 0.1002 0.0808, 0.1743 0.1530, 0.2645 0.0580, 0.1175 0.0404, 0.0865 
Δρmin/Δρmax, e/Å3 0.41 / − 0.38 1.44 / − 0.71 1.49 / − 1.21 0.77 / − 0.41 0.46 / − 0.42 
GOF 1.003 1.003 1.000 1.004 1.000 
CCDC number 2013962 2013963 2013964 2013965 2013966  
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isolated in a solid state; its composition was confirmed by elemental 
analysis and IR spectra. 

3.2. Synthesis of dichloride CrIII complexes with H2LOCH3 ligand. 

In the beginning of this work we intended to prepare seven- 
coordinate chromium complexes in the oxidation states +II and +III, 
therefore we used simple salts of both bivalent and trivalent chromium 
CrCl2⋅4H2O, CrCl3⋅6H2O, Cr(NO3)3⋅6H2O. 

We found that regardless of the metal oxidation state (+II or +III) in 
the starting compound as well as additional precautions (reaction in 
aprotic solvents, in an inert atmosphere and in the presence of a 
reducing agent, dithionite), Cr(III) complexes were always formed. 
Apparently, this is because the H2LOCH3 ligand oxidizes CrII to CrIII, 
which forms a complex of trivalent chromium stable under the reaction 
conditions. 

The interaction of the CrCl2⋅4H2O salt with the H2LOCH3 ligand in 
methyl alcohol in the absence of air oxygen leads to the formation and 
precipitation of a poorly soluble in methanol neutral complex [CrIII(H-
LOCH3)Cl2]⋅CH3OH (1a). The yield of complex 1a under these conditions 
does not exceed 20% for the taken CrCl2⋅4H2O. The type of solvent 
greatly affects the yield of the reaction product. The interaction of 
CrCl2⋅4H2O with the H2LOCH3 ligand in an aprotic solvent, for example, 
acetonitrile or chloroform, leads to the same complex, [CrIII(HLOCH3) 
Cl2]⋅solv, but with a yield of up to 80%. We also found that if we use the 
CrCl3⋅6H2O salt as the source of chromium, then the reaction with 
H2LOCH3 in methanol does not proceed at all, as is usually the case due to 
the high kinetic inertness of the CrCl3⋅6H2O aqua complex to substitu-
tion reactions [48]. However, in acetonitrile (or in a mixture of CH3OH 
+ CH3CN) this reaction proceeds at a high rate and leads to the complex 
[CrIII(HLOCH3)Cl2]⋅CH3CN (1b) with a very high yield (more than 80%). 
Preparation of single crystals of 1 required recrystallization of (1a) or 
(1b) from CHCl3, while single crystals of all other complexes described 

below were obtained by slow evaporation of the filtered mother liquors. 
Dichloride complexes of type 1, [CrIII(HLOCH3)Cl2]⋅solv, Fig. 1a, are 

neutral molecules with a pentadentate ligand in mono-deprotonated 
form (HLOCH3)1− as an equatorial ligand and two axial Cl− ligands 
(see below for a detailed description of the structure). 

In the course of the reaction of CrCl2⋅4H2O with H2LOCH3 in CH3OH, 
in addition to the neutral complex 1a that is practically insoluble in 
methanol, a significant amount of the ionic complex [CrIII(HLOCH3) 
(H2O)Cl]Cl, readily soluble in CH3OH is formed. The compound can be 
isolated in crystalline form by the addition of a large anion, for example, 
ClO4

− or PF6
− , to the reaction mixture, see, for example, complexes 2, 3, 

Fig. 1b and Figs. S3, S5. In these compounds, the CrIII ion is part of the 
complex cation, and Cl− and H2O act as axial ligands. 

In all the Cl− containing complexes described above, the penta-
dentate ligand is in the monodeprotonated form [HLOCH3]1− . We note 
here that it was not possible to avoid deprotonation of the H2LOCH3 

ligand during the reactions and to obtain a CrIII complex with the ligand 
in the neutral form [H2LOCH3]0 even when carrying out the reaction in a 
strongly acidic medium in a mixture of CH3OH + H2O + HCl (see, for 
example, complex 2 synthesis). 

The use of chromium (III) nitrate instead of chloride allowed to 
obtain an ionic complex containing two water molecules as axial li-
gands, [CrIII(HLOCH3)(H2O)2](NO3)2 (4), Fig. S6. Complexes of Cr(III) 
similar to 4, i.e. containing no solvent molecules in the first coordination 
sphere, were obtained earlier with two other pentadentate ligands [25]. 

3.3. Replacement of axial Cl− ligands in dichloride complexes by CH3O− , 
NCS− , (N3)− , CN− . 

The axial chloride ligands in compounds 1, 1a,b can be easily 
replaced by several other mono-charged or neutral ligands while 
maintaining the overall geometry of the complex in the form of a 
pentagonal bipyramid. Preparation and some reactions of [CrIII(HLOCH3) 

Fig. 1. Molecular structures of complexes 1 (a), 2 (b), 5 (c) and 8 (d) with partial atom numbering. Solvent molecules are omitted for clarity.  
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Cl2] are summarized in Fig. 2. 
In particular, the neutral complex [CrIII(LOCH3)(CH3OH)(OCH3)]⋅ 

CH3OH (5), Fig. 1c, S7 containing CH3OH molecule and a methoxide 
group as apical ligands, is formed by adding stoichiometric amounts of 
sodium methoxide to a suspension of complex 1a in methanol at room 
temperature. In the presence of NaOCH3, 1a dissolves in methanol and 
complex 5 crystallizes from the resulting orange homogeneous solution. 
NaOCH3, being a strong base, leads not only to the replacement of axial 
Cl− ligands with coordinated methoxide and methanol, but also to the 
complete deprotonation of the equatorial ligand. The molecules of 
complex 5 in the crystal are joined by strong hydrogen bonds, Fig. S8. 

The reaction of the complex 1a with ammonium thiocyanate in 
methanol leads to a simple replacement of Cl− ligands with NCS− groups 
and the formation of a neutral complex 6, the structure of which is 
shown in Figs. S9, S10. 

The axial chloride ligands in 1a can also be easily replaced, for 
example, by (N3)− zide ligand. Interestingly, depending on the ratio 
(N3)− /Cr, one can obtain either neutral pentagonal bipyramidal com-
plex with terminal azide ligands in axial positions, or linear Cr-Na 
cluster with bridging azide ligands of various types. When the ratio of 
reagents NaN3/Cr = 2.5 ÷ 10, three phases (7, 8, 9) of the complex [Cr 
(HLOCH3)(N3)2]⋅xH2O (7, x  = 0.2, 8, x  = 0, 9, x  = 0) are formed in the 
same synthesis, which were identified by single crystal X-ray diffraction 
analysis, Fig. 1d and S11-S15. The formation of a heterometallic Cr-Na 
complex [CrIII(LOCH3)(N3)2][Na (CH3OH)2]⋅2CH3OH (10) can be 
observed under the condition of a very large excess of sodium azide in 
the reaction medium (greater than 50 mol NaN3 per mole of the chro-
mium complex 1a), Fig. 7, S16. In this compound, the equatorial ligand 
is in a doubly-deprotonated form (LOCH3)2− . The complex 10 contains 
two types of bridging (N3)− ligands: (μ-1,3-N3) and (μ-1,1-N3) between 
chromium and sodium atoms. This is just the second example, described 
in the literature, of a heterometallic complex containing Cr(III) and Na 
(I) ions connected by azide bridges. Synthesis and structure of the first 
azido bridged Cr-Na complex is reported in ref. [49]. 

The axial Cl- ligands in compound 1 can also be easily replaced by 
CN− groups by reaction of 1 with sodium cyanide. In this case, the 
complete deprotonation of the equatorial ligand and the replacement of 
Cl− axial ligands by CN− groups are observed. As a result, an ionic 

complex 11 is formed, including the Na+ cation, balancing the charge of 
the complex anion [CrIII(LOCH3)(CN)2]− , Fig. S17. In the crystal, two 
anionic seven coordination CrIII containing fragments are combined into 
dimers, Fig. 8. 

Solid state FT-IR spectroscopic analysis of the complexes 1–11 
showed the disappearance of characteristic strong ν (C––O) band of the 
free ligand and the appearance of a new band between 1365 and 1377 
cm− 1 confirming the complexation of the ligand [HLOCH3]1− or 
[LOCH3]2− with the metal [17,25], see for example the IR spectrum of 
complex 10, Fig. S16. In addition, intense bands of axial ligands are 
observed, in particular, in complex 6 – very strong bands at 2064 cm− 1 

are due to ν (C––N) of the thiocyanate ligand [25,50], in complexes 7, 8, 
9 – 2059 cm− 1 (ν N3 groups) [50], in complex 10 – two bands, 2072 and 
2090 cm− 1, related to two types of bridging ligands - µ2 (1,1) and µ2 
(1,3) (N3)− [51], Fig. S18. In the FT-IR spectrum of complex 11 a me-
dium band appears at 2137 cm− 1 which is attributed to apical cyanide 
ligands [25]. 

3.4. Description of the structures 

Some important structural parameters, bond lengths (Å) and angles 
(◦), as well as hydrogen bond geometry for complexes 1–11 are collected 
in Tables S1–S21 (Supplementary data). 

3.5. Neutral complexes (1, 5–9) 

Five of the six charge-neutral heptacoordinated CrIII complexes 
contain the monodeprotonated monoanionic [HLOCH3] − ligand (1, 6, 7, 
8, 9) and one more complex (5) contains doubly deprotonated dianionic 
[LOCH3]2− ligand, as exemplified in Figs. 1, 2. In all the complexes, the 
central CrIII ion is coordinated by three nitrogen and two oxygen atoms 
of the pentadentate ligand in the equatorial plane and by two apical 
ligands together forming a distorted pentagonal bipyramidal coordina-
tion polyhedron. In complexes with [HLOCH3]− , the apical ligands are 
two identical monocharged anions, Cl− in 1; NCS− in 6 or N3

− in 7–9. 
Complex 5 with doubly deprotonated ligand [LOCH3]2− contains one 
neutral methanol molecule and one charged methoxy group CH3O− in 
the apical positions. 

Fig. 2. General scheme for the synthesis of the CrIII dichloride complex with the H2DAPMBH ligand and the substitution reactions of axial Cl ligands.  
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Chromium complexes 1, 6, 7, 8, 9 with monodeprotonated 
[HLOCH3]− ligand reveal pronounced distortion from the idealized C2v 
symmetry, as can be seen from Fig. 3a and Tables 2 and 3, which 
compare atomic distances in the five-membered deprotonated (CrN2CO) 
and protonated (CrN2HCO) cyclic groups. Deprotonation of the hydra-
zide NH moieties in the pentadentate ligand is followed by changes in 
the bond lengths, namely, the C–N bonds are shorter and O–C bonds 
are longer in the deprotonated cycles, R(C–N) = 1.319–1.331 Å vs. R 
(C–N) = 1.341–1.360 Å and R(O–C) = 1.289–1.297 Å vs. R(O–C) =
1.241–1.253 Å in the deprotonated and protonated cycles, respectively, 
Tables 2 and 3 (compound 6 is missed in our comparative analysis 
because of the positional disorder of the central part of the Cr complex). 
On the other hand, our structural data for compounds 1–4, 6–9 with 
monodeprotonated [HLOCH3]− ligand show that deprotonation has 
considerably stronger impact on the Cr coordination bonds. In fact, both 
the Cr-O and Cr-N bonds are considerably shorter in the deprotonated 
cyclic group: R(Cr-O) = 1.926–1.952 Å in CrN2CO cycles vs. 
2.060–2.137 Å in CrN2HCO and R(Cr-N) = 2.034–2.066 Å (CrN2CO) vs. 
2.414–2.452 Å (CrN2HCO). The maximum difference in the Cr-N bond 
length reaches ca. 0.4 Å. Below we show that, apart from deprotonation, 
this distortion is caused by the strong first-order Jahn-Teller effect in the 
high-spin 3d3 system under the pentagonal bipyramidal ligand field (see 
below Figs. 9 and 10). 

In all the compounds 1, 5–9, the CrIII complexes enter as isolated 
molecular units which interact with each other only by hydrogen 
bonding and π-stacking. Most of the compounds contain H-bonded di-
mers, in which the metal complexes are linked by pair of equivalent 
hydrogen bonds from the NH donor to the acceptor atom (Cl, N) of the 
axial ligand (Fig. 4). In this interaction, half of the ligand of one complex 
is π-stacked with half of the ligand of another complex causing formation 
of the shortened C…C contacts as shown in Fig. 4. The Cr…Cr distances 
in the dimer range from 6.660 Å (in 8) to 7.341 Å (in 1). In 5, in the 
absence of NH protons, infinite chains form along the b axis with 
hydrogen bonding between the axial ligands of neighboring complexes 
through the solvent methanol bridging molecules: CH3OHligand… 
CH3OHsolvent…OCH3

−
ligand, Fig. S8. In 6 the indirect intradimer hydrogen 

bonding is mediated through the bridging water molecules: N- 
HHLOCH3…H2O…SNCS. Details of intermolecular interactions are given in 
the Supplementary information, Fig. S9, S10, Table S11. 

3.6. Cationic complexes (2–4) 

In compounds 2–4, the chromium ion is incorporated into the com-
plex cation. Cationic complexes were synthesized with mono-
deprotonated HLOCH3 (2, 4) or HL (3) pentadentate equatorial ligand. 
Complexes 2 and 3 contain one neutral (H2O) and one anionic (Cl− ) 
ligands in the apical positions and bear positive charge (+1) compen-
sated by PF6

− or ClO4
− counter anions, respectively. In complex 4 both 

apical ligands are neutral water molecules; this cationic complex has a 
charge of +2 compensated by two NO3

− counter anions. Molecular 
structure of the cationic Cr complexes, including bond lengths and an-
gles, is very similar to the structure of the neutral complexes 1, 5–9 
described above. The CrIII center is in the distorted pentagonal- 
bipyramidal coordination. 

The structures 2 and 3 consist of infinite chains in which Cr com-
plexes are linked by pairs of hydrogen bonds: N–H…Cl from one side 
and O–H…N from the other side (Fig. 5). Hydrogen bond geometry in 
2/3: H…Cl distances 2.41/2.79 Å, N–H…Cl angles 165.7/151.6◦; H…N 
1.90/1.95 Å, O–H…N 169.5/174.1 ◦. Distances between the Cr centers 
along the chain in 2/3 are 7.050/7.335 Å for N–H…Cl linkage and 
6.264/6.191 Å for O–H…N linkage. A π-stacking interaction between 
two half-ligands is also observed along the chain. In 2 the chains are 
packed into layers in the ab plane. In the neighboring layers, chain di-
rections are not parallel, [110] or [1 –10]. The anions and solvent 
molecules locate between the layers. In 3 all the chains run along the 
[011] direction, forming the layers in the (0 1–1) plane. 

In 4 the NH function is deactivated by a formation of hydrogen bond 
with solvate ethanol molecules. Dimeric structure is stabilized by pair of 
O–H…O hydrogen bonds between H2O axial ligand and oxygen atom of 
the pentadentate ligand coordinated to Cr (Fig. 6). H…O distance is 
1.87 Å, O–H…O angle is 174.2 ◦. The Cr…Cr distance in the dimer is 
very short, 4.979 Å. Other protons of water ligands are engaged into 
strong hydrogen bonding with surrounding NO3

− anions with H…O 
distances in the range of 1.81–1.84 Å. 

3.7. Anionic complexes (10–11) 

Anionic complexes 10–11 contain dianionic [LOCH3]2− ligands and 
two N3

− or CN− anions in apical positions. The negative electric charge 
(-1) of the metal complex is compensated by Na+ cation. The bond 
lengths in complexes with doubly deprotonated ligand (5, 10, 11) differ 
from those in complexes with monodeprotonated ligand (Fig. 3b and 
Table 4). 

Given the same nature of the deprotonated five-membered CrN2CO 
cyclic groups in complexes with monodeprotonated and doubly depro-
tonated ligands (Fig. 3), it is reasonable to expect that bond lengths in 
two deprotonated CrN2CO cycles of the CrLOCH3 moiety should be close 
to those in the similar deprotonated cycle of the CrHLOCH3 moiety 
(Table 2). However, our data indicate that the Cr-N and Cr-O bond 
lengths in Cr[LOCH3]2− (R(Cr-N) = 2.11–2.29 Å and R(Cr-O) =

1.97–2.02 Å, Table 4) are longer than in the deprotonated cycle of Cr 
[HLOCH3]− (in fact, they lie in between the ranges for protonated and 
deprotonated cycles of the latter, see Tables 2 and 3). Besides, in doubly 
deprotonated complexes with [LOCH3]2− , the Cr-N bond to the N atom of 
pyridine is longer by ~ 0.1 Å (2.367–2.423 Å) than in mono-
deprotonated complexes with [HLOCH3]− (2.242–2.300 Å). At the same 

Fig. 3. Comparison of bond length values (Å) in the Cr complexes with [HLOCH3]− (a, complex 1) and [LOCH3]2− (b, complex 5) ligands.  
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time, the C–O and C–N bonds have similar lengths in the CrN2CO 
cycles of the complexes with both mono- and doubly deprotonated li-
gands, i.e. pronounced difference is observed only within the CrIIIN3O2 
pentagon. 

These structural features are well consistent with the strong Jahn- 
Teller (JT) effect in high-spin pentagonal-bipyramidal CrIII complexes. 
An important point is that the deprotonation of the equatorial ligand 

Table 2 
Bond lengths (Å) in the deprotonated CrN2CO cycles of Cr(III) complexes with HL and HLOCH3 mono-charged ligands.   

1 2 3 4 6(a)* 6(b)* 7 8 9 

Complex charge 0 1+ 1+ 2+ 0 0 0 0 0 
Ligand charge 1- 1- 1- 1- 1- 1- 1- 1- 1- 
Cr-N 2.034(2) 2.053(2) 2.037(1) 2.026(1) 2.078(4) 2.038(3) 2.041(1) 2.066(2) 2.049(5) 
Cr-O 1.952(1) 1.951(1) 1.935(1) 1.968(1) 1.92(1) 1.97(2) 1.948(1) 1.926(2) 1.946(4) 
O–C 1.289(2) 1.286(2) 1.288(2) 1.311(2) 1.31(1) 1.30(2) 1.297(1) 1.296(3) 1.289(6) 
C–N 1.329(2) 1.331(3) 1.329(2) 1.316(2) 1.324(3) 1.342(3) 1.319(2) 1.319(3) 1.331(7) 

* 6(a) and 6(b) are two positions of the disordered CrHLOCH3 in 6 

Table 3 
Bond lengths (Å) in the protonated CrN2HCO cycles of Cr(III) complexes with HL and HLOCH3 mono-charged ligands.   

1 2 3 4 6(a)* 6(b)* 7 8 9 

Complex charge 0 1+ 1+ 2+ 0 0 0 0 0 
Ligand charge 1- 1- 1- 1- 1- 1- 1- 1- 1- 
Cr-N 2.420(2) 2.392(2) 2.409(1) 2.441(1) 2.394(3) 2.331(5) 2.452(1) 2.414(3) 2.437(5) 
Cr-O 2.137(2) 2.085(1) 2.086(1) 2.078(1) 2.08(1) 2.19(2) 2.088(1) 2.060(2) 2.077(4) 
O–C 1.241(2) 1.245(2) 1.242(2) 1.257(2) 1.26(1) 1.23(2) 1.252(1) 1.253(3) 1.244(6) 
C–N 1.357(2) 1.353(3) 1.350(2) 1.354(2) 1.342(3) 1.324(3) 1.360(2) 1.359(4) 1.341(7) 

* 6(a) and 6(b) are two positions of the disordered CrHLOCH3 in 6 

Fig. 4. Hydrogen-bonded dimer in 7. N–H…N bonds are shown by thick red 
dashed lines. Shortened C…C contacts in π-stacking interaction of 3.347–3.504 
(5) Å are marked by thin black dotted lines. The Cr…Cr intradimer distance is 
6.786(1) Å. 

Fig. 5. Hydrogen-bonded chain in the structure 3.  

Fig. 6. Hydrogen-bonded dimer in 4.  
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causes a reversal of the direction of the JT distortion associated with the 
in-plane shift of Cr atom from the central position in the CrIIIN3O2 
pentagon resulting in the appearance of one long Cr-N bond (~2.4 Å). 
More specifically, the long Cr-N bond switches from the side N atom of 
the hydrazide group to the N atom of pyridine upon passing from mono- 
to doubly deprotonated ligands (see Figs. 9 and 10 in the next Section). 

The Cr(LOCH3) moieties in the structure 10 are connected into 1D 
coordination polymer along b through azide bridges and Na+ cations 
(Fig. 7). The bridging azide ligands link Cr and Na centers in an end-to- 
end (μ-1,3-N3) and an end-on (μ-1,1-N3) bonded fashion. The Cr-N and 
Na-N distances are 2.031 and 2.366 Å for μ-1,3-N3, 2.025 and 2.590 Å 
for μ-1,1-N3, respectively. The latter interaction is strengthened by two 
oxygen atoms of the pentadentate ligand which are also binded to the 
Na+ cation, Cr-O bond lengths are 2.016 and 1.970 Å, Na-O distances are 
2.415 and 2.508 Å. In addition, two methanol molecules are coordinated 
to Na+ (Na-O 2.334 and 2.351 Å), one of which forming hydrogen bond 
of O–H…N type to the next CrLOCH3 moiety in the chain (H…N 2.10 Å, 
O–H…N angle 174.4 ◦). Cr…Cr distances are 8.201 Å along the chain 
and 8.038 Å between the π-stacked pentadentate ligands from the 
neighboring chains. 

In 11 the dimeric unit is formed by pair of [Cr(LOCH3)(CN)2] −

anionic complexes linked via sodium cations (Fig. 8). Two oxygen atoms 
of pentadentate ligand of one Cr complex and oxygen atom of the ter-
minal methoxy group of another complex are coordinated to the same 
Na+ ion. Cr-O distances are 2.388 and 2.477 Å for the former and 2.592 
Å for the latter interaction. One ethanol and one H2O molecules are 
bonded to Na+. They form O–H…N hydrogen bonds to CN axial ligands 
of the Cr complexes outside of the dimer, H…N distance and O–H…N 
angle are 1.92 Å and 167.3◦ for C2H5OH, 2.10 Å and 169.4◦ for H2O. The 
shortest Cr…Cr distance in the structure 11 of 8.146 Å is found between 

the complexes linked through Na+ and C2H5OH. The distance between 
the Cr centers in the dimeric unit is 12.427 Å. 

4. Origin of the in-plane distortions in PBP CrIII complexes: 
Manifestation of the first-order Jahn-Teller effect 

All heptacoordinated CrIII complexes 1–11 invariably show strong in- 
plane distortions resulting from the shift of Cr atom from the central 
position in the CrN3O2 pentagon followed by formation of one long Cr–N 
bond (Fig. 3 and Tables 2,3). The same is also true for the closely related 
complexes [CrIII(LN3O2R)X2] (where LN3O2R is a N3O2 Schiff-base ligand 
and X  = H2O, CN, NCS are the apical ligands) previously reported in ref. 
[25] (compounds 1–5, crystal structures CCDC 1561578–1561582). The 
fundamental reason behind these distortions is the strong first-order 
Jahn-Teller (JT) effect; its origin for high-spin (S = 3/2) PBP CrIII(3d3) 
complexes with the central planar CrIIIN3O2 pentagon is illustrated in 
Fig. 9. In the regular PBP coordination of CrIII(3d3) ion (D5h symmetry), 
two electrons with parallel spins occupy the two lowest 3d-orbitals xz 
and yz and the third electron occupies one of the two excited degenerate 
(symmetry-related) orbitals xy and x2-y2 (Fig. 9a) resulting in double 
orbital degeneracy of the ground state, which is represented by two 
many-electron wave functions det||xz↑, yz↑, xy↑|| and det||xz↑, yz↑, 
x2–y2↑||. Therefore, high-spin PBP complexes of CrIII undergo JT dis-
tortions, which lower the energy of one of the degenerate orbitals (xy 
and x2-y2) and increase the energy of the other orbital, thereby leading 
to a total energy gain of ΔEJT (Fig. 9b). In-plane displacements of the 
CrIII ion in the CrN3O2 pentagon cause especially strong energy splitting 
of the excited orbitals xy and x2-y2 because they interact in the 
σ-bonding mode with the valent orbitals of the N and O atoms in the 
equatorial plane N3O2 (Fig. 9b). By contrast, the π-bonding orbitals xz 
and yz undergo weak splitting upon distortions, which account for a 
small distortion of the N3O2 pentagon in the low-spin Mo(III) complex 
[MoIII(L)Cl2](Et4N), that is a 4d counterpart of the 3d complex 1 [39]. 

Preferable type of the JT-active distortion corresponds to one long 
and four short Cr-N(O) bonds in the CrN3O2 pentagon; comparative 
ligand-field calculations (see Supplementary data for detail) indicate 
that these distortions produce the largest energy splitting of the xy and 
x2-y2 orbitals and JT energy gain ΔEJT. There are three types of distor-
tions featuring different long atomic distances; Cr–N1, Cr–N2 and 
Cr–O1, respectively (Fig. 9b); two of them (Cr–N1 and Cr–N2) are 
actually observed in 1–11 and in other related complexes [25]. The case 
of the long Cr–N2 distance occurs in complexes with mono-deprotonated 
ligand HLOCH3, where N2 is the side chelating N atom of the protonated 
hydrazide moiety (Fig. 3a), compounds 1–4 and 6–9 (Table 3; see also 
Tables S1, S3, S5, S7, S11, S12, S14 and S16). The case of the elongated 

Table 4 
Bond lengths (Å) in the deprotonated CrN2CO cycles of Cr(III) complexes with 
LOCH3 double-charged ligand.   

5 5 10 10 11 11 

Complex 
charge 

0 0 1- 1- 1- 1- 

Ligand charge 2- 2- 2- 2- 2- 2- 
Cr-N 2.266 

(1) 
2.218 
(1) 

2.114 
(1) 

2.291 
(1) 

2.183 
(1) 

2.209 
(1) 

Cr-O 1.970 
(1) 

1.978 
(1) 

1.970 
(1) 

2.015 
(1) 

1.965 
(1) 

1.983 
(1) 

O–C 1.296 
(2) 

1.295 
(2) 

1.302 
(2) 

1.288 
(2) 

1.304 
(1) 

1.301 
(1) 

C–N 1.327 
(2) 

1.322 
(2) 

1.310 
(2) 

1.320 
(2) 

1.311 
(2) 

1.313 
(2)  

Fig. 7. Structure of the chain in 10.  
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Cr–N1 bond (to the coordinating N atom of pyridine ring, Fig. 3b) is 
found in compounds 5, 10, 11 with doubly-deprotonated ligand 
(LOCH3)2− (Tables S9, S18, S20). However, none of these compounds 
reveal elongated Cr-O bonds. 

In order to rationalize the molecular structure of chromium PBP 
complexes 1–11, we performed density functional theory (DFT) calcu-
lations for selected isolated [CrIII(HLOCH3)X2] and [CrIII(LOCH3)X2] 
molecules using the ORCA 3.0.3 suite of programs and employing the 
spin-unrestricted method at the B3LYP(BP86)/SVP(TzVPP) level of 
theory [52]. The DFT-optimized geometries are well consistent with the 
main structural features of complexes 1–11 with mono- and doubly 
deprotonated ligand H2LOCH3; the results of calculations are exemplified 

in Fig. 10 for isolated complexes [CrIII(HL)(H2O)2]2+ and [CrIII(L) 
(CN)2]− representing compounds 4 and 11, respectively. In particular, 
for complexes with mono-deprotonated ligand DFT calculations 
correctly predict the elongated Cr-N2 bond at the protonated hydrazide 
fragment N2-N3H (Fig. 10a); for doubly deprotonated complexes they 
result in elongated Cr-N1 bond involving the N atom of pyridine ring 
(Fig. 10b). In both cases, DFT-optimized structures well describe the in- 
plane character of the JT distortions and reproduce their amplitude. 
Note that protonation of a single hydrazide group of [HLOCH3] may 
enhance distortions, albeit it is seemingly less important than the JT 
effect, as evidenced by DFT calculations, which indicate strong distor-
tions in the plane in both doubly deprotonated and mono deprotonated 
PBP Cr(III) complexes. 

Apart from these two types of distortion, DFT calculations also pre-
dict the Cr-O1 type of distortion that is not observed experimentally in 
1–11. Namely, geometry optimization calculations for the free high-spin 
(S = 3/2) molecule [CrIII(HLOCH3)Cl2] resulted in a planar structure of 
the CrIIIN3O2 pentagon, which is strongly distorted (Fig. S19). In fact, 
the CrIII ion is four-coordinated in the equatorial plane due to the very 
long Cr-O1 distance of 2.745 Å arising from the in-plane shift and 
rotation of the 4-methoxyphenyl group (Fig. S19). This structure differs 
considerably from the experimental crystal structure of 1, which reveals 
the long Cr-N2 distance instead of Cr-O1 (Figs. 1 and 3a). The difference 
is likely due to the crystal packing effect that fixes the side phenyl groups 
of the HLOCH3 ligand and prevents them from rotations and displace-
ments thereby blocking formation of the Cr-O1 type of distortion. 

4.1. Magnetic properties 

Magnetic properties were explored for compound 1 as a represen-
tative of the family of Cr(III) complexes 1–11. Static magnetic suscep-
tibility (χ) data were collected for compound 1 using a direct current 
(dc) field of 0.1 T over the temperature range of 2–300 K. Above 15 K, 
the χT product reaches a nearly constant value around 1.9 cm3mol− 1K, 
which is close to the 1.875 cm3mol− 1K value expected for free or weakly 
coupled S = 3/2 spin system with g = 2.0 (Fig. 11). The high-spin nature 
of the ground state of chromium complex 1 is also evidenced by mea-
surements of the magnetization at 2, 3 and 5 K, which is 2.87, 2.82 and 
2.65 μB, respectively (under a field of 9 T, see inset in Fig. 11), being 
close to the saturation value of 3 μB for uncoupled spin S = 3/2. Below 6 
K, χT drops to ~ 1.1 cm3mol− 1K, presumably due to zero-field splitting 
(ZFS) and/or antiferromagnetic (AF) intermolecular interactions. 

To get more insight into magnetic interactions underlying magnetic 
behavior of 1, we simulated magnetic susceptibility, performed ligand- 
field (LF) calculations and explored the mechanism of the intermolec-
ular spin coupling between the [CrIII(HLOCH3)Cl2] units using super-
exchange calculations. Primary analysis of the magnetic susceptibility 
shows that at low temperature the χT vs. T curve is not reproduced in 
terms of the single-ion ZFS model. This is also consistent with the fact 

Fig. 8. Dimeric unit in 11.  

Fig. 9. On the origin of the Jahn-Teller effect in high-spin (S = 3/2) 
pentagonal-bipyramidal Cr(III) complexes with the central planar CrIIIN3O2 
pentagon. The energy diagrams of 3d orbitals of CrIII in (a) regular CrIIIN3O2 
pentagon and (b) distorted CrIIIN3O2 pentagon are shown. In-plane shift of the 
central Cr atom leads to the strong energy splitting of the σ-bonding xy and 
x2–y2 orbitals resulting in the total energy gain of ΔEJT. The JT-active types of 
the in-plane distortions in the CrIIIN3O2 pentagon are shown. They correspond 
to the distorted structures with long Cr-N1, Cr-N2 and Cr-O1 bonds, 
respectively. 
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Fig. 10. Molecular structure of isolated complexes (a) [CrIII(HL)(H2O)2]2+ and (b) [CrIII(L)(CN)2]− obtained from DFT geometry optimization calculations (at the 
BP86/SVP(TzVPP) level). Atomic distances are indicated in Å. The calculated structure of the CrIIIN3O2 pentagon is well consistent with those in compounds 4 and 11 
(Figs. S6, S17 and Tables S7, S20). 

Fig. 11. Experimental (open circles) and calculated (solid lines) temperature dependence of the χT product of 1. The solid blue line is the χT vs. T plot obtained from 
LF/AOM calculations (see Supplementary data for detail), the solid red line represents the χT product calculated with the ZFS + JS1S2 model at D = –1.8 cm− 1, J =
–0.23 cm− 1, g = 2.02 and χTIP = 1.12∙10− 4 cm3mol− 1. In the inset: field dependence of magnetization at 2, 3, and 5 K. 
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that the χT product derived from LF calculations (combined with the 
angular-overlap model (AOM) [53,54], see Supplementary data for 
detail) differs considerably from the experimental data (blue line in 
Fig. 11). The LF/AOM calculations result in the ZFS parameter of |D| 
=1.06 cm− 1 (see Supplementary data), g = 1.963 and temperature- 
independent paramagnetism (TIP) of χTIP = 0.98∙10− 4 cm3mol− 1. 
These results indicate that deep fall of χT below 6 K is likely caused by 
some AF spin coupling between distant CrIII ions in compound 1, which 
acts in concert with the single-ion ZFS mechanism. To obtain more in- 
depth information, we explored the mechanism of spin coupling be-
tween the [CrIII(HLOCH3)Cl2] units in 1 in terms of a microscopic model 
based on the many-electron superexchange theory [36,41,55,56] (see 
Supplementary data for the theoretical approach and computational 
detail). 

The structure of compound 1 is built of zig-zag chains involving two 
chromium pairs with short (7.43 Å) and long (8.21 Å) Cr…Cr distances 
(Fig. S20). In these pairs, the [CrIII(HLOCH3)Cl2] complexes have 
coplanar equatorial planes CrN3O2 which contact via the π-stacking of 
the macrocyclic rings of planar HLOCH3 ligands (Fig. S21b,c). Our 
superexchange calculations show that these contacts provide efficient 
exchange pathway between S = 3/2 spins of Cr(III) ions in the chains 
(Fig. S21), which result in AF spin coupling of J = –0.09 cm− 1 for the 
short pair (Cr…Cr = 7.43 Å, pair 1 shown in Fig. S21b) and J = –0.28 
cm− 1 for the long pair (Cr…Cr = 8.21 Å, Fig. S21c). These results suggest 
that the dimer-like spin coupling model (involving only the dominant AF 
spin coupling J = –0.28 cm− 1 in the long pairs with Cr…Cr = 8.21 Å, 
Fig. S21c) is a good approach to describe magnetic properties of 1. 
However, calculations in the frame of this model reveal an interesting 
feature that the outcome depends on the sign of the ZFS parameter D, 
while in the ZFS-only model χT is independent on the sign of D. In order 
to specify the sign of D, we performed LF/AOM calculations of the 
angular dependence of magnetization for isolated [CrIII(HLOCH3)Cl2] 
molecule, which indicate the negative sign, D = –1.06 cm− 1 (Fig. S20a). 
Interestingly, despite significant in-plane distortions in 1, the calculated 
azimuthal anisotropy of the magnetization M(φ) in the equatorial plane 
CrN3O2 is rather weak (Fig. S20b), which indicates axial symmetry of 
the ZFS tensor (E ≪ D). Then, starting from the calculated parameters (D 
= –1.06 cm− 1, J = –0.28 cm− 1, g = 1.963 and χTIP = 0.98∙10− 4 

cm3mol− 1), the best fit for the χT vs. T data is obtained at D = –1.8 cm− 1, 
J = –0.23 cm− 1, g = 2.020 and χTIP = 1.12∙10− 4 cm3mol− 1 (Fig. 11, the 
solid red line); the enhanced g-factor (2.02, as opposite to g < 2 expected 
for CrIII) is applied in order to absorb some uncertainty in the concen-
tration of spin carriers in powder samples of 1 used in dc magnetic 
measurements. The magnitude of the calculated axial ZFS parameter in 
1 is consistent with the D values in the order of |1–2| cm− 1 for the related 
five complexes [CrIII(LN3O2R)X2] previously reported in [25]. In this 
respect, it is relevant to note that [CrIII(HLN3O2Ph2)(NCS)2]⋅MeCN 
(compound 5 in ref. [25]) reveals a magnetic behavior similar to that of 
1, namely, its χT products sharply decreases to ca. 1.1 cm3mol− 1K at low 
temperature (Fig. S11 in [25]). As in the case of our complex 1, such 
decrease cannot be attributed solely to the ZFS, especially considering 
that other mononuclear complexes [CrIII(LN3O2R)X2] (indexed under 1–4 
in [25]) show weak decrease in χT at low temperature (Fig. S11 in [25]). 
Therefore, similarly to 1, magnetic behavior of 5 in ref. [25] may be due 
to AF spin coupling mediated by π-stacking of planar HLN3O2Ph2 ligands 
of the neighboring [CrIII(HLN3O2Ph2)(NCS)2] units (Fig. SI5 in [25], 
crystal structure CCDC 1561582); different magnetic behavior of 1–4 
[25] correlates with the absence of π-stacking in their molecular struc-
tures (CCDC 1561578–1561581). 

This analysis reveals complicated nature of magnetic behavior of 
[CrIII(HLOCH3)X2] complexes resulting from the interplay of ZFS on 
chromium(III) centers and AF spin coupling between distant CrIII ions 
mediated through the π-stacking of HLOCH3 ligands. A similar scheme of 
magnetic interactions has recently been found for related vanadium(III) 
PBP complexes [VIII(HL)X2] [57]. There were also other reports in the 
literature on coordination compounds composed of isolated 3d metal 

complexes, in which pronounced long-range spin coupling is conducted 
by π-stacking contacts of planar equatorial ligands [58]. 

5. Conclusion 

We found that the reaction of the H2DAPMBH (H2LOCH3), 2,6-diace-
tylpyridine bis(4-methoxybenzoylhydrazone) - a new pentadentate 
pyridine-base [N3O2] ligand with CrCl2⋅4H2O in methanol or 
CrCl3⋅6H2O in CH3CN led to a novel seven-coordinate complex 
[CrIII(HLOCH3)Cl2]⋅solv, with the mono deprotonated form of the 
H2LOCH3 ligand. In this compound, the equatorial pentadentate ligand is 
very strongly bound to the metal, while axial Cl ligands easily enter into 
substitution reactions. Taking advantage of lability of the axial coordi-
nation positions, we obtained and characterized a number of new PBP Cr 
(III) complexes with different axial ligands (viz. Cl− , CH3O− , N3

− , CN− , 
NCS− ). In the case of an azide axial ligand, three phases of the complex 
[CrIII(HLOCH3)(N3)2]⋅xH2O composition (x = 0 or 0.2) were identified in 
the same batch. Analysis of the crystal structures of these compounds 
showed that the PBP blocks are prone to combine into dimers or poly-
mers, either due to strong hydrogen bonds or due to the conversion of 
terminal ligands to bridging between various metal centers. The possi-
bility to change the axial ligands without changing the crystal field 
symmetry around the Cr(III) ions provides an opportunity to use these 
complexes as robust magnetic building blocks for the construction of 
multimetallic SMMs. The key reason of strong in-plane distortions 
around Cr(III) ions in the PBP CrIII(3d3) complexes 1–11 is the strong 
first-order Jahn-Teller effect resulting from the in-plane σ–bonding in-
teractions for singly occupied degenerate xy, x2-y2 orbitals. DC magnetic 
measurements for complex [Cr(HLOCH3)Cl2]⋅4CHCl3 (1) indicate a high- 
spin (S = 3/2) ground state of CrIII. Theoretical analysis of its magnetic 
properties reveals negative ZFS energy with the anisotropy parameter D 
= –1.8 cm− 1 and weak dimer-like antiferromagnetic spin coupling J =
–0.23 cm− 1 between neighboring PBP units [CrIII(HLOCH3)Cl2] mediated 
by π-stacking of planar HLOCH3 ligands. 
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[12] I. Ivanović-Burmazović, K. Andjelković, Adv. Inorg. Chem. 55 (2004) 315–360, 
https://doi.org/10.1016/S0898-8838(03)55006-1. 

[13] L.J. Batchelor, M. Sangalli, R. Guillot, N. Guihéry, R. Maurice, F. Tuna, T. Mallah, 
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