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Lidija Kanižaj a, Vedran Vuković b, Emmanuel Wenger b, Marijana Jurić a,⇑, Krešimir Molčanov a,⇑
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Three novel mononuclear chloranilate complexes, {[Cu(bpy)(H2O)(C6O4Cl2)]�H2O}6 (2; bpy = 2,20-bipyri-
dine), [Cu(bpy)(C6O4Cl2)]�0�5H2O (3) and [(n-Bu)4N][Fe(H2O)2(C6O4Cl2)2]�2H2O (4) have been prepared
using building blocks [MIII(C6O4Cl2)3]3� (MIII = Fe and Cr), which proved to be a source of the chloranilate
groups. Namely, by applying layering technique an unexpected partial decomposition of used metalate
anions leads to the release of the chloranilate ligand from the coordination sphere of chromium(III)
and iron(III) ions. During crystallization process, the released group is consequently coordinated to cop-
per(II) ion in the reaction mixtures, yielding crystals of 2 or 3. Crystals of compound 4 have been formed
as a result of the ligand exchange process. Also, it appears that slow diffusion and the solvent mixture
used herein causes formation of the crystals of the quality needed for X-ray analysis of the starting build-
ing block [(n-Bu)4N]3[Cr(C6O4Cl2)3] (1), whose crystal structure has not been known. Interestingly, com-
pound {[Cu(bpy)(C6O4Cl2)(H2O)]�H2O}6 (2) displays an unusual case of hypersymmetry with Z’ = 6.
Analysis of crystal structures and intermolecular interactions of 1–4 revealed role of hydrogen bonding
and p-interactions in stabilization of crystal lattices, further characterized by fingerprint plots derived
from the Hirshfeld surfaces (HS). Two phases of compound 4 were identified: at low-temperature
(100 K) 4-LT and at room-temperature 4-RT, with similar unit-cell parameters. However, different
positions and orientations of water molecules result in completely different hydrogen-bonding patterns.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most attractive topics in chemical science is design
and preparation of molecular materials based on targeted physical
properties such as long-rage magnetic order, spin crossover, elec-
trical conductivity, superconductivity, porosity, etc., especially
those multifunctional in which two (or more) functional properties
are strongly coupled providing its response to the external stimu-
lus [1,2].

The oxalate group has been demonstrated to be one of the most
versatile ligands used in the preparation of these materials. Due to
its various possibilities of coordination to the metal centres as well
as its ability to mediate magnetic interactions between paramag-
netic metal ions, a large number of oxalate-based transition-metal
species of different nuclearity and dimensionality have been syn-
thesized and characterized, many of them having tunable magnetic
frameworks [3]. Most of the oxalate-based molecular magnets
described to date have been obtained by the ‘‘complex-as-ligand
approach”. In this synthetic strategy, a molecular building block,
the tris(oxalato)metalate [MIII(C2O4)3]3� anion (MIII = Cr, Fe, Ru,
Rh, Mn or V) is used as a ligand towards other metal cations in
the preparation mostly of two- (2D) and three-dimensional
(3D) extended systems of the general formula
[MII/III

a MbI/IIb (C2O4)3]n2n–/n– [4].
Inspired by the interesting properties of the investigated oxa-

late-based systems, more recent studies involved a class of steri-
cally larger ligands, topologically analogous to the oxalate
dianion: 2,5-dihydroxy-1,4-benzoquinone (H2dhbq) and its deriva-
tives, which are obtained by substituting the hydrogens at the
positions 3 and 6 of the dhbq2– by halogen atoms or functional
groups. Thus formed moiety is known as the anilate (C6O4X2

2– =
X2An2–). Anilic and its anions have uniquely electronic structure
which changes upon (de)protonation and coordination to metal
cations. This is achieved by re-arrangement of p electrons: in
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neutral species they are localized so the anilate ring has a p-qui-
noid structure, while in mono- and dianions p electrons are delo-
calized in the fragment OACAC(–X)–CAO [5] and these
fragments are separated by single CAC bonds. Coordinated species
behave differently: anilate acting as bridging (bis)bidentate ligands
have structure similar to dianions, while those acting as terminal
bidentate ligands have an o-quinoid structure with localized p
electrons [5]. A result of this structural variability is propensity
for p-stacking which is usually stronger than in aromatic systems
[6–8]. In fact, planar chloranilate complexes stack with relatively
short interplanar separations (<3.3 Å) and anilate mono anions
form the strongest observed stacking interactions of closed-shell
rings [6–8].

In general, anilates are very interesting building blocks due to:
(i) a variety of coordination modes to metal centres; (ii) their abil-
ity to mediate electronic effects between paramagnetic metal ions;
(iii) they are easy to modify or functionalize in order to tune the
exchange coupling through them by simply changing the X group
(X = H, F, Cl, Br, I, NO2, OH, CN, Me, Et, etc.), while their modification
does not influence their coordination mode; (iv) the capability of
an easy reduction into the radical anionic form; (v) presence of dif-
ferent substituents in the anilato moiety give rise to intermolecular
interactions such as hydrogen-bonding, halogen-bonding, p-stack-
ing and dipolar interactions which may have an effect on the phys-
ical properties of the resulting material; (vi) they are sterically
larger than the oxalate group and produce structures with much
larger voids where many different cations and solvent molecules
can be included forming multifunctional molecular materials
[6–14].

The most intensively studied anilate ligand is chloranilate
(X = Cl), which has been used as the appropriate ligand, alone or
in combination with other ligands (mostly N-donors), to prepare
coordination compounds with different dimensionalities and
structures, as monomers, dimers and oligomers to extended 1D,
2D, and 3D structures [6,13]. The 2D and 3D homo- and
heterometallic lattices, also obtained in the oxalate family, have
been prepared using tris(anilato)metalate building blocks [MIII(C6-
O4X2)3]3– (MIII = Fe and Cr; X = Cl and Br). A new family of
heterometallic 2D honeycomb lattices containing chirality and
porosity or long-range magnetic order were studied [11].

In our previous works we reported structural and magnetic
properties of heterometallic oxalate-bridged coordination poly-
mers of different dimensionality obtained using [MIII(C2O4)3]3–

(MIII = Cr, Mn and Fe) as building blocks in reaction with other
metal centres [15–18]. Motivated by interesting results we have
expanded our research to the preparation of novel compounds
using [MIII(C6O4Cl2)3]3– (MIII = Cr and Fe) as ligands toward cop-
per(II) ions, with the addition of the N-donor ligands [12,19–21].
It is known that the use of the capping ligands, together with the
stabilization of the solid-state structures, can control and influence
the dimensionality of coordination systems [4].

Three novel mononuclear chloranilate complexes {[Cu(bpy)
(H2O)(C6O4Cl2)]�H2O}6 (2; bpy = 2,20-bipyridine), [Cu(bpy)(C6O4-
Cl2)]�0�5H2O (3) and [(n-Bu)4N][Fe(H2O)2(C6O4Cl2)2]�2H2O (4) have
been prepared using approach ‘‘building-block chemistry” in the
form of single-crystals, also as previously familiar compound
[(n-Bu)4N]3[Cr(C6O4Cl2)3] (1) known in the form of powder [10].
Detailed analysis of their crystal structures and intermolecular
interactions has been done. The search of the Cambridge Struc-
tural Database (CSD) found only four mononuclear copper(II)
complexes containing 2,20-bipyridine as N-ligand [3]: two
square-planar polymorphs of anhydrous [Cu(bpy)(C6O4Cl2)], then
[Cu(bpy)(C6O4Cl2)(H2O)]�CH3OH with square-pyramidal coordina-
tion of copper(II) atom, and [Cu(bpy)2(C6O4Cl2)]�0.5bpy�H2O or
[Cu(bpy)2(C6O4Cl2)]�0.5bpy�2H2O with octahedral coordination
modes [19].
2. Experimental

2.1. Materials and physical measurements

All chemicals were purchased from commercial sources and used
without further purification. The starting species [(n-Bu)4N]3[MIII(C6-
O4Cl2)3] (MIII =Cr,Fe)werepreparedaccordingtothemethoddescribed
in the literature [10,22]. Elemental analyses for C, H and N were per-
formed with a Perkin–Elmer Model 2400 microanalytical analyser.
The infrared spectrawere recorded in the 4000–350 cm�1 regionwith
samples as KBr pellets, with a Bruker Alpha-T spectrometer.

2.2. Synthesis

2.2.1. Preparation of [(n-Bu)4N]3[Cr(C6O4Cl2)3] (1) and {[Cu(bpy)(H2O)
(C6O4Cl2)]�H2O}6 (2)

An aqueous solution (4 mL) containing CuCl2�2H2O (0.009 g;
0.05 mmol) and 2,20-bipyridine (0.008 g; 0.05 mmol) was layered
with an acetonitrile solution (6 mL) of [(n-Bu)4N]3[Cr(C6O4Cl2)3]
(0.068 g; 0.05 mmol) in a test tube. Dark red plate-like crystals
of chromium precursor 1 were formed after two weeks in the open
test tube together with few dark red crystals of compound 2. Also
dark red powder having coordinated bipyridine and chloranilate
ligands (confirmed by IR spectroscopy) was observed after the
evaporation process was completed. Crystals were washed with a
small amount of water and dried in air. Two kinds of single-crystals
were separated mechanically. Yield: 20% (1). Anal. Calc. for C66-
H108Cl6CrN3O12 (1;Mr = 1400.25): C, 56.61; H, 7.77; N, 3.00. Found:
C, 56.60; H, 7.79; N, 3.02%. IR data (KBr, cm�1): 3432 (m), 2960 (m),
2921 (m), 2875 (w), 1658 (sh), 1644 (m), 1630 (m), 1612 (sh), 1532
(vs), 1468 (m), 1383 (m), 1353 (s), 1303 (m), 1250 (w), 1162 (w),
1108 (w), 1060 (w), 1028 (w), 1001 (w), 878 (w), 841 (m), 668
(w), 611 (m), 599 (sh), 573 (w), 508 (w), 466 (w). Anal. Calc. for
C16H12Cl2CuN2O6 (2; Mr = 462.72): C, 41.53; H, 2.61; N, 6.05.
Found: C, 41.50; H, 2.62; N, 6.05%. IR data (KBr, cm�1): 3450 (w),
1709 (s), 1650 (m), 1608 (m), 1542 (vs), 1519 (w), 1493 (sh),
1485 (s), 1450 (m), 1352 (s), 1321 (m), 1301 (m), 1270 (sh),
1252 (w), 1172 (w), 1159 (w), 1110 (w), 1038 (w), 998 (w), 847
(m), 773 (w), 730 (w), 605 (m), 576 (m), 508 (w).

2.2.2. Preparation of [Cu(bpy)(C6O4Cl2)]�0�5H2O (3)
An acetonitrile solution (6 mL) of [(n-Bu)4N]3[Fe(C6O4Cl2)3]

(0.070 g; 0.05 mmol) was carefully laid above an aqueous solution
(4 mL) containing CuCl2�2H2O (0.009 g; 0.05 mmol) and 2,20-bipyri-
dine (0.008 g; 0.05 mmol) into a test tube. The X-ray quality dark
red polyhedra of 3 were formed after two weeks in the open tube,
washed with a small amount of water and dried in air. After evapo-
ration black powder consisting coordinated chloranilate groups (con-
firmed by IR spectroscopy) was observed at the bottom of the tube.
Yield: 32%. Anal. Calc. for C16H8.15Cl2CuN2O4.13 (3; Mr = 429.00): C,
44.79; H, 1.91; N, 6.53. Found: C, 44.81; H, 1.88; N, 6.54%. IR data
(KBr, cm�1): 3445 (w), 1710 (s), 1648 (m), 1611 (m), 1539 (vs),
1518 (w), 1496 (sh), 1480 (s), 1450 (m), 1350 (s), 1320 (m), 1301
(m), 1268 (sh), 1251 (w), 1172 (w), 1158 (w), 1107 (w), 1035 (w),
999 (w), 846 (m), 775 (w), 730 (w), 604 (m), 576 (m), 509 (w).

2.2.3. Preparation of [(n-Bu)4N][Fe(H2O)2(C6O4Cl2)2]�2H2O (4)
An aqueous solution (4 mL) of CuCl2�2H2O (0.009 g; 0.05 mmol)

and 1,10-phenanthroline (0.010 g; 0.05 mmol) was layered with an
acetonitrile solution (6 mL) of [(n-Bu)4N]3[Fe(C6O4Cl2)3] (0.071 g;
0.05 mmol) in an open test tube. After two months brown rod-like
single crystals of compound 4 were obtained, washed with a small
amount of water and dried in air. Black powder containing coordi-
nated phenantroline and chloranilate groups (confirmed by IR
spectroscopy) was formed after evaporation of the solvent from



L. Kanižaj et al. / Polyhedron 189 (2020) 114723 3
the reaction mixture. Yield: 19%. Anal. Calc. for C28H44Cl4FeNO12

(4; Mr = 784.29): C, 42.88; H, 5.65; N, 1.79. Found: C, 42.87; H,
5.63; N, 1.82%. IR data (KBr, cm�1): 3450 (m), 2961 (m), 2924
(m), 2875 (w), 1647 (s), 1631 (sh), 1571 (sh), 1538 (vs), 1527
(sh), 1514 (sh), 1483 (s), 1459 (sh), 1370 (sh), 1350 (vs), 1321
(s), 1298 (sh), 1251 (m), 1149 (w), 1062 (w), 1024 (w), 1000 (m),
885 (w), 848 (s), 796 (w), 736 (w), 603 (m), 576 (m), 512 (m).
Table 1
Crystallographic data and details of data collection and refinements for compounds 1–4.

Compound 1 2

Empirical formula C66H108Cl6CrN3O12 C16H
Formula wt./g mol�1 1400.25 462
Colour dark red dark
Crystal dimensions/mm 0.23 � 0.14 � 0.09 0.16
Space group P1 P21/
a / Å 12.120(5) 26.9
b / Å 15.526(5) 9.65
c / Å 21.105(5) 39.5
a / � 92.667(5) 90
b / � 103.786(5) 100
c / � 103.069(5) 90
Z 2 24
V / Å3 3736(2) 101
Dcalc / g cm�3 1.245 1.82
k / Å 0.71073 (MoKa) 0.71
m/ mm�1 0.424 1.65
H range / � 3.98 – 72.0 2.02
T / K 100(2) 100
Diffractometer type D8 Venture D8
Range of h, k, l –13 < h < 13; –17 < k < 17; –22 < l < 23 –34
Reflections collected 39,263 204
Independent reflections 10,637 25,1
Observed reflections (I � 2r) 6063 17,5
Absorption correction none non
Tmin, Tmax – –
Rint 0.0903 0.05
R (F) 0.0596 0.03
Rw (F2) 0.2878 0.09
Goodness of fit 1.043 1.01
H atom treatment Constrained Mix
No. of parameters, restraints 806, 0 153
Dqmax , Dqmin, Dqrms (eÅ�3) 1.060; �0.829; 0.090 0.65

Compound 4-RT 4-LT

Empirical formula C28H44Cl4FeNO12 C28H
Formula wt. / g mol�1 784.29 784
Colour brown brow
Crystal dimensions / mm 0.20 � 0.18 � 0.08 0.21
Space group P 1 P 1
a / Å 10.6942(7) 10.4
b / Å 11.5080(7) 11.4
c / Å 16.3692(11) 16.6
a / � 76.833(6) 75.8
b / � 76.894(6) 80.3
c / � 72.729(6) 67.6
Z 2 2
V / Å3 1845.5(2) 177
Dcalc / g cm�3 1.411 1.47
k / Å 1.54179 (CuKa) 0.71
m/ mm�1 6.429 0.78
H range / � 4.08 – 76.32 1.27
T / K 293(2) 100
Diffractometer type Xcalibur Nova D8
Range of h, k, l –9 < h < 13; –13 < k < 14; –19 < l < 20 –15
Reflections collected 18,554 18,6
Independent reflections 7612 835
Observed reflections (I � 2r) 6557 438
Absorption correction Multi-scan non
Tmin, Tmax 0.4382; 1.0000 –
Rint 0.0589 0.08
R (F) 0.0840 0.09
Rw (F2) 0.289 0.28
Goodness of fit 1.067 1.05
H atom treatment Mixed Con
No. of parameters, restraints 442, 12 427
Dqmax , Dqmin, Dqrms (eÅ�3) 1.072; � 0.588; 0.129 1.25
2.3. Single-crystal X-ray structural study

Single crystal of compound 3 was measured on an Oxford
Diffraction Xcalibur Nova R diffractometer (microfocus Cu tube)
equipped with an Oxford Instruments CryoJet liquid nitrogen cool-
ing device. Program package CrysAlis PRO [23] was used for data
reduction and multi-scan absorption correction. Single crystals of
3
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Fig. 1. Relation of the larger (correct, black) unit cell of compound 2 and the smaller
(incorrect, red) one, arranged for maximum least-square overlap of the contents of
smaller cell with molecule A of the large one. No is clear commensurate relation
between two cells can be recognized.
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compounds 1 and 2 were measured on a Bruker D8 Venture
diffractometer (dual source; microfocus Mo tube used) equipped
with and Oxford Cryosystems Series 700 liquid nitrogen cooling
device. Program package SAINT [24] was used for data reduction
and absorption correction. Two phases of compound 4 were iden-
tified: at low-temperature (100 K) 4-LT and at room-temperature
4-RT. Two different crystals were used to make data collection at
these temperatures. Single crystal of 4-RT was measured on the
Oxford Diffraction Xcalibur Nova R diffractometer [23], while that
of 4-LT on the Bruker D8 Venture diffractometer [24].

The structures were solved using SHELXS97 [25] and refined
with SHELXL-2017 [26]. Models were refined using the full-matrix
least squares refinement; all non-hydrogen atoms were refined
anisotropically. Hydrogen atoms bound to C atoms were modelled
as riding entities using the AFIX command in SHELXL-2017 [26],
while hydrogen atoms of water molecules were located in differ-
ence Fourier maps and refined with OAH bond length restrained
to 0.92(2) Å and HAOAH angle restrained by restraining
intramolecular H���H distance to 1.50(4) Å.

The unusual case of non-crystallographic symmetry and high Z’
value for the structure of 2 indicate a possible erroneous choice of
the unit cell, which was supported by the fact that approximately
1/6 of reflections were strong and other 5/6 much weaker
(although not unobserved). Therefore, a refinement was attempted
in a smaller unit cell [a = 7.2469(8) Å, b = 9.6501(13) Å, c = 24.173
(3) Å, b = 95.75(1)�], with 1/6 volume of the large cell [V = 1682.2
(5) Å3; Table 1] and Z’ = 1.

Both cells belong to the space group P21/c. However, transforma-
tion of one cell into the other is not straightforward; relation
between them is shown in Fig. 1. Since refinement in the small cell
yielded a poor structure with high R (9.1%) and very unrealistic dis-
placement ellipsoids (Fig. S1), the larger cell was selected as correct.

Molecular geometry calculations were performed by PLATON
[27,28] and molecular graphics were prepared using ORTEP-3
[29], and Mercury [30]. Analysis of Hirshfeld surfaces was carried
out using the program package CrystalExplorer [31].

Crystallographic and refinement data for the structures
reported in this paper are shown in Table 1.

CCDC 1988154–1988158 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44
1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

3. Results and discussion

3.1. Synthesis

By applying the layering technique, the dark red or brown crys-
tals of acetonitrile-soluble compounds 1–4 were grown from the
reaction of an acetonitrile solution of building block [(n-Bu)4N]3[-
MIII(C6O4Cl2)3] (MIII = Cr or Fe) and an aqueous solution containing
CuCl2�2H2O and N-ligand [2,20-bipyridine or 1,10-phenanthroline],
in the molar ratio of 1:1:1. Unexpectedly, in a test tube partial
decomposition of the used tris(chloranilato)metalate anions leads
to the release of the chloranilate ligand from the metal coordina-
tion sphere. During the crystallization process, released chlorani-
late group from chromium(III) is consequently coordinated to
copper(II) ion in the reaction mixture yielding {[Cu(bpy)(H2O)(C6-
O4Cl2)]�H2O}6 (2), while that delivery from the coordination sphere
of iron(III) causes the crystallization of chloranilate-based com-
pound [Cu(bpy)(C6O4Cl2)]�0�5H2O (3). This chloranilate release
process is not usually observed for the tris(chloranilato)metalate
precursor, but an analogous transfer occurs for tris(oxalato)chro-
mate(III) and ferrate(III) used as building blocks during a diffusion
in solution, under mild reaction conditions, such as slightly acidic
pH and room temperature [17,18]. Crystals of compound [(n-
Bu)4N][Fe(H2O)2(C6O4Cl2)2]�2H2O (4) were utilized as a conse-
quence of ligand exchange of the tris(chloranilato)ferrate(III)
building block � chloranilate ligand coordinated to iron(III) was
replaced by two water molecules. Black powder containing coordi-
nated chloranilate and phenantroline ligand, as confirmed by IR
spectroscopy, was also obtained as a result of this process.

Also, it appears that slow diffusion and the solvent mixture
used herein causes formation of the crystals of the quality needed
for X-ray analysis of the starting compound [(n-Bu)4N]3[Cr
(C6O4Cl2)3] (1), whose crystal structure has not been known.

The IR spectra of the investigated complexes are in agreement
with the results of the X-ray analysis and show the absorption
bands that can be attributed to the vibrations of the bidentate chlo-
ranilate groups in 1–4 [22], and to those originating from coordi-
nated 2,20-bipyridine ligands in 2 and 3. All absorption bands
observed in the IR spectra of 1–4 are given in the Experimental
section.

3.2. Molecular and crystal structure of compounds 1–4

Asymmetric unit of the building block [(n-Bu)4N]3[Cr(C6O4Cl2)3]
(1) comprises one [Cr(C6O4Cl2)3]3– complex anion and three
[(n-Bu)4N]+ cations (Figs. S2 and S3). The central chromium atom
has a common distorted octahedral coordination (Table S1), and
the complex anion has an approximate symmetry D3 with three
chloranilate moieties (designated as A, B and C) identical within
experimental error. Since the structure lacks strong proton donors,
it is dominated by CAH���O and CAH���Cl intermolecular interac-
tions; there is also a weak type I halogen���halogen contacts
between atoms Cl1B and Cl2A (symmetry operator: �1 + x, y, z)
with distance of 3.376(3) Å. The complex anions are inserted into
a ‘‘matrix” of cations (Fig. 1a). Analysis of Hirshfeld surface (HS;
Fig. S8) shows that the bulk of intermolecular contacts to [Cr
(C6O4Cl2)3]3– complex are CAH���O and CAH���Cl (comprising 39.0
and 38.1% of the HS, respectively; Fig. 2b and 2c). The chlo-
rine���chlorine contact comprises 2.2% of the surface (Fig. 2d).

The compound {[Cu(bpy)(H2O)(C6O4Cl2)]�H2O}6 (2) displays an
interesting case of hypersymmetry with Z’ = 6. Its asymmetric unit
comprises 6 molecules of the complex [Cu(bpy)(H2O)(C6O4Cl2)]

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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(designated by letters A–F, Fig. S4 and Table S1) and 6 crystalliza-
tion water molecules. They are related by five non-crystallographic
(i.e. local) inversion centres with approximate coordinates (0.80,
0.45, 0.08), (0.82, 0.45, 0.17), (0.87, 0.45, 0.25), (0.92, 0.45, 0.33)
and (0.96, 0.45, 0.96).

The copper(II) atoms have a square-pyramidal coordination
with the water molecule occupying the apical position. This com-
pound was previously reported as methanol solvate with Z’ = 1
[19]. However, due to the presence of dissimilar solvent molecules,
crystal packing differs significantly. Crystal packing of 2 is domi-
nated by hydrogen-bonded chains extending in the direction
[010]. There are three symmetry-independent chains (related by
non-crystallographic symmetry), each formed by a pair of mole-
cules related by a local inversion: AB, CD and EF, and two uncoor-
dinated water molecules (Fig. 3a, Table 2). These chains involve
pairs of complex molecules related by a local inversion (e.g. A
and B) linked by two hydrogen bonds with coordinated water
molecules acting as donors and carbonyl oxygens acting as accep-
Fig. 2. a) Crystal packing of compound 1 viewed in the direction [100]. Finger
tors; the pairs are linked to each other by uncoordinated water
molecules which act both as hydrogen bond donors and acceptors
(Fig. 3b, Table 2). The chains stack through interactions between
chloranilate and bpy moieties (Fig. 3a, Table 3), forming layers par-
allel to (203). A 3D packing is completed by weaker stacking inter-
actions involving bpy moieties of different layers (Table 3).

Asymmetric unit of 3 contains one neutral molecule of [Cu(bpy)
(C6O4Cl2)] and a half of a crystallization water molecule (located on
a twofold axis, Fig. S5). Molecular geometry of the square-planar
coordination sphere of copper(II) complex (Table S1) is in a good
agreement with the previously studied anhydrous complex [Cu
(bpy)(C6O4Cl2)] [19], however crystal packing is different due to
the presence of a water molecule which acts as a double proton
donor of two bifurcated hydrogen bonds towards two neighbour-
ing [Cu(bpy)(C6O4Cl2)] molecules. Thus are formed discrete
dimeric motives (Fig. 4a). The molecules form infinite p-stacks in
the direction [010] with short contacts bpy���chloranilate, chlorani-
late���chelating ring, and chelating ring. . . chelating ring (Fig. 4b,
print plots of intermolecular interactions: b) H���O, c) H���Cl and d) Cl���Cl.



Fig. 3. Crystal packing of compound 2 a) viewed in the direction [010] (i.e. along
the hydrogen-bonded chains) and b) a close-up view of a chain comprising of
molecules A (above) and B (below). Molecules in a) are colour-coded for clarity: A
are green, B are blue, C are red, D are gray, F are purple and F are yellow.
Uncoordinated water molecules are shown as blue-gray and hydrogen bonds are
shown as black dotted lines.

Table 2
Geometric parameters of hydrogen bonds (Å, �) for compounds 2, 3 and 4.

D–H / Å H���A / Å D���A / Å D–H���A /
�

Symm.
op. on A

2
O7A–H7A2∙∙∙O8 0.93(2) 1.92(2) 2.801(3) 158(3) x, �1 + y, z
O7A–H7A1∙∙∙O3B 0.86(3) 1.91(2) 2.718(3) 157(2) x, y, z
O7B–H7B2∙∙∙O9 0.91(2) 1.95(2) 2.802(3) 156(3) x, 1 + y, z
O7B–H7B1∙∙∙O3A 0.92(3) 1.82(3) 2.720(3) 165(3) x, y, z
O7C–H7C2∙∙∙O10 0.93(2) 1.90(2) 2.793(3) 160(3) x, y, z
O7C–H7C1∙∙∙O3D 0.87(3) 1.90(2) 2.696(3) 152(2) x, y, z
O7D–H7D2∙∙∙O11 0.93(2) 1.92(2) 2.794(3) 157(3) x, 1 + y, z
O7D–H7D1∙∙∙O3C 0.91(3) 1.86(3) 2.729(3) 161(3) x, y, z
O7E–H7E2∙∙∙O12 0.92(2) 1.91(2) 2.784(3) 158(3) x, y, z
O7E–H7E1∙∙∙O3F 0.86(3) 1.89(2) 2.705(3) 157(2) x, y, z
O7F–H7F2∙∙∙O13 0.91(2) 1.94(2) 2.790(3) 155(3) x, y, z
O7F–H7F1∙∙∙O3E 0.92(2) 1.82(2) 2.703(3) 160(2) x, y, z
O8–H8A2∙∙∙O4B 0.90(3) 1.92(3) 2.784(3) 161(3) x, y, z
O8–H8A1∙∙∙O1A 0.91(3) 2.02(3) 2.833(3) 147(3) x, 1 + y, z
O9–H9A1∙∙∙O4A 0.90(3) 1.94(3) 2.787(3) 155(3) x, y, z
O9–H9A2∙∙∙O1B 0.92(3) 2.05(3) 2.835(3) 143(3) x, �1 + y, z
O10–H101∙∙∙O4D 0.90(3) 1.93(3) 2.797(3) 160(3) x, �1 + y, z
O10–H102∙∙∙O1C 0.93(3) 2.06(3) 2.862(3) 144(3) x, y, z
O11–H111∙∙∙O1D 0.93(3) 2.08(3) 2.876(3) 143(3) x, �1 + y, z
O11–H112∙∙∙O4C 0.92(3) 1.91(3) 2.787(3) 159(3) x, y, z
O12–H121∙∙∙O1E 0.92(3) 2.17(3) 2.903(3) 136(3) x, y, z
O12–H122∙∙∙O4F 0.93(3) 1.93(3) 2.811(3) 157(3) x, �1 + y, z
O13–H131∙∙∙O4E 0.91(3) 1.94(3) 2.808(3) 157(3) x, 1 + y, z z
O13–H131∙∙∙O1F 0.92(3) 2.15(3) 2.906(3) 139(3) x, y, z
4-LT
O5–H5A∙∙∙O4A 0.85 1.87 2.662(7) 155 1 � x,1 � y, �z
O6–H6B∙∙∙O8 0.85 1.84 2.669(8) 163 x, y, z
O7–H7A∙∙∙O8 0.85 2.13 2.904

(12)
151 x, y, z

O7–H7B∙∙∙O4B 0.85 2.20 2.910
(11)

141 1 � x, �y,1 � z

O8–H8A∙∙∙O3A 0.85 1.97 2.774
(11)

156 x, �1 + y, z

O8–H8B∙∙∙O3A 0.85 2.34 3.044(9) 140 1 � x, 1 � y, �z
O8–H8B∙∙∙O4A 0.85 2.14 2.843

(10)
140 1 � x, 1 � y, �z

4-RT
O5–H5A∙∙∙O3A 0.95(3) 1.77(4) 2.690(6) 160(6) 1 � x, �y,1 � z
O5–H5B∙∙∙O7 0.95(4) 1.71(4) 2.620(7) 159(7) x, y, z
O6–H6B∙∙∙O3B 0.94(7) 1.76(7) 2.681(7) 169(10) 1 � x, 1 � y, �z
O7–H7D∙∙∙O3B 0.95(7) 2.54

(10)
3.139(8) 121(8) 1 � x, 1 � y, �z

O7–H7D∙∙∙O4B 0.95(7) 1.95(7) 2.882(8) 167(9) 1 � x,1 � y, �z
O8–H8C∙∙∙O3A 0.95(6) 2.28

(11)
2.908(9) 123(8) 1 � x, �1 � y, �z

O8–H8C∙∙∙O4A 0.95(6) 2.21(6) 3.004(7) 140(9) 1 � x, �1 � y, �z
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Table 3). These contacts and their geometry are similar to those
observed in the anhydrous compound [19]; analysis of Hirshfeld
surfaces and Voronoi-Dirichlet polyhedra showed that these stack-
ing interactions are of dominantly electrostatic nature and consid-
erably stronger than stacking of aromatic rings [7,8]. Hirshfeld
surface of [Cu(bpy)(C6O4Cl2)] molecule in 3 (Fig. S9) involves an
unusually high contribution of C���C contacts of 7.3%, and relatively
less H���O and H���Cl contacts (21.7 and 17.5%, respectively), illus-
trating importance of stacking interactions in crystal packing
(Fig. 4c).

Compound 4 comprises a complex anion [Fe(H2O)2(C6O4Cl2)2]�

and a (n-Bu)4N+ cation (Figs. S5 and S6); it crystallizes as a
dihydrate. Chloranilate moieties in the anion are arranged in
cis-position, and two coordinated water molecules are also in a
cis-position, so the centrosymmetric crystals are in fact racemic.
A number of compounds comprising the [Fe(H2O)2(C6O4Cl2)2]�

anion have been studied previously. Tetrahydrates of its Rb and
Cs salts [32] and also organic–inorganic hybrid compounds with
tetrathiafulvalene, ferrocene, decamethylferrocene [33] and
phenazine [33,34] have a trans-arrangement of chloranilate
groups. Cis-arrangement of these moieties has been found in the
salts Rb2[Fe(H2O)2(C6O4Cl2)2]2�5H2O [32] and (H2bpy)[Fe(H2O)2
(C6O4Cl2)2]2�2H2O (bpy = 4,40-bipyridine) [35]. In these two com-
pounds molecular geometry of the [Fe(H2O)2(C6O4Cl2)2]� anions
are very similar.

Two phases of compound 4were identified: at low-temperature
(100 K) 4-LT and at room-temperature 4-RT. Unit-cell parameters
are similar, but it can be noted that the axis c of the low-tempera-
ture phase is longer than in the RT phase (Table 1). However, dif-
ferent positions and orientations of water molecules result in
completely different hydrogen-bonding patterns: in 4-RT complex
anions and water molecules form chains extending in direction
[012] (Fig. 5a, Table 2), while in 4-LT there are hydrogen-bonded
layers parallel to (100) (Fig. 5b, Table 2). In both structures there
are seven symmetry-independent hydrogen bonds (Table 2). Both
crystal packings are layered with alternating hydrophilic (complex
anions and water molecules) and hydrophobic (cations) layers par-
allel to (100). However, in 4-LT there is an additional p-stacking
contact (Table 3) between two chloranilate groups, which is not
found in 4-RT (i.e. the shortest centroid–centroid distance is about
4.5 Å). Differences in intermolecular interactions in two phases can
be noted in different Hirshfeld surfaces of the [Fe(H2O)2(C6O4-
Cl2)2]� anions (Figures S10 and S11). Hydrogen bonding is the
dominant interaction, so the contacts H���O form the largest part
of the HS; however they are more prevalent in 4-RT than 4-LT
(covering 37.7 and 32.6% of the HS, respectively). Situation with
C���C contacts (corresponding to p-stacking) is the opposite: their
respective coverages of the HS are 1.9 and 3.3%. These differences
are easily visualized by fingerprint plots (Fig. 6).



Table 3
Geometric parameters of p-stacking (Å, �).

p���p Cga���Cg / Å ab bc Cg���plane(Cg2) / Å Offset/ Åd Symm. op. on Cg2

2
N1A ? C11A∙∙∙N2E ? C11E 3.8242(15) 23.29(12) 16.7 3.2467(10) – 1 � x, �1/2 + y, 1/2 � z
N2A ? C16A∙∙∙N1E ? C16E 3.8369(15) 23.55(12) 28.9 3.6318(10) – 1 � x, 1/2 + y, 1/2 � z
N1B ? C11B∙∙∙N1F ? C11F 3.8014(15) 23.32(12) 15.3 3.2593(11) – 2 � x, �1/2 + y, 1/2 � z
N2B ? C16B∙∙∙C2F ? C16F 3.8074(15) 23.18(12) 28.3 3.6268(10) – 2 � x, �1/2 + y, 1/2 � z
N1C ? C11C∙∙∙N2C ? C16C 3.8327(16) 22.68(13) 18.0 3.2967(11) – 1 � x, �1/2 + y, 1/2 � z
Cu4 ? O2D∙∙∙Cu5 ? O2E 3.8193(13) 0.79(10) 31.5 3.2301(9) 1.996 x, y, z
Cu4 ? N2D∙∙∙C1E ? C6E 3.8772(15) 8.59(11) 28.0 3.1159(9) 1.819 x, y, z
N1D ? C11D∙∙∙N2D ? C16D 3.8008(16) 23.69(13) 16.3 3.3120(11) – 2 � x, 1/2 + y, 1/2 � z
N2D ? C16D∙∙∙C1E ? C6E 3.9665(15) 4.72(12) 34.0 3.3066(11) 2.217 x, y, z
C1D ? C6D∙∙∙Cu5 ? N2E 3.9230(15) 7.89(11) 37.5 3.4078(10) 2.387 x, y, z
C1D ? C6D∙∙∙N2E ? C11E 4.0182(15) 4.86(12) 34.7 3.2599(10) 2.287 x, y, z
Cu5 ? N2E∙∙∙Cu4 ? O2D 3.8195(13) 0.79(10) 32.3 3.2565(9) 2.038 x, y, z
Cu5 ? O5E∙∙∙C1D ? C6D 4.1693(15) 1.55(11) 38.5 3.2041(9) 2.596 x, y, z
Cu5 ? N2E∙∙∙C1D ? C6D 3.9229(15) 7.89(11) 29.7 3.1129(9) 1.943 x, y, z
Cu6 ? O2F∙∙∙Cu6 ? O2F 3.7487(13) 0 31.1 3.2088(9) 1.938 2 � x, 1 � y, 1 � z
Cu6 ? O2F∙∙∙C1F ? C6F 4.1324(14) 2.92(10) 37.6 3.1543(9) 2.522 2 � x, 1 � y, 1 � z
Cu6 ? N2F∙∙∙C1F ? C6F 3.8501(14) 7.78(11) 28.4 3.1144(9) 1.832 2 � x, 1 � y, 1 � z
N1F ? C11F∙∙∙C1F ? C6F 3.9786(15) 4.80(12) 35.1 3.3119(10) 2.290 2 � x, 1 � y, 1 � z
3
Cu1 ? O2∙∙∙Cu1 ? O2 3.4057(8) 0.03(7) 20.6 3.1876(6) 1.199 �x, 2 � y, �z
Cu1 ? O2∙∙∙N2 ? C16 3.8754(9) 1.43(7) 35.0 3.1703(6) 2.224 �x, 2 � y, �z
Cu1 ? N2∙∙∙C1 ? C6 3.5588(9) 1.60(7) 27.4 3.1191(6) 1.637 �x, 2 � y, �z
N2 ? C16∙∙∙C1 ? C6 3.3951(10) 2.81(8) 9.0 3.3727(8) 0.530 �x, 1 � y, �z
4-LT
C1B ? C6B∙∙∙C1B ? C6B 3.535(5) 0 22.0 3.278(4) 1.233 1 � x, �y, 1 � z

a Cg = centre of gravity of the aromatic ring.
b a = angle between planes of two interacting rings.
c b = angle between Cg���Cg line and normal to the plane of the first interacting ring.
d Offset can be calculated only for the strictly parallel rings (a = 0.00�). For slightly inclined rings (a � 5�) an approximate value is given.

Fig. 4. Crystal packing of compound 3: a) hydrogen bonded dimer bridged by a water molecule, b) a detail of p-stacking showing close contacts between different types of
rings and c) overall packing motive formed by stacking of hydrogen bonded dimers. Specific stacking contacts are shown as green dashed lines connecting ring centroids
(shown as red spheres).
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Fig. 5. Hydrogen bonding patterns in compound 4: a) 1D motive in high-temperature phase (4-RT) and b) 2D motive in low-temperature phase (4-LT).
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4. Conclusions

We have prepared and characterized three novel chloranilate-
based mononuclear complexes with copper(II) and iron(III) cations,
but five novel crystal structures, including the previously known
compound 1 and two phases of the same compound 4, have been
described. Study of crystal packing points out to importance of
p-stacking interactions involving the chloranilate moiety, which
play an important role alongside the common hydrogen bonding.
Analysis of Hirshfeld surfaces facilitated and supplemented analy-
sis of crystal structures, and enabled visualisation of most common
types of intermolecular contacts. Thus, the dominant contacts in 1
and two phases of 4 are H���O, corresponding to hydrogen bonding;
however, in 3 there is a considerable proportion of C���C contacts,
corresponding to p-stacking interactions. In addition, the com-
pound 2 is an interesting case-study of hypersymmetry, with Z’ =
6 and as many as five non-crystallographic (local) inversion centres
in the asymmetric unit.
Our further research will be related to the synthesis and charac-
terization of novel homo- and heterometallic compounds obtained
using building blocks [MIII(C6O4Cl2)3]3– (MIII = Cr and Fe), that are
expected to have especially interesting structural and magnetic
properties, since these systems are still insufficiently explored.
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