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Halogen-Bonding in a New Family of 

tris(haloanilato)metallate(III) Magnetic Molecular 

Building Blocks 

Matteo Atzori,† Flavia Artizzu,† Elisa Sessini,† Luciano Marchiò,‡ Danilo 
Loche,† Angela Serpe,† Paola Deplano,† Giorgio Concas,§ Flavia Pop,◊ 
Narcis Avarvari,◊ and Maria Laura Mercuri†,*  

Here we report on new tris(haloanilato)metallate(III) complexes with general formula 
[A]3[M(X2An)3] (A = (n-Bu)4N

+, (Ph)4P
+; M = Cr(III), Fe(III); X2An= 3,6-dihalo derivatives of 2,5-

dihydroxybenzoquinone (H4C6O4), chloranilate (Cl2An2-), bromanilate (Br2An2-) and iodanilate 
(I2An2-)), obtained by a general synthetic strategy, and their full characterization. The crystal 
structures of these Fe(III) and Cr(III) haloanilate complexes consist of anions formed by 
homoleptic complexes formulated as [M(X2An)3]

3- and (Et)3NH+, (n-Bu)4N
+, or (Ph4)P

+ cations. All 
complexes exhibit octahedral coordination geometry with metal ions surrounded by six oxygen 
atoms from three chelate ligands. These complexes are chiral according to the metal 
coordination of three bidentate ligands, and both Λ and ∆ enantiomers are present in their crystal 
lattice. The packing of [(n-Bu)4N]3[Cr(I2An)3] (5a) shows that the complexes form supramolecular 
dimers that are held together by two symmetry related I⋅⋅⋅O interactions (3.092(8) Ǻ), 
considerably shorter than the sum of iodine and oxygen van der Waals radii (3.50 Ǻ). The I⋅⋅⋅O 
interaction can be regarded as a halogen bond (XB), where the iodine behaves as XB donor and 
the oxygen atom as the XB acceptor. This is in agreement with the properties of the electrostatic 
potential for [Cr(I2An)3]

3- that predicts a negative charge accumulation on the peripheral oxygen 
atoms and a positive charge accumulation on the iodine. The magnetic behaviour of all 
complexes, except the 5a, may be explained by considering a set of paramagnetic non-
interacting  Fe(III) or Cr(III) ions, taking into account the zero-field splitting effect. The presence 
of strong XB interactions in 5a are capable, instead, to promote antiferromagnetic interactions 
among paramagnetic centers at low temperature, as shown by the fit with the Curie-Weiss law, in 
agreement with the formation of halogen-bonded supramolecular dimers. 
 

Introduction 

Over the last decade halogen bonding (XB) has gained great 
interest for the construction of self-assembled supramolecular 
architectures out of the large array of known non-covalent 
bonds, namely hydrogen bonding, π-π and van der Waals 
interactions and electrostatic forces. XB which is a strong, 
specific and highly directional non-covalent interaction, is 
characterized by i) X···A (A = acceptor) distance shorter than 
the sum of the van der Waals radii, ii) linearity of the D-X···A 
(D = donor) bond, higher than in hydrogen bonds, iii) preferred 
orientation of the D-X bond in the plane of the lone pair of A 
with a preference for the lone pair direction within that plane, 
and iv)  tendency for stronger XB in the order I > Br > Cl.1 This 
interaction can be as effective as hydrogen bonding (HB) for 
driving highly specific crystal packing motifs but, while 
applications of HB in various research areas such as materials 

science and synthetic chemistry are abundant,2 the development 
of halogen bonded systems is still in its infancy. XB has been 
introduced very successfully in 1995 in the field of molecular 
conductors by Imakubo and Kato for controlling the solid-state 
organization of radical cation salts of iodotetrathiafulvalenes 
such as EDT-TTF-I (iodo-ethylene-dithio-tetrathiafulvalene) 
with counterions of Lewis base character such as Br-, Ag(CN)2-, 
etc.;3 moreover these interactions have been observed in neutral 
halogenated tetrathiafulvalenes as well as in their radical cation 
salts. Fourmigué and Batail have reported exhaustively on the 
use of directional, electrostatic, normal, and weak hydrogen 
bonds and halogen bonds intermolecular interactions in 
crystalline molecular conductors based on functionalized 
tetrathiafulvalene (TTF) derivatives.4 
 In the search for novel halogen-bonded systems where the 
halogen atom can play a multifunctional role, either at the 
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electronic or at the supramolecular level, on the physical 
properties of supramolecular systems that stem from specific 
XB-oriented organizations, we focused our attention on the 3,6-
dihalo derivatives of 2,5-dihydroxybenzoquinone (H4C6O4), 
chloranilate (C6O4Cl2

2-, hereafter Cl2An2-), bromanilate 
(C6O4Br2

2-, hereafter Br2An2-) and iodanilate (C6O4I2
2-, 

hereafter I2An2-) (Scheme 1), as promising building blocks of 
the above-mentioned molecule-based materials. 

 
Scheme 1 Molecular structures for the chloranilate (X = Cl), bromanilate 
(X = Br), and iodanilate (X = I) dianions. 

The coordination chemistry of these ligands is described in 
literature with particular attention for the chloranilate one.5 
Among the haloanilato-complexes, some dinuclear6 and several 
n-D (n = 1, 2, 3) polymeric systems have been reported,7 but 
only few examples of mononuclear complexes have been 
obtained so far.8,6a To the best of our knowledge, except the 
tris(chloranilato)ferrate(III) complex obtained by Miller et al. 
as counteranion of a Fe(III) cationic dimeric complex,9 no 
reports on the synthesis and characterization of tris-chelated 
homoleptic mononuclear complexes with the previously 
mentioned ligands are available in the literature so far. We 
report herein the synthesis and full characterization of six new 
tris(haloanilato)metallate(III) complexes with general formula 
[A]3[M(X2An)3] (M = Cr(III), X = Cl (1), Br (3), I (5); M = 
Fe(III), X = Cl (2), Br (4), I (6); A = (n-Bu)4N

+ (1a-6a), (Ph)4P
+ 

(1b-6b), (Et)3N
+ (1c-2c)) (see Chart 1) which have been used as 

suitable building units for the preparation of novel molecule-
based magnets and metal-organic frameworks (MOFs).10 In 
these systems the nature of the halogen atom plays a crucial 
role in determining their physical properties. In fact, very 
recently some of us reported on a strategy to control the 
magnetic properties of a new family of layered chiral porous 
molecular magnets formulated as A[MIICrIII(X2An)3]·G, where 
a simple change in the halogen atom (X) allows for a fine 
tuning of the magnetic properties so that the ordering 
temperature increases from 5.5 to 6.3 and 8.2 K for X = Cl, Br, 
I respectively.10 Furthermore, since these materials crystallize 
in an eclipsed honeycomb structure, they present hexagonal 
channels with a void volume of ca. 20 % that can be filled with 
guest molecules (G) and they may have the potential to behave 
as a new family of metal-organic frameworks (MOFs), where 
the halogen size can tune the dimensions of the channels. The 
role of the halogen atoms in these mononuclear metal 
complexes as potential sources of halogen bonding interactions, 
studied by DFT calculations, together with a full description of 

their crystal structures and their magnetic properties, will be 
discussed in this paper. 

Chart 1 

 
Cl2An2- Br2An2- I2An2- 

Cr(III) Fe(III) Cr(III) Fe(III) Cr(III) Fe(III) 
(n-Bu)4N+ 1a 2a 3a 4a 5a 6a 

(Ph)4P+ 1b 2b 3b 4b 5b 6b 

(Et)3NH+ 1c 2c - - - - 

 

Results and Discussion 

General Synthetic Strategy 

The tris(haloanilato)metallate(III) complexes reported in this 
work have been obtained, as described in detail in the 
Experimental Section, according to Scheme 2. 

 
Scheme 2 General reaction scheme for the synthesis of [A]3[M(X2An)3] (A 
= (n-Bu)4N

+, (Ph)4P
+; M = Cr(III), Fe(III); X = Cl, Br, I). 

A one-pot reaction between an aqueous solution of the trivalent 
metal ion (M = Cr, Fe) and an aqueous solution of the 
haloanilate dianion obtained in situ, allows to obtain 
compounds 1-6 in high yields ranging from 70 to 90%. 

Molecular Structures 

In the crystal structures of the Fe(III) and Cr(III) haloanilate 
complexes are present the complex anion of formula 
[M(X2An)3]

3- (M = Fe and Cr; X = Cl, Br, I) and either of the 
cations (n-Bu)4N

+, (Ph)4P
+, or (Et)3NH+. The complexes exhibit 

octahedral geometry with the metal surrounded by six oxygen 
atoms from three chelate ligands. The metal complexes are 
chiral according to the metal coordination of three bidentate 
ligands, and in the crystal lattice both Λ and ∆ enantiomers are 
present since all the space groups are centrosymmetric. In 
Figure 1 the molecular structure of 6b is shown, whereas the 
structures of 2b and 4b are reported in the ESI (Figures S1-S2). 
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Figure 1 Ortep drawing for the anionic complex (∆ enantiomer) 6b with 
thermal ellipsoids at the 30% probability level. (Ph)4P

+ cations and 
crystallization water molecules were omitted for clarity. 

The metal-oxygen bond distances vary in the 1.994(7)-2.028(7) 
Ǻ and 1.951(4)-1.987(4) Ǻ ranges for the iron and chromium 
complexes, respectively, and are in agreement with the high 
spin character of these systems. Moreover the bond distances of 
the iron complexes are comparable with those observed in the 
tris(chloranilato)ferrate(III) complex obtained by Miller.9 The 
C-O bond distances are influenced by the metal coordination; in 

fact, the oxygen atoms that are bound to the metal lead to C-O 
distances that are, on average, 0.06 Ǻ longer than those of the 
peripheral oxygen atoms (see Table 1). The C-O distances are 
in agreement with a double bond character of the C-O moieties, 
whereas the OC-CO bond distances are in agreement with the 
presence of a single bond for all complexes (Scheme 3). In 
particular, according to the intra-ligand bond distances, the 
electronic structure of the ligand can be described as a mixture 
of the three limiting structures (a, b and c) depicted in Scheme 
3, with the form a prevailing. 

 
Scheme 3 Above, summary of intra-ligand bond distances (Ǻ) ranges for 
1c, 2c, 5a, 2b, 4b and 6b (red: C-O, green: OC-CO, and blue OC-CX 
distances, respectively). Below, depiction of the three limit electronic 
structures of the ligands. X = Cl, Br, I; M = Fe, Cr. 

Table 1 Selected bond lengths (Å) for 1c, 2c, 5a, 2b, 4b, 6b 

 1c 2c 5a 2b 4b 6b 

M-O(11) 1.951(4) 1.999(2) 1.968(5) 2.002(6) 2.012(7) 2.01(1) 
M-O(21) 1.972(4) 2.013(2) 1.971(4) 2.008(6) 2.020(7) 2.006(9) 
M-O(12) 1.974(4) 2.003(3) 1.978(5) 2.001(6) 1.999(7) 1.99(1) 
M-O(22) 1.987(4) - 1.971(5) 2.017(6) 2.028(7) 2.00(1) 
M-O(13) 1.968(4) - 1.966(5) 2.013(6) 2.018(7) 2.04(1) 
M-O(23) 1.959(4) - 1.962(5) 1.999(6) 1.994(7) 2.01(1) 

C(11)-O(11) 1.296(6) 1.275(3) 1.298(8) 1.28(1) 1.30(1) 1.30(2) 
C(21)-O(21) 1.307(6) 1.279(3) 1.292(8) 1.29(1) 1.27(1) 1.29(2) 
C(41)-O(41) 1.223(7) 1.216(4) 1.226(8) 1.20(1) 1.25(1) 1.22(2) 
C(51)-O(51) 1.228(7) 1.229(4) 1.222(9) 1.22(1) 1.22(1) 1.20(2) 
C(12)-O(12) 1.295(6) 1.280(3) 1.284(8) 1.29(1) 1.30(1) 1.33(2) 
C(22)-O(22) 1.280(6) 1.227(4) 1.280(8) 1.290(9) 1.27(1) 1.30(2) 
C(11)-C(21) 1.498(8) 1.519(4) 1.51(1) 1.51(1) 1.49(1) 1.56(2) 
C(12)-C(22) 1.514(8) - 1.52(1) 1.50(1) 1.51(1) 1.51(2) 
C(42)-O(42) 1.230(7) - 1.225(9) 1.23(1) 1.23(1) 1.23(2) 
C(52)-O(52) 1.224(7) - 1.207(9) 1.214(9) 1.24(1) 1.26(2) 
C(13)-O(13) 1.288(6) - 1.279(8) 1.25(2) 1.25(1) 1.33(2) 
C(23)-O(23) 1.324(6) - 1.284(8) 1.31(2) 1.30(2) 1.24(2) 
C(43)-O(43) 1.236(7) - 1.24(1) 1.23(2) 1.25(2) 1.26(2) 
C(53)-O(53) 1.250(7) - 1.245(9) 1.24(2) 1.24(2) 2.09(1) 
C(31)-Cl(31) 1.748(6) 1.724(3) 2.058(7) 1.736(9) 1.88(1) 2.05(1) 
C(61)-Cl(61) 1.763(6) 1.725(4) 2.088(7) 1.744(9) 1.88(1) 2.09(2) 
C(32)-Cl(32) 1.745(6) 1.729(3) 2.068(8) 1.728(9) 1.88(1) 2.07(2) 
C(62)-Cl(62) 1.733(6) - 2.074(7) 1.729(9) 1.88(1) 2.09(2) 
C(33)-Cl(33) 1.724(7) - 2.053(9) 1.81(2) 1.90(2) 2.07(2) 
C(63)-Cl(63) 1.726(6) - 2.078(9) 1.80(2) 1.89(2) 1.51(2) 
C(13)-C(23) 1.500(8) 1.512(6) 1.50(1) 1.52(2) 1.50(1) 1.23(2) 

Symmetry code ’ = -x,y,-z+1/2 
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The packing of 2c reveals that the complex molecules exchange 
two types of interactions with the surrounding complexes 
(Figure 2). 

 
Figure 2 Portion of the molecular packing of 2c showing the two types of 
interactions occurring between the complex anions. (Et)3NH+ cations and 
crystallization water molecules were omitted for clarity. Symmetry codes ’ 
= -x; -y; -z, ’’ = -x; y; ½-z, ’’’ = -x; 1-y; -z, ’’’’ = x; -y; z-1/2. 

In particular, the ligand comprising the Cl(22) atom is involved 
in a partial stack with symmetry related ligands and with the 
shortest distance occurring between Cl(22) and C(32) atoms 
(3.325(3) Ǻ). At variance, the ligand with Cl(61) interacts with 
the C(31) atom of an adjacent complex molecule (3.448(4) Ǻ). 
These interactions determine the formation of irregular layers 
that are parallel to the bc crystallographic plane and that are 
separated by layers of (Et)3NH+ cations. Despite the fact the 1c 
complex crystallizes in the monoclinic P21/n space group, its 
crystal packing is very similar to that of 2c just described. The 
packing of 5a shows that the complexes form supramolecular 
dimers that are held together by two symmetry related I⋅⋅⋅O 

interactions (3.092(8) Ǻ) considerably shorter than the sum of 
the van der Waals radii of iodine and oxygen (3.50 Ǻ) (Figure 
3). The I⋅⋅⋅O interaction can be regarded as a halogen bond 
(XB), where the iodine behaves as XB donor and the oxygen 
atom as the XB acceptor. This is in agreement with the 
properties of the electrostatic potential for [Cr(I2An)3]

3- that 
predicts a negative charge accumulation on the peripheral 
oxygen atoms and a positive charge accumulation on iodine 
(see below). Given the charge distribution on the halogen 
atoms, which is mainly located on the portion of the iodine 
surface opposite to the Canilate-I bond, this interaction is 
expected to be linear. In fact, the Canilate-I(61)⋅⋅⋅O(53)’ is 165°. 
The dinuclear entity held together by two XB is then 
extensively enveloped by (n-Bu4)N

+ cations. Remarkably these 
XB interactions may be responsible for the weak 
antiferromagnetic interactions among paramagnetic centers at 
low temperature observed for this compound (see below), in 
agreement with the formation of supramolecular dimers. 

 
Figure 3 Portion of the molecular packing of 5a. Four complex anions 
are displayed. Symmetry code ’ = 1-x; 1-y; 1-z. 

The 2b and 4b complexes are isostructural and therefore their 
crystal packing can be described together. Moreover, PXRD 
measurements performed on microcrystalline samples of 1b 
and 3b (Cr(III) complexes) show that these compounds are 
isostructural to their Fe(III) analogues (2b, 4b) (Figures S8-S9). 
In these structures, the presence of the (Ph)4P

+ cations opens the 
possibility to form π-π interactions between the aromatic rings 
of the cations and the hexaatomic ring of the three ligands. In 
fact, the complex anions are embedded in a pocket formed by 
several (Ph)4P

+ cations, and each ligand exchanges π-π 
interactions with a phenyl ring and there is no evidence of a 
close contact between the complex anions (Figure 4). 
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Figure 4 Portion of the molecular packing of 2b showing the interactions 
occurring between the complex anion and the surrounding (Ph)4P

+ 
cations. Hydrogen atoms were omitted for clarity. 

The crystal packing of 6b shows a series of interactions 
involving the iodine atoms, the oxygen atoms and the phenyl 
rings of the (Ph)4P

+ cation (Figure 5). PXRD measurements 
performed on a microcrystalline sample of 5b (Cr(III) complex) 
show that this compound is isostructural to its Fe(III) analogue 
(6b) (Figures S10). In particular, each [Fe(I2An)3]

3- molecule 
exchanges three I···I XBs with the surrounding complex anions. 
According to the geometry of the Canilate-I···I interaction, in the 
I(62)···I(61)’’’ contact (3.882(2) Ǻ), the I(62) atom behaves as a 
XB donor and the I(61)’’’ as a XB acceptor (I(62) is the Lewis 
acid and I(61)’’’ is the base), and with a geometry that is almost 
linear (162°). The opposite situation is present for the I(62)’ 
and I(61) couple. These iodine-iodine interactions form 
molecular chains parallel to the b axis that are arranged in a 
molecular layer by means of an additional I···I interaction with 
symmetry related I(33) atoms (3.886(2) Ǻ). This latter 
interaction is less directional than the previously described 
ones, and it appears that each I(33) atom may behave at the 
same time as a XB donor and acceptor. Additional XB 
interaction can be observed by the inspection of the crystal 
packing of 6b. In particular, I(31) interacts with C(216) 
(3.589(1) Ǻ) and I(61) interacts with C(205)’’’ (3.493(1) Ǻ). 
Interestingly, I(61) behaves as a XB acceptor (Lewis base) with 
respect to a symmetry related I(62) and as XB donor (Lewis 
acid) with respect to C(205)’’’. Within each unit cell four 
pockets surrounded by oxygen atoms of the iodanilate ligands 
host several crystallization water molecules (Figure 5). 

 
Figure 5 Top, portion of the molecular packing of 6b. (Ph)4P

+ cations 
were omitted for clarity. Middle, halogen bonds between the complex 
anions. Symmetry codes ’ = x; y+1; z, ’’ = 3/2-x; 3/2-y; 1-z, ’’’ = x; y-1; z. 
Below, interactions occurring between the complex anions and the 
surrounding (Ph)4P

+ cations. Symmetry codes ’ = x; y-1; z, ’’ = x; y+1; z, ’’’ 
= 3/2-x; 5/2-y; 1-z. 

DFT calculations 

DFT calculations were performed to gain insight into the 
electronic structures of the [M(X2An)3]

3- (M = Fe(III), Cr(III); 
X = Cl, Br, I) complexes as well as to characterize the spin and 
charge distribution of the metal centers and of the three ligands 
Cl2An2-, Br2An2-, and I2An2-. According to the presence of six 
oxygen atoms in the coordination sphere of the metals and in 
agreement with magnetic data (see below), the calculations 
were performed in the high spin states for all of the systems. 
Two different computational schemes were employed in order 
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to represent the atomic charges in the six anionic complexes, 
namely Mulliken and NPA, so as to provide a more complete 
description of the charge distribution on the different structural 
fragments.11 By inspecting the Mulliken and NPA charges of 
the three isolated ligands, it is evident that the negative charge 
is localized on the four oxygen atoms, whereas there is a slight 
negative charge accumulation on the halogen atoms, that 
decreases in the following order Cl > Br > I (Figure 6). 

 
Figure 6 Mulliken (green) and NPA (blue) charges for Cl2An2-, Br2An2- 
and I2An2-. (B3LYP/SDD with SDD pseudopotentials on Br and I atoms). 

According to the NPA charges, when the ligands are 
coordinated to the metal centers, there is a slight negative 
charge depletion on the two oxygen atoms that are bound to the 
metal and also a negative charge depletion on the two 
peripheral oxygen atoms, which however retain a considerable 
negative charge (-0.6) (Figures 7). 

 
Figure 7 Mulliken (green) and NPA (blue) charges for [Cr(Cl2An)3]

3-, 
[Cr(Br2An)3]

3-, [Cr(I2An)3]
3-, [Fe(Cl2An)3]

3-, [Fe(Br2An)3]
3- and [Fe(I2An)3]

3-. 
(B3LYP/6-31+G(d)-lanl2dz). The charges of only one ligand are depicted 
for clarity. 

On the other hand, the Mulliken analysis predicts that there is a 
certain degree of negative charge accumulation on the 
peripheral oxygen atoms. In addition, as observed in the free 
ligands, the negative charge on the halogen atoms tends to vary 
in the following order Cl > Br > I, becoming slightly positive in 
the case of bromine and iodine, either with Mulliken or NPA 

schemes. This scenario is identical for both the iron and 
chromium complexes. A better view of the charge distribution 
can be obtained by visualizing the electrostatic potential of the 
complex molecules.11,12 In Figure 8 are depicted the isodensity 
surfaces mapped with the electrostatic potential, and it can be 
appreciated that the oxygen atoms are regions where there is a 
marked negative charge accumulation, whereas the metal are 
the main source of the positive charge. The carbon atoms 
attached directly to the halogen atoms present a slightly more 
negative charge than the remaining four carbon atoms of the 
hexatomic ring. As predicted by the Mulliken or NPA charges, 
on-going from the Cl2An2- to the I2An2- ligands there is a 
positive charge accumulation on the halogen atoms. According 
to these calculations, it appears that the iodine atoms of I2An2- 
in the chromium or iron complexes can behave as XB donors 
(Lewis acids) whereas the peripheral oxygen atoms can act as 
XB acceptor (Lewis bases). The weak interactions found in the 
previously described structures of 5a and 6b are in agreement 
with this description. 

 
Figure 8 Electrostatic potential for [Cr(Cl2An)3]

3-, [Cr(Br2An)3]
3-, 

[Cr(I2An)3]
3-, [Fe(Cl2An)3]

3-, [Fe(Br2An)3]
3- and [Fe(I2An)3]

3- (B3LYP/6-
31+G(d)-lanl2dz). Color codes thresholds: red -0.3, yellow -0.2, green -
0.15, light blue -0.1, blue 0.0. 

The spin distribution on the metals for the chromium and iron 
complexes is approximately 3.1 and 4.2, respectively, pointing 
to a localized nature of the spin on the chromium centers, and 
to a less localized spin distribution in the iron complexes, Table 
2. 
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Table 2 Mulliken spin densities of the metal, Mulliken and NPA 
charges of the metal, and expectation values of the <S2> operator for 
the six anionic complexes. 

 
Mulliken 

atomic spin 
densities 

Mulliken 
atomic 
charges 

NPA 
charges <S2>a 

[Fe(Cl2An)]3-, 4.158 -1.421 1.798 8.75 
[Fe(Br2An)]3- 4.159 -1.507 1.800 8.75 
[Fe(I2An)]3- 4.167 -1.677 1.805 8.75 

[Cr(Cl2An)]3-, 3.098 -0.125 1.379 3.75 
[Cr(Br2An)]3- 3.071  0.037 1.380 3.75 
[Cr(I2An)]3- 3.078 -0.098 1.383 3.75 

a) after annihilation of the first spin contaminant. 

This is also evidenced by inspecting the shape of total spin 
density that, for the iron complexes, is markedly distributed 
over the six oxygen atoms of the coordination sphere. On the 
other hand, the cubic shape of the total spin density of the 
chromium complexes reflects the octahedral t3

2g configuration 
(Figure 9).13 

 
Figure 9 Spin density for [Cr(Cl2An)3]

3-, [Cr(Br2An)3]
3-, [Cr(I2An)3]

3-, 
[Fe(Cl2An)3]

3-, [Fe(Br2An)3]
3- and [Fe(I2An)3]

3- (B3LYP/6-31+G(d)-lanl2dz). 
Colors blue and green refers to α- and β-spin density, respectively 
(isosurface plot at 0.0008 esu Å-3). 

Spectroscopic Characterization 

As shown in Table 4 and as reported in the Molecular Structure 
section, compounds 1-6 can crystallize in different space 
groups, even if they have the same counterion (see for example 
compounds 1c and 2c, and 1b, 3b respect to 5b), hampering an 
evaluation of their molecular isostructurality using X-ray 
powder diffraction. To overcome this drawback we performed a 
detailed spectroscopical study using FT-IR vibrational 
spectroscopy in order to demonstrate that all the components of 
this family are isostructural from the molecular point of view 
(as further confirmation of the obtained analytical data). For 
shortness we discuss here the FT-IR spectra of compounds 1a-
6a since the FT-IR spectra of compounds 1b-6b or 1c-2c show 
the same features except for the counterion contribution. 
VIBRATIONAL SPECTROSCOPY. The infrared spectra of 1a and 
2a show, in the 3000-2800 cm-1 region, the typical ν(C-H) 

vibrational modes of the (n-Bu)4N
+ counterion. A comparison 

between the spectra of 1a and 2a in the 1800-650 cm-1 region 
(Figure S3), showing the same vibrational bands, with similar 
shape and relative intensity, suggests the same coordination 
geometry and the same chemical environment for Cr(III) and 
Fe(III) complexes. According to Pawlukojć et al.,14 the band 
centered at ca. 1650 cm-1 is assigned to the ν(C=O) vibration 
mode for the uncoordinated C=O groups of the ligands; a 
downshift of this band (1665 cm-1) respect to free ligand is 
observed and it can be attributed to a weakened double bond 
character of these terminal groups because of the coordination 
with the metal ion. The strong and broad band centered at ca. 
1530 cm-1 can be assigned to a ν(C=C) + ν(C=O) combination 
band; the significant downshift observed (1631 cm-1 for the free 
ligand14) could be related, also in this case, to the coordination 
effect. The two bands present in the 1400-1250 cm-1 region are 
assigned to the ν(C-C) + ν(C-O) combination band and ν(C-C) 
vibration, respectively, whereas the two ones centered at ca. 
995 cm-1 e 840 cm-1 for both spectra can be related to the ν(C-
C) + ν(C-O) + δ(C-Cl), and to the δ(C=O) + δ(C-O) + ν(C-Cl), 
combination bands.14 
 It is noteworthy that in the 650-400 cm-1 region the spectra 
of the two metal complexes show some differences. Except for 
the wagging vibrational mode related to the C-Cl bond centered 
at ca. 570 cm-1 for both compounds, three bands at ca. 596, 581 
and 505 cm-1 are present for 2a and four bands at ca. 612, 597, 
508, 447 cm-1 are observed for 1a (Figure S4). These bands, 
which are not present in the ligand and counterion spectra, can 
be related to vibrational modes involving M-O bonds.  
 Vibrational spectra of compounds 3-6 show similar features in 
the whole MIR region (4000-400 cm-1) and a summary of the most 
significative bands with the corresponding assignments is reported in 
Table S1. 
 MIR spectra of 2a, 4a, and 6a show similar features with a 
downward shift of the halogen-sensitive bands as the halogen 
mass increases, as shown in Figure 10. 
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Figure 10 FT-IR spectra (1800-400 cm-1) for 2a (blue line), 4a (green line), 
6a (violet line). 

These spectroscopic findings confirm that the haloanilate 
ligands exhibit, in all compounds, the same coordination mode. 

Cyclic Voltammetry 

Compounds 1-6 were studied by cyclic voltammetry in order to 
verify their stability toward electrochemical oxidation. Cyclic 
voltammograms for 1a and 2a are reported, as examples, in 
Figure 11. 

 
Figure 11 Cyclic voltammograms (-0.1 - 1.6 V) for 1a (red line) and 2a 
(blue line). Inset: cyclic voltammogram (-0.1 - 1.1 V) for 2a (blue line) 
superposed with the cyclic voltammogram for BEDT-TTF (orange dashed 
line) for comparison. 

1a shows one irreversible oxidation peak at ca. 1.23 V and 2a 
shows two irreversible oxidation peaks at ca. 1.23 and 1.37 V. 
The same features are observed for all the Cr(III) and Fe(III) 
compounds (their oxidation potentials are summarized in Table 

S2). It is noteworthy that in the 0.0-1.1 V range no oxidation 
peaks are observed for all compounds. This suggests that these 
complexes are suitable candidates as counterions toward 
organic donors such as BEDT-TTF, which shows a 
monoelectronic reversible oxidation process at ca. 0.5 V (Inset 
in Figure 11). 

Magnetic Properties 

The thermal variation of the molar magnetic susceptibility per 
Fe(III) ion expressed as χmT for compounds 2b, 4b, and 6b is 
shown in Figure 12. These compounds show similar behaviors 
with χmT values a room temperature of ca. 4.4 cm3mol-1K, close 
to the expected value (4.375 cm3mol-1K) for isolated high spin 
Fe(III) ions (S = 5/2, g = 2). These values remain constant down 
to ca. 15 K, then the χmT product decreases. The observed 
behavior in the high temperature region is typical of 
magnetically isolated S = 5/2 ions. The observed decrease at 
low temperature may be due to weak antiferromagnetic 
interactions between the Fe(III) ions and/or to the presence of a 
zero-field splitting (ZFS) in the S = 5/2 ground state of the 
Fe(III) complexes. Taking into account the crystallographic 
data for 2b, 4b, and 6b, which indicate either slightly-distorted 
octahedral coordination geometries around the Fe(III) ions (see 
above) or Fe(III) ions quite isolated in the crystal structure (in 
particular for 2b and 4b), it seems reasonable to use a model 
that considers isolated S = 5/2 ions with a ZFS parameter (D) to 
fit the χmT vs. T magnetic data.15 

 
Figure 12 Thermal variation of the χmT product for 2b (black circles), 4b 
(red circles), and 6b (blue circles). Solid lines are the best fit of the model 
(see text). Inset shows the isothermal magnetization at 2 K for 2b, 4b, and 
6b (same colour codes). 

This model satisfactorily reproduces the magnetic properties of 
compounds 2b, 4b, and 6b in the whole temperature range, 
with g = 1.987(1), 2.006(1), 2.017(1), and |D| = 2.3(1), 0.62(1), 
0.94(1) cm-1, for 2b, 4b, and 6b respectively. Unfortunately, 
since magnetic measurements were performed on 
microcrystalline samples, we were not able to determine the 
sign of D. The isothermal magnetization measurements (Inset 
in Figure 12) support the S = 5/2 ground spin state of the Fe(III) 
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ions for all 2b, 4b, and 6b, since they can be well reproduced 
with a Brillouin function for a S = 5/2 spin state. Thus, 
compounds 2b, 4b, and 6b, present a high spin configuration 
for the Fe(III) ions with a S = 5/2 ground spin state and show a 
typical paramagnetic behaviour of isolated ions. All Fe(III) 
compounds described in this work show analog magnetic 
behavior and a comparison of the thermal variation of χmT for 
2a, 2b, and 2c, (same anionic complex with different 
counterions) is reported in Figure S14. 
 The thermal variation of the molar magnetic susceptibility 
per Cr(III) ion expressed as χmT for compounds 1b, 3b, and 5b 
is shown in Figure 13. These compounds show similar 
behaviors with χmT values a room temperature of ca. 1.9 
cm3mol-1K, close to the expected value (1.875 cm3mol-1K) for 
isolated Cr(III) ions (S = 3/2, g = 2). These values remain 
constant down to ca. 10 K, then the χmT product decreases. The 
observed behavior in the high temperature region is typical of 
magnetically isolated S = 3/2 ions. As in the Fe(III) complexes, 
the observed decrease at low temperature may be due to weak 
antiferromagnetic interactions between the Cr(III) ions and/or 
to the presence of a ZFS in the S = 3/2 ground state of the 
Cr(III) complexes. Taking into account the same structural 
considerations, since (Ph)4P

+ salts of Cr(III) and Fe(III) 
complexes are isostructural, it seems reasonable to use a model 
that consider isolated S = 3/2 ions with a ZFS parameter (D) to 
fit the χmT vs. T magnetic data.15 

 
Figure 13 Thermal variation of the χmT product for 1b (black circles), 3b 
(red circles), and 5b (blue circles). Solid lines are the best fit of the model 
(see text). Inset shows the isothermal magnetization at 2 K for 1b, 3b, and 
5b (same colour codes). 

This model satisfactorily reproduces the magnetic properties of 
compounds 1b, 3b, and 5b in the whole temperature range, 
with g = 1.994(1), 1.992(1), 2.024(1), and |D| = 4.2(1), 4.0(1), 
3.0 (1) cm-1, for 1b, 3b, and 5b respectively. The isothermal 
magnetization measurements (Inset in Figure 13) support the S 
= 3/2 ground spin state of the Cr(III) ions for all 1b, 3b, and 5b, 
since they can be well reproduced with a Brillouin function for 
a S = 3/2 spin state. Thus, compounds 2b, 4b, and 6b, present 

Cr(III) ions with a S = 3/2 ground spin state and show a typical 
paramagnetic behaviour of isolated ions. 
 Interestingly, compound 5a presents a unique magnetic 
behavior among these complexes. For this Cr(III) complex, the 
thermal trend of the χmT product decreases much more than in 
the others, i.e. decreases from the room temperature expected 
value of about 1.88 cm3mol-1K down to 0.5 cm3mol-1K at 2 K 
(Figure S15); this is due to the unique trend of the molar 
magnetic susceptibility χm, which reaches a maximum at 4.1(1) 
K and decreases down to 2 K (Figure 14). Moreover, the 
isothermal magnetization measurements performed on 5a (Inset 
in Figure 14) do not show the typical behavior of isolated S = 
3/2 ions, because it appears quite linear and does not reach the 
expected saturation value of 3µB. 

 
Figure 14 Thermal variation of χm for 5a. Solid line is the best fit to the 
Curie-Weiss law (see text). Inset shows the isothermal magnetization at 2 
K for 5a. Solid line represents the Brillouin function for an isolated S = 3/2 
ion with g = 2. 

The observed behaviour at low temperature is likely due to 
magnetic interactions between the Cr(III) ions. This behaviour 
can be explained considering the crystallographic data for this 
compound. As described in the Molecular Structure Section, 5a 
is formed by supramolecular dimers that are held together by 
two symmetry related I⋅⋅⋅O interactions (3.092(8) Ǻ) (Figure 3) 
considerably shorter than the sum of iodine and oxygen van der 
Waals radii (3.50 Ǻ). These halogen-bonding interactions may 
be responsible for an additional antiferromagnetic coupling 
between different anionic complexes associated in dimers, due 
to the extended iodine orbitals which can mediate exchange 
interactions, as already observed in the literature.16 In this case, 
the simple model that consider isolated S = 3/2 ions only with a 
ZFS parameter does not fit the magnetic data satisfactorily, 
suggesting that a better fit can be obtained by taking into 
account magnetic interactions between ions. For this reason, the 
susceptibility was fitted using the Curie-Weiss law 
 
χm(T) = Np2µB

2/[3k(T–θ)]    (1) 
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where N is the number of magnetic ions in a mole, p = 

g[S(S+1)]1/2 is the effective number of Bohr magnetons, µB is 
the Bohr magneton, k is the Boltzmann constant and θ is the 
Weiss constant.15 The fit has been performed in the 
paramagnetic region, where this law holds, i.e. above the 
temperature of the maximum; the fit gives an effective Bohr 
magneton number p = 4.2(1) and a Weiss constant θ = −2.8(1) 
K. The negative Weiss constant points out that the interactions 
between Cr(III) ions are antiferromagnetic; this is confirmed by 
the low isothermal magnetization and by the maximum of χm at 
4.1(1) K, which identifies the transition to the magnetically 
ordered antiferromagnetic state.15  
 The other Cr(III) compounds described in these work show 
a typical paramagnetic behavior, and a comparison of the 
thermal variation of χmT for 1a, 1b, and 1c, (same anionic 
complex with different counterions) is reported in Figure S16. 

Experimental 

General Remarks 

Bromanilic acid (hereafter H2Br2An) and Iodanilic acid 
(hereafter H2I2An) were synthesized according to literature 
methods.17 All the others chemicals used in the synthesis were 
purchased and used without further purification. 

Synthesis 

[(n-Bu)4N]3[Cr(Cl2An)3] (1a). An aqueous solution (5 mL) of 
CrCl3·6H2O (210 mg, 0.80 mmol) was added dropwise to an 
aqueous solution (50 mL) of H2Cl2An (500 mg, 2.4 mmol), 
NaOH (200 mg, 5.0 mmol) and (n-Bu)4NBr (800 mg,  2.5 
mmol). After ca. 30 min at 60 °C, 1a starts to precipitate as red-
violet solid, partially soluble in water. The mixture was allowed 
to cool to 25 °C, extracted with CH2Cl2 and dried under 
Na2SO4. The solution was filtered, rota-evaporated, and the 
obtained lacquer-like solid was crystallized in a MeOH/CH2Cl2 
mixture to give red shiny crystals. Yield: 73%. Elemental anal. 
Calcd for C66H108Cl6CrN3O12: C, 56.61; H, 7.77; N, 3.00; 
Found. C, 56.38; H, 7.71; N, 2.83. FT-IR (νmax/cm-1, KBr 
pellets): 2962(m), 2933(w), 2875(m), 1649(m), 1531(vs), 
1469(w), 1383(w), 1353(s), 1303(m), 1000(m), 880(w), 
841(m), 739(vw), 612(m), 597(w), 572(w), 508(w), 447(w). 
UV-Vis (CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-1)): 466 sh, 
497 (4493), 570 sh. ESI-MS, m/z Found (Calcd) = 1156.27 
(1154.26) [[(n-Bu)4N]2[Cr(Cl2An)3]]-; 914.99 (915.00) [[(n-

Bu)4N][Cr(Cl2An)3]-H]-; 456.99 (455.99) [[(n-

Bu)4N][Cr(Cl2An)3]]2-. 

 

[(Ph)4P]3[Cr(Cl2An)3]⋅⋅⋅⋅H2O (1b). An aqueous solution (5 mL) 
of CrCl3·6H2O (210 mg, 0.80 mmol) was added dropwise to an 
aqueous solution (50 mL) of H2Cl2An (500 mg, 2.4 mmol), 
NaOH (200 mg, 5.0 mmol) and (Ph)4PBr (1050 mg,  2.5 
mmol). 1b precipitates as red-violet solid. The mixture was 
allowed to cool to 25 °C, and then the precipitate was collected 
by filtration, washed several times with fresh water and dried in 
desiccator. Yield: 80%. The product was recrystallized from a 

MeOH/CH2Cl2 mixture. Elemental anal. Calcd for 
C90H62Cl6CrP3O13: C, 63.25; H, 3.66; Found. C, 62.88; H, 3.61. 
FT-IR (νmax/cm-1, KBr pellets): 3059(m), 3023(w), 2993(w), 
1646(m), 1587(w), 1531(vs), 1438(s), 1352(vs), 1305(m), 
1189(w), 1165(w), 1108(s), 1000(m), 843(m), 816(w), 756(m), 
724(s), 690(m), 611(m), 571(w), 528(s), 449(w). UV-Vis 
(CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-1)): 466 sh, 497 
(3878), 570 sh. ESI-MS, m/z Found (Calcd) = 1349.67 
(1351.68) [[(Ph)4P]2[Cr(Cl2An)3]]-; 1013.48 (1013.49) 
[[(Ph)4P][Cr(Cl2An)3]-H]-; 506.15 (505.03) 
[[(Ph)4P][Cr(Cl2An)3]]2-. 
 
[(Et)3NH]3[Cr(Cl2An)3]⋅⋅⋅⋅H2O (1c). Triethylamine (0.7 mL, 9.5 
mmol) was added to a CH3CN solution (50 mL) of H2Cl2An 
(500 mg, 2.4 mmol), then an aqueous solution (15 mL) of  
KCr(SO4)2·12H2O (400 mg, 0.80 mmol) was added dropwise to 
the CH3CN solution. The resulting mixture was heated up to 
reflux for 12 hours. 1c precipitates as red shiny crystals suitable 
for X-ray analysis after slow evaporation of the mother liquor. 
Yield: 78%. Elemental anal. Calcd for C36H50Cl6CrN3O13: C, 
43.35; H, 5.05; N, 4.21; Found. C, 42.89; H, 4.93; N, 4.15. FT-
IR (νmax/cm-1, KBr pellet): 3567(m), 3497(m), 3036(m), 
2985(w), 2862(w), 1653(m), 1630(s), 1530(vs), 1472(s), 
1357(vs), 1325(s), 1264(w), 1159(w), 1059(w), 1003(m), 
846(s), 616(s), 573(m), 512(m), 450(m), 404(w). UV-Vis 
(CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-1)): 466 sh, 497 
(4235), 570 sh. ESI-MS, m/z Found (Calcd) = 1080.10 
(1080.18) [[(Et)3NH]4[Cr(Cl2An)3]]+; 978.56 (979.36) 
[[(Et)3NH]3[Cr(Cl2An)3]-H]+; 878.56 (878.64) 
[[(Et)3NH]2[Cr(Cl2An)3]-2H]+. 
 
[(n-Bu)4N]3[Fe(Cl2An)3] (2a). This compound was synthesized 
as dark-violet shiny crystals according to the procedure 
described for 1a, using FeCl3 (130 mg, 0.80 mmol), H2Cl2An 
(500 mg, 2.4 mmol), NaOH (200 mg, 5.0 mmol) and (n-

Bu)4NBr  (800 mg, 2.5 mmol). Yield: 80%. Elemental anal. 
Calcd for C66H108Cl6FeN3O12: C, 56.46; H, 7.75; N, 2.99; 
Found. C, 56.47; H, 7.83; N, 3.03. FT-IR (νmax/cm-1, KBr 
pellets): 2962(m), 2933(w), 2875(m), 1647(m), 1531(vs), 
1469(w), 1383(w), 1349(s), 1300(s), 995(m), 878(w), 839(w), 
739(w), 596(m), 574(m), 506(m). UV-Vis (CH3CN solution, 
λmax/nm (ε/dm3 mol-1 cm-1)): 444 (3669), 477 (4494), 516 
(4910). ESI-MS, m/z Found (Calcd) = 1160.24 (1158.26) [[(n-

Bu)4N]2[Fe(Cl2An)3]]-; 918.94 (918.99) [[(n-

Bu)4N][Fe(Cl2An)3]-H]-; 458.98 (457.98) [[(n-

Bu)4N][Fe(Cl2An)3]]2-. 
 
[(Ph)4P]3[Fe(Cl2An)3]⋅⋅⋅⋅H2O (2b). This compound was 
synthesized as dark-violet shiny crystals according to the 
procedure described for 1b, using FeCl3 (130 mg, 0.80 mmol), 
H2CA (500 mg, 2.4 mmol), NaOH (200 mg, 5.0 mmol) and 
(Ph)4PBr (1050 mg,  2.5 mmol). Yield: 85%. Elemental anal. 
Calcd for C90H62Cl6FeP3O13: C, 63.11; H, 3.65; Found. C, 
62.75; H, 3.31. FT-IR (νmax/cm-1, KBr pellets): 3059(m), 
3023(w), 2993(w), 1644(m), 1587(w), 1528(vs), 1438(s), 
1350(vs), 1304(m), 1188(w), 1165(w), 1108(s), 996(m), 
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839(m), 755(m), 724(s), 690(m), 597(m), 573(w), 528(s), 
507(w). UV-Vis (CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-1)): 
444 (3823), 477 (4617), 516 (5075). ESI-MS, m/z Found 
(Calcd) = 1353.57 (1355.48) [[(Ph)4P]2[Fe(Cl2An)3]]-; 1016.09 
(1015.39) [[(Ph)4P][Fe(Cl2An)3]-H]-; 507.19 (508.05) 
[[(Ph)4P][Fe(Cl2An)3]]2-. 
 
[(Et)3NH]3[Fe(Cl2An)3]⋅⋅⋅⋅H2O (2c). This compound was 
synthesized as dark-violet crystals according to the procedure 
described for 1c, using Fe(ClO4)3·6H2O (290 mg, 0.80 mmol), 
H2Cl2An (0.5 g, 2.4 mmol) and triethylamine (0,7 mL, 9.5 
mmol). Yield: 84%. Elemental anal. Calcd for 
C36H50Cl6FeN3O13: C, 43.18; H, 5.03; N, 4.20; Found. C, 42.78; 
H, 4.83; N, 4.08. FT-IR (νmax/cm-1, KBr pellets): 3567(m), 
3497(m), 3039(m), 2985(w), 2866(w), 1651(m), 1633(m), 
1530(vs), 1472(s), 1359(vs), 1322(s), 1264(w), 1159(w), 
1059(w), 996(m), 841(s), 601(s), 575(m), 512(m), 404(w). UV-
Vis (CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-1)): 444 (3750), 
477 (4523), 516 (5010). ESI-MS, m/z Found (Calcd) = 1083.98 
(1084.03) [[(Et)3NH]4[Fe(Cl2An)3]]+; 982.63 (983.21) 
[[(Et)3NH]3[Fe(Cl2An)3]-H]+; 881.51 (882.39) 
[[(Et)3NH]2[Fe(Cl2An)3]-2H]+. 
 
[(n-Bu)4N]3[Cr(Br2An)3] (3a). This compound was 
synthesized as red shiny crystals according to the procedure 
described for 1a, using CrCl3·6H2O (61 mg, 0.22 mmol), 
H2Br2An (194 mg, 0.65 mmol), NaOH (52 mg, 1.3 mmol) and 
(n-Bu)4NBr  (213 mg, 0.66 mmol). Yield: 70%. Elemental anal. 
Calcd for C66H108Br6CrN3O12: C, 47.55; H, 6.53; N, 2.52; 
Found. C, 47.22; H, 6.43; N, 2.33. FT-IR (νmax/cm-1, KBr 
pellets): 2962(m), 2933(w), 2873(m), 1638(m), 1620(m), 
1521(vs), 1343(s), 1310(m), 989(m), 883(w), 813(m), 736(w), 
613(m), 594(w), 559(m), 507(m), 472(vw), 413(w). UV-Vis 
(CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-1)): 455 (4347), 490 
(5115), 555 sh. ESI-MS, m/z Found (Calcd) = 1423.92 
(1424.55) [[(n-Bu)4N]2[Cr(Br2An)3]]-; 1182.66 (1185.10) [[(n-

Bu)4N][Cr(Br2An)3]-H]-. 
 
[(Ph)4P]3[Cr(Br2An)3]⋅⋅⋅⋅H2O (3b). This compound was 
synthesized as red shiny crystals according to the procedure 
described for 1b, using CrCl3·6H2O (61 mg, 0.22 mmol), 
H2Br2An (194 mg, 0.65 mmol), NaOH (52 mg, 1.3 mmol) and 
(Ph)4PBr (277 mg, 0.66 mmol). Yield: 83%. Elemental anal. 
Calcd for C90H62Br6CrP3O13: C, 54.71; H, 3.16; Found. C, 
54.32; H, 3.03. FT-IR (νmax/cm-1, KBr pellets): 3059(m), 
3023(w), 2993(w), 1639(m), 1586(w), 1521(vs), 1438(s), 
1364(m), 1341(vs), 1299(m), 1283(m), 1187(w), 1165(w), 
1109(s), 1000(m), 986(m), 812(m), 756(m), 724(s), 690(m), 
603(m), 558(w), 527(s), 501(m), 459(w). UV-Vis (CH3CN 
solution, λmax/nm (ε/dm3 mol-1 cm-1)): 455 (3385), 490 (4403), 
555 sh. ESI-MS, m/z Found (Calcd) = 1279.14 (1280.00) 
[[(Ph)4P][Cr(Br2An)3]-H]-; 641.21 (639.50) 
[[(Ph)4P][Cr(Br2An)3]]2-. 
 
[(n-Bu)4N]3[Fe(Br2An)3] (4a). This compound was synthesized 
as violet shiny crystals according to the procedure described for 

1a, using FeCl3 (35 mg, 0.22 mmol), H2Br2An (194 mg, 0.65 
mmol), NaOH (52 mg, 1.3 mmol) and (n-Bu)4NBr  (213 mg, 
0.66 mmol. Yield: 75%. Elemental anal. Calcd for 
C66H108Br6FeN3O12: C, 47.44; H, 6.52; N, 2.51; Found. C, 
46.98; H, 6.31; N, 2.52. FT-IR (νmax/cm-1, KBr pellets): 
2962(m), 2933(w), 2875(m), 1640(m), 1620(m), 1521(vs), 
1472(m), 1338(s), 1281(m), 978(m), 883(w), 803(m), 739(w), 
576(m), 562(m), 500(w). UV-Vis (CH3CN solution, λmax/nm 
(ε/dm3 mol-1 cm-1)): 443 (5487), 477 (6439), 519 (6841). ESI-
MS, m/z Found (Calcd) = 1427.90 (1428.40) [[(n-

Bu)4N]2[Fe(Br2An)3]]-; 1186.59 (1188.95) [[(n-

Bu)4N][Fe(Br2An)3]-H]-. 
 
[(Ph)4P]3[Fe(Br2An)3]⋅⋅⋅⋅H2O (4b). This compound was 
synthesized as dark-violet shiny crystals according to the 
procedure described for 1b, using FeCl3 (35 mg, 0.22 mmol), 
H2Br2An (194 mg, 0.65 mmol), NaOH (52 mg, 1.3 mmol) and 
(Ph)4PBr (277 mg, 0.66 mmol) Yield: 83%. Elemental anal. 
Calcd for C90H62Br6FeP3O13: C, 54.60; H, 3.16; Found. C, 
54.13; H, 2.98. FT-IR (νmax/cm-1, KBr pellets): 3059(m), 
3023(w), 2993(w), 1640(m), 1586(w), 1519(vs), 1438(s), 
1336(vs), 1281(m), 1188(w), 1164(w), 1109(s), 997(m), 
979(m), 804(m), 756(m), 724(s), 690(m), 580(m), 559(w), 
530(s), 501(m), 459(w). UV-Vis (CH3CN solution, λmax/nm 
(ε/dm3 mol-1 cm-1)): 443 (6323), 477 (6856), 519 (6535). ESI-
MS, m/z Found (Calcd) = 1621.29 (1622.23) 
[[(Ph)4P]2[Fe(Br2An)3]]-; 1283.09 (1283.84) 
[[(Ph)4P][Fe(Br2An)3]-H]-; 640.89 (641.42) 
[[(Ph)4P][Fe(Br2An)3]]2-. 
 
[(n-Bu)4N]3[Cr(I2An)3] (5a). This compound was synthesized 
as dark-red shiny crystals according to the procedure described 
for 1a, using CrCl3·6H2O (88 mg, 0.33 mmol), H2I2An (392 
mg, 1.0 mmol), NaOH (80 mg, 2.0 mmol) and NBu4Br (387 
mg, 1.2 mmol). Yield: 74%. Elemental anal. Calcd for 
C66H108I6CrN3O12: C, 40.67; H, 5.59; N, 2.16; Found. C, 40.37; 
H, 5.59; N, 2.16. FT-IR (νmax/cm-1, KBr pellets): 2962(m), 
2933(w), 2873(m), 1630(s), 1513(vs), 1330(s), 1270(m), 
968(m), 881(w), 791(m), 778(m), 738(w), 698(m), 549(m), 
501(m). UV-Vis (CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-

1)): 463 sh, 502 (5102), 575 sh. ESI-MS, m/z Found (Calcd) = 
1705.90 (1705.87) [[(n-Bu)4N]2[Cr(I2An)3]]-. 
 
[(Ph)4P]3[Cr(I2An)3]⋅⋅⋅⋅H2O (5b). This compound was 
synthesized as dark-red shiny crystals according to the 
procedure described for 1b, using CrCl3·6H2O (59 mg, 0.22 
mmol), H2I2An (255 mg, 0.65 mmol), NaOH (52 mg, 1.3 
mmol) and (Ph)4PBr (277 mg, 0.66 mmol). Yield: 84%. 
Elemental anal. Calcd for C90H62I6CrP3O13: C, 47.88; H, 2.77; 
Found. C, 47.29; H, 2.63. FT-IR (νmax/cm-1, KBr pellets): 
3059(m), 3023(w), 2993(w), 1630(m), 1585(w), 1511(vs), 
1437(s), 1330(vs), 1274(m), 1188(w), 1164(w), 1108(s), 
997(m), 969(m), 790(m), 778(m), 754(m), 723(s), 689(s), 
590(m), 548(m), 527(s), 503(m), 456(w). UV-Vis (CH3CN 
solution, λmax/nm (ε/dm3 mol-1 cm-1)): 463 sh, 502 (5003), 575 
sh. ESI-MS, m/z Found (Calcd) = 1562.76 (1562.00) 
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[[(Ph)4P][Cr(I2An)3]-H]-; 779.86 (780.50) 
[[(Ph)4P][Cr(I2An)3]]2-. 
 
[(n-Bu)4N]3[Fe(I2An)3] (6a). This compound was synthesized 
as dark-violet shiny crystals according to the procedure 
described for 1a, using FeCl3 (54 mg, 0.33 mmol), H2I2An (390 
mg, 1.0 mmol), NaOH (80 mg, 2.0 mmol) and NBu4Br (330 
mg, 1.0 mmol). Yield: 85%. Elemental anal. Calcd for 
C66H108I6FeN3O12: C, 40.59; H, 5.57; N, 2.15; Found. C, 39.15; 
H, 5.03; N, 2.04. FT-IR (νmax/cm-1, KBr pellets): 2962(m), 
2932(w), 2872(m), 1630(s), 1515(vs), 1325(s), 1269(m), 
962(m), 878(w), 795(m), 781(m), 736(w), 588(m), 551(m), 
497(m). UV-Vis (CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-

1)): 450 (6210), 479 (6098), 530 sh. ESI-MS, m/z Found 
(Calcd) = 1709.81 (1709.87) [[(n-Bu)4N]2[Fe(I2An)3]]-. 
 
[(Ph)4P]3[Fe(I2An)3]⋅⋅⋅⋅4H2O (6b). This compound was 
synthesized as dark-violet shiny crystals according to the 
procedure described for 2b, using FeCl3 (35 mg, 0.22 mmol), 
H2I2An (255 mg, 0.65 mmol), NaOH (52 mg, 1.3 mmol) and 
(Ph)4PBr (277 mg, 0.66 mmol). Yield: 90%. Elemental anal. 
Calcd for C90H68I6FeP3O16: C, 46.68; H, 2.96; Found. C, 46.42; 
H, 2.81. FT-IR (νmax/cm-1, KBr pellets): 3059(m), 3023(w), 
2993(w), 1629(m), 1585(w), 1515(vs), 1436(s), 1325(vs), 
1266(m), 1189(w), 1163(w), 1107(s), 996(m), 962(m), 783(m), 
757(m), 723(s), 689(m), 578(m), 550(w), 527(s), 499(m). UV-
Vis (CH3CN solution, λmax/nm (ε/dm3 mol-1 cm-1)): 450 (5770), 
479 (6088), 530 sh. ESI-MS, m/z Found (Calcd) = 1565.85 
(1565.07) [[(Ph)4P][Fe(I2An)3]-H]-; 781.90 (782.42) 
[[(Ph)4P][Fe(I2An)3]]2-. 

Characterization 

FT-IR spectra were performed on KBr pellets and collected 
with a Bruker Equinox 55 spectrophotometer. Electronic 
spectra (1200–200 nm) were recorded in CH3CN solution on a 
Varian Cary 5 spectrophotometer. C, H, N analyses were 
performed with a Thermo Electron Analyzer CHNS Flash 2000 
or with a Carlo Erba mod. EA1108 CHNS analyzer. ESI-MS 
spectra were collected on a Bruker Esquire 3000 Ionic Trap 
(TOF analyzer) in negative and positive mode. 
 
 

Cyclic Voltammetry 

Cyclic voltammetry was carried out on a BioLogic potentiostat 
model SP-150, using a three-electrode cell equipped with a 
platinum millielectrode with a surface area of 0.126 cm2, an 
Ag/Ag+ pseudoreference and a platinum-wire as 
counterelectrode. The experiments were performed at room 
temperature (25 °C), in dry and Nitrogen-degassed CH3CN 
solution containing 0.1 mol dm-3 [(n-Bu)4N]PF6 as supporting 
electrolyte, at 50 mV s-1 scan rate. All the voltamograms were 
corrected for the half-wave potential of the ferrocene-
ferrocenium couple as internal standard (0.42 V under these 
conditions). 

Single Crystal X-Ray Crystallography 

A summary of data collection and structure refinement for 1c, 
2c, 5a, 2b, 4b, 6b, are reported in Table 3.

Table 3 Summary of X-ray crystallographic data for 1c, 2c, 5a, 2b, 4b, 6b. 
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 1c 2c 5a 2b 4b 6b 

Empirical formula C36H50Cl6CrN3O14 C36H50Cl6FeN3O14 C66H108CrI6N3O12 C90H62Cl6FeO13P3 C90H62Br6FeO13P3 C90H68I6FeO16P3 

Formula weight 997.49 1019.36 1948.95 1712.86 1979.62 2311.57 

Colour, habit Red, block Black, block Red, plate Dark red, needle Dark red, plate Dark red, plate 

Crystal size, mm 0.27x0.15x0.10 0.33x0.27x0.13 0.14x0.09x0.05 0.19x0.03x0.03 0.12x0.08x0.03 0.29x0.24x0.07 

Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic 

Space group P21/n Pbcn Pbca P21/n P21/n C2/c 

a, Å 16.154(3) 26.340(6) 24.339(1) 13.336(3) 13.408(2) 35.023(5) 

b, Å 10.575(2) 16.510(4) 20.262(1) 18.855(5) 18.871(2) 12.482(2) 

c, Å 26.682(4) 10.564(3) 32.155(2) 32.473(8) 32.851(4) 46.347(7) 

α, deg. 90 90 90 90 90 90 

β, deg. 92.092(3) 90 90 91.462(4) 91.198(3) 114.467(2) 

γ, deg. 90 90 90 90 90 90 

V, Å3 4555(1) 4594(2) 15858(1) 8163(3) 8310(2) 18441(5) 

Z 4 4 8 4 4 8 

T, K 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 

ρ (calc), Mg/m3 1.455 1.474 1.633 1.394 1.582 1.665 

µ, mm-1 0.665 0.742 2.534 0.504 3.187 2.286 

θ  range, deg. 1.45 to 27.58 1.46 to 27.08 1.45 to 24.00 1.25 to 23.33 1.24 to 22.81 1.75 to 23.42 

No.of rflcn/obsv 53418 / 10212 38219 / 5042 152710 / 12407 74863 / 11760 36597 / 11167 36675 / 13255 

GooF 1.007 1.020 1.064 1.015 1.003 1.042 

R1 0.0834 0.0572 0.0570 0.0887 0.0735 0.0894 

wR2 0.1515 0.1562 0.1206 0.1592 0.1123 0.1518 

R1 = Σ||Fo|-|Fc||/Σ|Fo|, wR2 = [Σ[w(Fo
2-Fc

2)2]/Σ[w(Fo
2)2]]½ , w = 1/[σ2(Fo

2) + (aP)2 + bP], where P = [max(Fo
2,0) + 2Fc

2]/3. 

Single crystal data were collected with a Bruker AXS Smart 

1000 and with a Bruker Smart APEXII area detector 
diffractometers. All data collection were performed with the 
Mo Kα radiation (λ = 0.71073 Å). Cell constants were obtained 
using 60 ω-frames of 0.5° width and scanned from three 
different zone of reciprocal lattice. The intensity data were 
integrated from several series of exposures frames of 0.3° 
width.18 Absorption corrections were applied using the program 
SADABS.19 The structures were solved by direct methods 
(SIR97 and SIR200420,21) and refined on F2 with full-matrix 
least squares (SHELXL-9722), using the Wingx software 
package.23 The crystallization water molecules were refined 
without the hydrogen atoms. The crystals of 2b and 4b were 
thin plates and diffracted poorly, and only a partial structure 
determination could be obtained. These two structures are 
nonetheless described for comparison purposes. In 2b and 4b 
the carbon atoms of the PPh4

+ cations were refined with 
isotropic displacement parameters, and one of the ligands was 
found disordered in two positions that were refined with 
isotropic thermal parameters and with site occupancy factors of 

0.53/0.47 and 0.62/0.38, respectively. The remaining non 
hydrogen atoms were refined anisotropically for all compounds, 
and the hydrogen atoms were placed at their calculated 
positions. Graphical material was prepared with the ORTEP3 
for Windows24 and Mercury CSD 3.024 programs. CCDC 
941114, 941115, 941116, 941119 contain the supplementary 
crystallographic data for the reported compounds. 

Powder X-Ray Crystallography 

Wide-Angle X-Ray Diffraction (WAXRD) patterns on 
microcrystalline powder samples were recorded on a 
Panalytical Empyrean diffractometer equipped with a graphite 
monochromator on the diffracted beam, and a X’Celerator 
linear detector. The scans were collected within the range 5-40° 
(2θ) using Cu Kα radiation. The simulated patterns were 
generated from the atomic coordinates of the single-crystal 
structure solutions using the program Mercury 3.1 (copyright 
CCDC, http://www.ccdc.cam.ac.uk/mercury/) using a FWHM 
(full width at half maximum) of 0.15 and a 2θ step of 0.05. 
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Computational details 

Density functional theory calculations were performed on the 
isolated anions X2An (X = Cl, Br, I) and on the complexes 
[M(X2An)3]

3- (M = Fe(III), Cr(III); X = Cl, Br, I). The 
geometries of the anions were optimized with the B3LYP25,26 
hybrid density functional and the SDD basis set with Stuttgard-
Dresden effective core potential for bromine and iodine 
atoms.27-29 The geometries of the metal complexes were 
optimized with the B3LYP density functional and the 
LANL2DZ basis set with Hay and Wadt effective core potential 
(ECP)30,31 for iron, chromium and halogen atoms and the 6-31G 
basis set32,33 for the C and O atoms. Single point calculations 
were performed on the complexes by using the B3LYP density 
functional and the LANL2DZ basis set with Hay and Wadt 
ECP for the metal ions and halogen atoms, whereas C and O 
atoms were treated with the 6-31+G(d) basis set. Atomic 
charges derived by the natural population analysis (NPA) were 
obtained with the NBO 3.1 program34 incorporated in the 
Gaussian03 package. Molecular orbital diagrams and 
electrostatic potential diagrams were generated with the 
MOLDEN program.35 All the calculations have been performed 
with the Gaussian03 program suite.36 

Magnetic Properties 

The magnetic susceptibility measurements were performed with 
a Quantum Design MPMS-XL-5 SQUID susceptometer in the 
temperature range 2−300 K with an applied magnetic field of 
0.1 or 0.5 T on polycrystalline samples of compounds 1-6 with 
masses of 22.04, 15.36, 20.22, 21.52, 20.96, 23.17, 22.48, 
15.67, 18.05, 11.66, 24.97, 18.34, 26.00, 11.38 mg for 1a, 1b, 
1c, 2a, 2b, 2c, 3a, 3b, 4a, 4b, 5a, 5b, 6a, 6b, respectively. The 
isothermal magnetization measurements were performed on the 
same samples at 2 K with magnetic fields up to 5 T with the 
same equipment. The susceptibility data were corrected for the 
sample holder previously measured using the same conditions 
and for the diamagnetic contributions of the salt using Pascal's 
constant tables.37 Powder XRD (PXRD) measurements have 
been performed on the same microcrystalline samples that were 
measured in the SQUID and they show experimental patterns 
which correspond to the simulated X-Ray patterns obtained 
from the single crystal X-Ray structures. PXRD data are 
reported in the Supporting Information (Figures S5-S7, S11-
S12). 

Conclusions 

The preparation through a novel general synthetic strategy of 
six new [MIII(X2An)3]

3- (MIII = Cr, Fe; X = Cl, Br, I) 
tris(haloanilato)metallate(III) complexes, and their crystal 
structures, spectroscopic characterization, DFT calculations, 
and magnetic properties are reported. These complexes 
represent a new family of anionic building blocks where 
halogens play a key role in determining the physical properties 
of the resulting materials, either at the electronic level, by 
varying the electron density on the anilate ring, or at the 
supramolecular level, affecting the molecular packing via 

halogen-bonding interactions. Especially compounds 3-6 
represent one of the few examples of metal complexes with 
bromanilato and iodanilato ligands reported in the literature. It 
is noteworthy that the presence of halogen-bonding interactions 
in 5a are responsible for a unique magnetic behaviour in this 
family; this complex shows antiferromagnetic interactions 
among metal ions, with an antiferromagnetic transition at 4.1(1) 
K, in agreement with the formation of halogen-bonded 
supramolecular dimers. Furthermore, as perspective, this family 
of anionic complexes, which have shown to be excellent 
candidates for constructing 2D molecule-based ferrimagnets 
with tunable ordering temperature as a function of the halogen 
electronegativity10, can work i) as precursors for the preparation 
of metal-organic frameworks with tunable size which depends, 
in turn, on the halogen size; ii) as magnetic components for 
building up multifunctional molecular materials based on 
BEDT-TTF organic donors which furnish the pathway for 
combining electrical conductivity with magnetic properties, in 
analogy with the relevant class of [M(ox)3]

3- (ox = oxalate) tris-
chelated complexes which have produced the first family of 
molecular paramagnetic superconductors.38  
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Graphical Abstract 

 
 

Here we report on new tris(haloanilato)metallate(III) complexes with general formula [M(X2An)3]
3- (M(III) = Cr, Fe; X = Cl, Br, I; 

An = anilate), their crystal structures, DFT calculations and magnetic properties. 
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