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Abstract. The crystal structure of a new 3-methylisoquinolinium
[3-Me(IsoQH)] salt, [3-Me(IsoQH)][FeCly], was determined. The
iron cation is tetracoordinated by chlorine anions, and it adopts a
slightly distorted tetrahedral coordination. In the crystal structure,
there are m-+-1 stacking interactions between the 3-methylisoquinol-
inium cations in an ABAB infinite arrangement, N—H---CI hydro-

gen bonds, and C—H--Cl intermolecular interactions. Magnetic
measurements of a powdered sample were carried out. A negative
Weiss constant as well as the intermolecular exchange parameter
for [3-Me(IsoQH)][FeCl,] indicate the occurrence of antiferromag-
netic interactions transmitted in the crystal lattice.

Introduction

Tetrahalogenidoferrates(IIT) have been studied by many
research teams. Because of the presence of a high-spin d°
Fe'' atom in these systems and their tetrahedral coordi-
nation geometry, tetrahalogenidoferrates(I1T) may be useful
as simple models for the determination of physicochemical
properties of the Fe—S proteins [1—3]. Recent literature
data show also that compounds with paramagnetic tetra-
halogenidoferrate(IlI) ions can be considered as novel,
potentially attractive magnetic materials [4—6].

Tetrahalogenidoferrates(I1T) have been known to form bi-
nary compounds [7—9] with cations of quaternary n-alkyl-
ammonium salts, irrespective of the molar ratio of the used
reactants. With the pyridinium and quinolinium cations,
both composition and structure of the resulting salts de-
pend on the nature and location of a substituent in the
aromatic ring. In the majority of cases, heteroanionic salts
of general formula of either (AH)s;[FeCl],Cl are formed
with AH denoting a pyridinium cation [10], 4-chloro-,
4-bromopyridinium [11] or (BH),[FeCl4]Cl with BH stand-
ing for 2- and 8-methylquinolinium cations [12, 13] and an
8-hydroxyquinolinium [14] one. A markedly smaller family
of the compounds is represented by salts of nitrogen-con-
taining aromatic bases and tetrachloridoferrates(I1I) with a
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cation/anion ratio of 1:1, as for instance [QH][FeCl,] [15]
and [4-NH,-2-Me(QH)][FeCl,] [16].

Unexpectedly, during the synthesis of the compound with
3-methylisoquinoline, we obtained [3-Me(IsoQH)][FeCl,]
which, in contrast to the recently presented 2-methyl-
quinolinium [2-Me(QH)] heteroanionic salt of stoichi-
ometry [2-Me(QH)],[FeCl4]Cl [12], turned out to be a bi-
nary salt. In this article, the synthesis, crystal structure as
well as magnetic properties of [3-Me(IsoQH)][FeCl,] are
presented.

Results and Discussion

Structural Description

The [3-Me(IsoQH)][FeCl,] is a first example of an isoqui-
noline derivative complex containing the [FeCl;]™ ion. The
asymmetric unit of 3-methylisoquinolinium tetrachlorido-
ferrate(I1T) consists of two 3-methylisoquinolinium cations
(denoted A and B for those containing atoms N1 and N21,
respectively) and two tetrachloridoferrate(Ill) anions (Fig-
ure 1). Both 3-methylisoquinolinium cations lie on a mirror
plane, as well as the Fel, CI2, CI3, Fell, Cl12 and CI13
atoms making up the [FeCl;]™ anions. As a consequence of
special positions of the constraints for all the atoms of the
cations, both [3-Me(IsoQH)]" ions are planar and all the
torsion angles of the cations are equal either to 0 or 180°.
In addition, one of the tetrachloridoferrate(III) anions con-
tains a disordered Cl atom; the occupancy ratio of the two
sites was refined and converged to 0.86(2):0.14(2) for CI1A
and Cl1B atoms, respectively.

In the crystal structure, the ions are linked through
C—H---Cl intermolecular interactions (Figure 1 and Table
1), which can be regarded as a weak hydrogen bond [17]
forming layers. The layers are linked through N—H:*-Cl in-
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Figure 1. Arrangement of the ions of [3-Me(IsoQH)][FeCly] in the unit cell viewed along the b axis. The C—H--Cl interactions are
represented by dashed lines. H atoms not involved in the interactions have been omitted. Cg represents the centre of gravity of the rings,

as follows: Cgl ring C24—C29 and Cg2 ring C4—C9.

termolecular interactions (Table 1) and m---n stacking inter-
actions (Table 2) between the cations in an ABAB infinite
arrangement (Figure 2).

Table 1. Hydrogen bond lenghts for [3-Me(IsoQH)][FeCl,]. Distan-
ces are in A and angles in °.

D-H A d(D—H) d(H+A) <D-H+A d(D~A)
NI-Cl  Cll1#1 0.86 2.69 3.369(6) 137
N21-C21 ClIA#1 0.86 2.80 3.507(6) 140
C7-H7 CI3 0.93 2.80 3.536(11) 137
CI0-HI0 ClI3 093 2.73 3.553(8) 148
C25-H25 ClI3 093 2.79 3.696(11) 165

Symmetry code: (#1) —x +1,y + 1/2, —z + 1

Table 2. n--n stacking interactions in [3-Me(IsoQH)][FeCly] (di-
stances are in A and angles in °). Cg represents the centre of gravity
of the rings as follows: Cgl in ring C4—C9 and Cg2 in ring
C24—C29. Cg--Cg is the distance between ring centroids. The dihe-
dral angle is that between the planes of the Cgl and CgJ rings. The
interplanar distance is a perpendicular distance of Cgl from ring J.
The offset is the perpendicular distance of ring I from ring J.

Cgl Cgl

Cg-+Cg Dihedral angle Interplanar distance Offset

Cgl Cg2#1 3.765(2) 0.0(2) 3.594(2) 1.093(2)
Cg2 Cgl#l 3.756(2) 0.0(2) 3.594(2) 1.093(2)

Symmetry code: (#1) —x +1, y + 1/2, —z + 1

Magnetic Properties

The magnetic properties of the [3-Me(IsoQH)][FeCly]
complex were determined over the temperature range
1.8—300 K. The ym7T value for [3-Me(IsoQH)][FeCly]
at 300K is 4.25cm* mol 'K (5.84 BM.). The ymT
product decreases with temperature to 0.229 cm?-mol 'K
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Figure 2. A part of the packing of [3-Me(IsoQH)][FeCl,] showing
the arrangement of cations and anions in the crystal, viewed along
the a axis. The N—H-+Cl and C—H-+Cl interactions are repre-
sented by dashed lines, and m*-7 interactions by dotted lines. H
atoms not involved in the interactions have been omitted.

(1.36 B.M.) at 1.8 K. The decrease in the y\ 7 values over
the whole temperature range is due to antiferromagnetic in-
teractions between the Fe'l ions transmitted in the crystal
lattice.

The susceptibility curve for the complex exhibits a sharp
maximum indicating the presence the antiferromagnetic
ordering with a Neel temperature (7) of approximately
7.5 K.

In this situation the magnetic data were fitted by using a
susceptibility equation for S = /5, [Equation (1)] To eluci-
date the significance of exchange between the iron(I1I) ions
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Table 3. Magnetic data and the nearest Fe-+Fe distance for [QH][FeCly], [4-NH,-2-Me(QH)][FeCly] and [3-Me(IsoQH)][FeCly].

Compound g zJ' lem~! R Curie constant /cm3-mol ! Weiss constant /K Nearest Fe-Fe distance /A
[QH][FeCly] 1.98 —0.40 2.58 X 10°* 4.28 -2.95 6.331 [15, 16]
[4-NH,-2-Me(QH)|[FeCl,] 2.01 —1.32 2.33 X 1074 4.37 -9.76 5.260 [16]
[3-Me(IsoQH)][FeCly] 2.03 —-2.28 5.62X 1073 4.52 -18.4 6.189 [this work]

in the crystal lattice, a molecular field correction term was
also included, Equation (2) [18],

Nﬁ2g2
= ——S(S+1 1
M T ( ) )]
o qm 22T
corr — 2

where N is the Avogadro’s number, g the spectroscopic split-
ting factor, ff the Bohr magneton, k the Boltzmann con-
stant, zJ' the intermolecular exchange parameter and z is
the number of the nearest neighbour Fe''' atoms.

The best fit parameters, g, zJ', the agreement factor R

(R=% ! 5 !

CUE) G 1Y ()
Weiss constants determined from the relation 1/y,,T = f(T)
over the temperature range 50—300 K for the [3-Me-
(IsoQH)][FeCl,] complex are collected in Table 3. The
variation of magnetization M vs. magnetic field H for the
[3-Me(IsoQH)][FeCl;] complex at 2 K is linear over the
whole field range and indicates the magnetization of
1.41 B.M. at 5T. The negative Weiss constants and inter-
molecular exchange parameter obtained from the calcu-
lation confirm the occurrence of antiferromagnetic interac-
tions between the iron atoms in the crystal lattice.

In a previous article [16], we reported on two tetrachlori-
doferrates(IIT) with quinolinium cations. The intermolecu-
lar exchange parameter for [4-NH,-2-Me(QH)][FeCly] is ca.
3.3 times larger than for [QH][FeCly], which is due to a
distinctly smaller distance between neighbouring iron(I11)
ions in the crystal lattice of the former. On the other hand,
in the [3-Me(IsoQH)][FeCly] complex the strength of the
antiferromagnetic interactions is ca. 5.7 times stronger than
in [QH][FeCl,]. It is worth noting that in spite of the shorter
Fe--Fe distance in the crystal lattice of [4-NH,-2-
Me(QH)][FeCly] the intermolecular exchange parameter is
ca. 1.7 times larger than that for its 3-methylisoquinoline
counterpart (Table 3). This finding provides a further proof
in favour of the hypothesis that the strength of antiferro-
magnetic interactions depends not only on the distance be-
tween the magnetic Fe''! ions, but also on the arrangement
of the Fe—X---X—Fe entities within the crystal lattice [19].
Both the literature survey [10, 20] and our previous studies
[21—23] have shown that the exchange of the chlorido by a
bromido ligand results in enhanced strength of antiferro-
magnetic interactions. On this basis, an increased strength
of interactions between the electrons of Fe! in the crystal
lattice of the bromido counterpart, [3-Me(IsoQH)][FeBry],
can be envisaged.

The EPR spectra of [3-Me(IsoQH)][FeCly] recorded at
room temperature, 77 K, and 4.5 K indicate a single iso-
tropic line characteristic only of an unresolved °S; state and

as well as the Curie and
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the +!/, <> —!/, transition (Table 4). The EPR spectrum of
the Fe' ion in the tetrahedral crystal field strongly depends
on the character of the tetrahedral distortion and the com-
position of the coordination sphere (kind of the ligands)
[22, 23]. For a sample containing symmetric anionic form
of [FeCly]™ good quality, intensive signals of the EPR spec-
tra are seen (Figure 3).

Table 4. EPR data for [3-Me(IsoQH)][FeCly].

293 K 77K 45K
Compound Ziso 5pra) Ziso 5pra) Ziso 5pra)
(Gs) (Gs) (Gs)
[3-Me(IsoQH)J[FeCl,] 2.01, 175 193¢ 290  2.04, 320

2 Peak to peak linewidth.

v=0.278360 GHz
T=45K

v=9.5756780 GHz
T=77TK

v=9.7605832 GHz
T=293K

0 1000 2000 3000 4000 5000
HIG

Figure 3. EPR (X-band) spectrum of powdered [3-Me(IsoQH)]-
[FeCly] at room temperature, 77 and 4.5 K.

Experimental Section

Synthesis

The synthesis of 3-methylisoquinolinium tetrachloridoferrate(I1I)
was carried out by using a procedure similar to the one reported
for the preparation of bis(2-methylquinolinium) tetrachloridoferra-
te(II) chloride [21, 24]. Thus, an ethanol solution of anhydrous
ferric chloride was first prepared by dissolving FeCls (ca. 0.03 mol)
in ethanol (15 mL, 96 %). Afterwards, a stoichiometric quantity of
a 12 M HCI solution was added to this solution followed by an
ethanol solution (15 mL) of 3-methylisoquinoline (ca. 0.03 mol).
The mixture was left for crystallization in a refrigerator. Within a
fortnight, a yellow-orange amorphous precipitate of [3-Me-
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Table 5. Selected geometric parameters for [3-Me(IsoQH)][FeCly].

Anion

Bond lengths /A Angles /°

Fel—CIl1A 2.202(6) Cl1B—Fel —CI1B# 117.0(13) CI3—Fel —Cl1A# 107.1(2)

Fel—CIl1A# 2.202(6) Cl1B—Fel—CI3 117.8(7) CI1A—Fel —CI1A# 109.1(2)

Fel—Cl1B 1.96(2) Cl1B#-Fel —CI3 117.8(7) Cl12—Fell—Cl11 107.98(12)

Fel—Cl1B# 1.96(2) Cl2—Fel—CI3 108.98(12) Cl12—Fell—Cl11 111.45(8)

Fel—CI2 2.142(3) Cl1B#-Fel —CI1A 116.1(8) Cl13—Fell1—Cl11 109.26(7)

Fel—CI3 2.177(3) Cl2—Fel—CIl1A 112.2(3) Cl13—Fell—Cl11# 109.26(7)

Fell—Cl11 2.178(2) CI3—Fel—CIl1A 107.1(2) Cl13—Fell—Cl11# 107.42(10)

Fell—Cl11# 2.178(2) Cl1B—Fel —CIl1A# 116.1(8)

Fell—Cl12 2.163(3) CI2—Fel —Cl1A# 112.2(3)

Fell—Cl13 2.175(3)

Cation

Bond lenghts/A Molecule Angles /° Molecule

A B A B

N1-Cl10 1.316(11) 1.315(14) CI0—NI1-C2 123.8(7) 123.9(10)

NI-C2 1.381(12) 1.366(12) C3-C2—-NI1 117.3(8) 118.0(10)

C2-C3 1.313(12) 1.321(13) C3-C2-Cl11 126.5(9) 126.0(9)

C2-Cl11 1.498(12) 1.532(14) N1-C2-Cl11 116.2(8) 116.1(10)
C2-C3-C4 122.0(8) 121.4(8)

symmetry code: (#) x, —y + 1/2, z

(IsoQH)][FeCly] formed, which was removed by filtration. To the
filtrate, ethanol (ca. 5 mL, 96 %) was added and the solution was
left for further crystallization in the refrigerator.

After a month, yellow-orange crystals appeared. The compound
was dried with P4O;, in a vacuum desiccator. The composition of
the compound was confirmed by elemental analysis (C, H, N) and
potentiometric titration of the chloride with a standardized 0.1 m
AgNOj; solution: CoH,(Cl4FeN (341.9): Caled: C, 35.12; H, 2.93;
Cl, 41.5; N, 4.1; found: C, 35.28; H, 2.93; Cl, 41.8; N, 4.2 %.

Structure Determination

Crystal data and structure refinement of 3-methylisoquinolinium
tetrachloridoferrate(I11): empirical formula: C,oH;,Cl;FeN; for-
mula weight: 341.65; diffractometer: KUMA KM-4 [25]; wave-
length: A(Mo-K,) = 0.71073 A; measurement temperature:
295.0(2) K; scan mode: 2°/w; crystal system: space group: ortho-
rhombic, Pnma; unit cell dimensions: ¢ = 10.992(2) ;\, b =
7.1888(1) A, ¢ = 35.805(7) A, volume: 2829.0(9) A3; Z = 8, calcu-
lated density: 1.605 Mg-m™3; absorption coefficient: 1.794 mm™!;
F(000): 1368; crystal size / shape / colour: 0.4 X 0.3 X 0.2 mm /
rectangular prism / yellow-orange; 0 range for data collection: 2.17
to 25.04°% index ranges: —13=h =0, 8=k=2, —42=]1=0;
reflections collected / unique: 3522 / 2690 [R;,; = 0.0688]; complete-
ness to 20 = 50.04°: 98.5 %; refinement method: full-matrix least-
squares on F? (using the program SHELXL-97 [26] based on 194
parameters); data / restraints / parameters: 2690/0/194; goodness-
of-fit on F?: 0.877; final R indices [/>2c(])]: RI = 0.0455, wR2 =
0.0870; R indices (all data): R1 = 0.1264, wR2 = 0.2007; largest
diff. peak and hole: 0.406 and —0.536 ¢A 3.

The initial phase angle determination was performed with
SHELXS [27]. All H atoms were placed geometrically and refined
using a riding model with N—H = 0.86 A, C—H = 093 A and
Ujso(H) = 1.2U.(C) [C—H = 0.96 A and U(H) = 1.5U¢(C) for
the methyl H atoms]. The structure of the compound (showing the
conformation and atom numbering system) is shown in Figure 1
[28]. Molecular packing in the crystal, as shown in Figure 2, was
prepared with PLUTO-78 [29]. The computational material for
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publication was prepared using the PLATON program [30]. In-
teratomic bond lengths and angles are listed in Table 5 and inter-
molecular contacts are summarised in Table 1 and Table 2. Tables
of crystal data and structure refinement, anisotropic displacement
coefficients, atomic coordinates, and equivalent isotropic displace-
ment parameters for non-hydrogen atoms, hydrogen-atom coordi-
nates, and isotropic displacement parameters, bond lengths and in-
terbond angles have been deposited with the Cambridge Crystallo-
graphic Data Centre under No. 695079.

Magnetic Measurements and EPR Spectra

All details for the measuring devices and the experimental setup
are described in [22].
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