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Abstract

A series of (ferrocenylmethyl)trialkyl ammoniums: FcCH2NR3
+ with R=CH3 (1), C2H5 (2), n-C3H7 (3), n-C4H9 (4) (X-ray

structure provided), n-C5H11 (5) and the planar chiral 1,2-disubstituted Fc(CH3)CH2NBu3
+ (6) have been tentatively used as

template cation in order to synthesise bidimensional (2D) oxalate bridged molecule-based magnets of general formula
{[CrIIIMII(ox)3][FcCH2NR3]}n and{[CrIIIMII(ox)3][Fc(CH3)CH2NBu3]}n (M=Mn2+, Ni2+, ox=C2O4

2−). These polymeric com-
pounds were obtained only for reactions performed with 2, 3, 4 and 6. Starting from resolved Cr(ox)3

2−, the networks were
prepared in their two enantiomeric forms in the case of {[CrIIINiII(ox)3][FcCH2NBu3]}n ([Cr�–Ni�]-4 and [Cr�–Ni�]-4) or
{[CrIIIMnII(ox)3][FcCH2NBu3]}n ([Cr�–Mn�]-4 and [Cr�–Mn�]-4)) and characterised by circular dichroism measurements. All
these compounds are ferromagnets with a Curie temperature close to 6 K when M=Mn and to 17 K for Ni. While the manganese
[Cr–Mn] containing compounds are soft magnets, the [Cr–Ni] networks show coercive force up to 2200 Oe far above those
previously reported for these networks. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The oxalate complexes chemistry has been particu-
larly developed in the search of new molecule-based
magnets. In this way, numerous polymeric bimetallic
phases were reported in the literature [1]. Most of these
studies focused on two-dimensional oxalate-based net-
works of general formula {[MIII

1 MII
2 (ox)3]A}n (A+=

phosphonium, arsenium or ammonium). These

bimetallic polymers were structurally and magnetically
described [2]. The structural features of these com-
pounds were abundantly discussed in the literature and
various X-ray diffraction studies were published. They
have provided evidence of the 2D character of these
polymers. In general, the space group was found to be
R3c [3]. Nevertheless, it was reported that the com-
pound {[FeIIIMnII(ox)3][N(nC5H11)4]}n crystallises in
the orthorhombic C2221 space group [4]. Besides these
examples, another trend appeared recently in the design
of the 2D networks. The anionic magnetic network is
used as a host-framework for cationic counterparts
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with particular optical or electronic properties in order
to obtain new hybrid lamellar materials possessing both
magnetic, electronic or non-linear optical properties. To
this end were used: bedt-ttf [5], metallocenium [6,7] and
2,4-methoxy-N-heptylstilbazolium [8] ions.

The bidimensionality of the oxalate bridged layers
results from the alternated configurations between two
adjacent metallic centres according to the well-known
propeller-like chirality of such hexa-coordinated com-
pounds (Fig. 1).

In all the previous examples incorporating
chromium, racemic [CrIII(ox)3]3− was used as anionic
building block and combined in the polymer to an
achiral cation. Since the compounds were synthesised
from racemic mixtures it can be assumed, that the final
materials remain racemic. Nevertheless, we have shown
recently that such 2D networks can be obtained in
optically active forms using resolved � or � tris(ox-
alato)chromate [9].

The assembling of the 2D networks consists in a
succession of negatively charged honeycomb structure

sheets separated by the cationic counter-parts. The
cations usually selected to template 2D networks are
often symmetric tetra-alkyl ammonium derivatives. The
size of this cation plays a first order role in the forma-
tion of bimetallic oxalate co-ordinated networks: in the
tetraalkyl series N(CnH2n+1)4+ it was mentioned that a
polymeric compound was exclusively obtained for n=
3, 4, 5 but never for 1, 2, 6, 7. On another hand, in the
case of benzyltrialkyl ammonium derivatives, which
present a more disymmetric geometry, the reaction was
only described for n=3 [10]. The structural conse-
quence of the choice of this counter-ion was discussed
in terms of influence on the inter-layer distances and,
on the solid-state organisation of the network itself.
According to magnetic measurements, no significant or
only little shifts were observed on the Curie tempera-
ture (Tc), leading to the conclusion that the anionic
layers can be considered as independent units [3c,d].
Dealing with our investigation program on the search
of new optically active magnetic materials, it was of
interest to study the capability of tris(oxalato)-
chromate-based networks to accommodate cationic
molecules belonging to the ferrocene family. These
molecules present several interesting features: stability,
wide variety of compounds and can display planar
chirality when they are 1,2 or 1,3 hetero-disubstituted.

This work focuses on the ability of various (ferro-
cenylmethyl)trialkyl ammonium cations to template the
formation of anionic 2D bimetallic oxalate. The butyl
derivative, for which X-ray structure analysis was ob-
tained, has been used for the enantiomeric synthesis of
optically active networks. The magnetic properties of
this all set of compounds were systematically
investigated.

2. Results and discussion

2.1. Crystal structure of ( ferrocenylmethyl)tributyl
ammonium iodide (4)

Suitable single crystals for X-ray studies were ob-
tained by slow evaporation of an acetone–ether solu-
tion (1:3) of the iodide salt of 4. Selected bond lengths
and angles are shown in Table 1. A CAMERON view of
4 is presented in Fig. 2.

The four chains bonded to the N atoms are disposed
as far as possible from each other. The arm bearing the
amino group with its three aliphatic chains is above the
Cp-substituted plane, in opposition to the iron atom.

Considering the angle between the average
planes containing the C(22)C(21)C(20)N and the
C(21)C(20)NC(11) bonds sequences, a very weak value
of 7.17° allowed to deduce the quasi-linear geometry of
the CH2 of the aliphatic chain extended towards the

Fig. 1. Schematic drawing of graphite-like structure of 2D [CrM-
n(ox)3] bridged network, only the plane with [Cr�–Mn�] is shown.

Table 1
Selected bond lengths (A� ) and bond angles (°) of cation (4) iodide

Bond lengths
N(1)�C(11) 1.53(1) N(1)�C(12) 1.52(1)

1.51(1)N(1)�C(16) N(1)�C(20) 1.52(1)
1.51(1)C(12)�C(13) C(13)�C(14) 1.54(1)
1.50(2)C(14)�C(15) C(16)�C(17) 1.53(1)

C(18)�C(19)1.51(1)C(17)�C(18) 1.49(2)
1.52(1)C(20)�C(21) C(21)�C(22) 1.46(2)

C(22)�C(23) 1.49(2)

Bond angles
C(11)�N(1)�C(12) 109.5(6) C(11)�N(1)�C(16) 110.9(6)

105.9(6)C(12)�N(1)�C(16) C(11)�N(1)�C(20) 106.0(6)
C(12)�N(1)�C(20) 112.0(6) C(16)�N(1)�C(20) 112.7(7)

114.2(7) N(1)�C(12)�C(13)N(1)�C(11)�C(1) 114.4(7)
109.7(8) C(13)�C(14)�C(15)C(12)�C(13)�C(14) 110.9(10)

109.2(8)C(16)�C(17)�C(18)N(1)�C(16)�C(17) 114.8(7)
115.1(7)113.3(11)C(17)�C(18)�C(19) N(1)�C(20)�C(21)
113.0(11)C(21)�C(22)�C(23)111.6(8)C(20)�C(21)�C(22)
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Fig. 2. Molecular structure of (ferrocenylmethyl)tributyl ammonium (4) iodide showing the atom-numbering system.

C(1)C(11) axis. Furthermore, this plane appears as
almost perpendicular (92.6°) to that of the Cp substi-
tuted ring. The measure of the difference between the
average planes occupied by the two n-butyl chains
disposed from both sides of the plane perpendicular to
that of the Cp ring revealed a very low angle of 6.28°.
Thus a schematic drawing of a top view of the molecule
would consist in a quasi-perfect cross whose centre
would be the N atom and one extremity occupied by
the ferrocenyl moiety. The only divergence from full-
cross symmetry is due to the bend character of a
terminal alkyl chain since a dihedral angle of 22.35°
was found concerning the C(23)C(22)C(21)C(20)
sequence.

2.2. Racemic polymers

Polymeric compounds: {[CrIIIMII(ox)3][FcCH2NR3]}n

([Cr–Mn], [Cr–Ni]-2, -3 or -4) and {[CrIIIMII(ox)3]-
[Fc(CH3)CH2NBu3]}n. ([Cr–Mn], [Cr–Ni]-6) were ob-
tained starting from an equimolar mixture of
[Cr(ox)3]3− with a MII salt (Mn2+ or Ni2+) and an
excess of the corresponding (ferocenylmethyl)-triethyl
(2), -tri(npropyl) (3), -tri(n-butyl) (4) ammonium or the
planar chiral 1,2-disubstituted Fc(CH3)CH2NBu3

+ (6).
Other experiments performed with -trimethyl (1) or
-tri(n-pentyl) (5) ammonium salts failed. These results
are very close to those previously reported for NR4

salts that only reacted for R=n-propyl, n-butyl or
n-pentyl and never when R=methyl, ethyl, hexyl or
heptyl [10]. As a general trend, ammonium salts with
short aliphatic chains of one or two carbons did not
lead to the formation of polymeric compounds. This
difference can be attribute to the relative bulky size of
the FcCH

2− moiety, compared to a linear C4 alkyl
chain.

Previous studies on polymeric assemblies with ammo-
nium salts showed the trend of the tetrahedral four
arms cationic entities to adopt a tripodal disposition for
three arms while the fourth extends into a cavity of the
oxalate layer [11]. The asymmetric benzyltributyl am-
monium cation integrates the oxalate network through
the partial fitting of the benzylic fragment perpendicu-
lar to the anionic layer [10]. Conversely, it has been
reported in consanguineous networks obtained with the
decamethylferrocenium ion, that this latter was not
located in the anionic hexagons formed by the oxalate
sequence but remains in the inter-anionic layer as coun-
ter cation [12]. Interestingly, and in sharp contrast with
the N-tetrabutyl analogues, the ferrocenic polymers
appear to be water-soluble. The water solubility of
two-dimensional oxalate networks has also been ob-
served in the case of stibazolium derivatives. In these
examples, X-ray crystal diffraction studies has revealed
in some cases the behaviour of the guest cationic
molecule as being independent units, while in other
cases a partial insertion of an ethyl group in the oxalate
layer was found [13]. Preliminary, X-ray powder dif-
fraction analyses performed on the series [Cr–Mn]-2, -3
and -4 showed an increasing inter-layer anionic distance
from 9.0 to 10.0 A� . These values match very well with
previous related reports (8.95 A� for {[CrMn(ox)3]-
NBu4}n [3a] and 9.43 A� for {[FeMn(ox)3]PhCH2NBu3}n

[10]). Size considerations are also valid for the planar
chiral 1,2-disubstituted ferrocenic ammonium salt 6.
The presence of a methyl group on the cyclopentadienyl
ring does not affect the properties of this molecule
which behaviour (including the magnetic one of the
resulting 2D network) remains similar to that of unsub-
stituted compound 4. It is worth to mention that this
new type of chiral cationic entity opens the way to a
novel generation of 2D bimetallic networks able to
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present optically active characters resulting from both
the anionic and the cationic sub-lattices.

In conclusion, the size of the ferrocenic part allows it
to play the role of a spacer between the negative
charged planes and could explain the ability of the
entitled series of compounds to act as template in
polymeric networks even in the case of the triethyl
derivative since simple tetraethyl ammonium could not.

2.3. Optically acti�e polymers

The synthetic strategy developed to control the over-
all configurations requires the use of resolved chiral
building blocks. In the reaction described above, start-
ing from the following reagents: FcCH2NR3

+, MII,
[Cr(ox)3]3− only the latter can introduced the chiral
character of the network and also can be resolved in its
two � and � enantiomers [14b].

We demonstrated previously [9], that when the poly-
mers are prepared with resolved tris(oxalato)chro-
mate(III) in conditions of rapid precipitation to prevent
any racemisation process [14], it is possible to obtain
optically active 2D networks. In a similar procedure,
mixing solutions of optically active � or � [Cr(ox)3]3−

with Mn2+ or Ni2+ and the ferrocenic ammonium salt
4 results in the fast precipitation of the expected opti-
cally active polymers.

Circular dichroism (CD) measurements were per-
formed to assess the enantiomeric character of the
obtained polymers and to ascribe the absolute configu-
rations of the propeller-like metallic centres.

The couples of polymers [Cr�–Mn�]-4, [Cr�–Mn�]-4
and [Cr�–Ni�]-4, [Cr�–Ni�]-4 showed optical activity,
displaying CD curves of the two opposite types. The
CD spectra (Figs. 3 and 4) exhibit Cotton effects for the
bands in the visible region, easily assigned to CrIII d–d
transitions. Further, characteristic very weak spin-for-
bidden bands were also observed [15].

Polymer [Cr�–Mn�]-4 obtained from [Cr�(ox)3]3−

(�max=550 nm) shows the same positive Cotton effect
at �max=565 nm. Polymer [Cr�–Mn�]-4 obtained from
[Cr�(ox)3]3− displays the corresponding negative Cot-
ton effect at the same wavelength. The 15 nm difference
observed between [Cr�(ox)3]3− and [Cr�–Mn�]-4 re-
sults from the shift in electronic absorption frequency is
due to the bridging character of the co-ordinative ox-
alate ligand in the 2D network. The bands due to the
MnII ion are too weak to be observed and probably
hidden by the more intense bands due to the chromium.
If the same 2D arrangement is maintained by these
enantiomers, as it is expected to be, in accordance with
the structural data, then the configurations of Mn
centres should be the opposite to that of Cr centres.

The curves obtained for polymer [Cr�–Ni�]-4 pre-
pared from [Cr�(ox)3]3− (�max=550 nm) show the
same positive Cotton effect at �max=565 nm. Polymer
[Cr�–Ni�]-4 obtained from [Cr�(ox)3]3− displays the
corresponding negative Cotton effect at the same wave-
length. We feel that one should be cautious in attribut-
ing the weak bands belonging to the nickel and eclipsed
by that of the chromium.

2.4. Magnetic measurements

To determine the nature of the exchange interaction
between the two oxalate transition metal ions, we plot
�T versus T in the paramagnetic region (Fig. 5). These
curves show a monotonic variation corresponding to a
ferromagnetic interaction for all the [Cr–Mn] and [Cr–
Ni] compounds. This result is confirmed by the �−1

versus T curves (insert of Fig. 5). These curves are
linear for temperature ranging between 30 and 300 K
and can be fitted using a Curie–Weiss law �−1= (T−
�)/C. The Curie constants deduced from susceptibility
measurements are listed in Table 2 as well as the Weiss
constants � deduced from the fits. The latter give a
quantitative measurement of the exchange interaction
in these compounds.

When the temperature is lowered, all the studied
compounds show a transition from a paramagnetic to a

Fig. 3. Circular dichroism spectra of [Cr�–Mn�]-4 and [Cr�–Mn�]-4
in KBr dispersions.

Fig. 4. Circular dichroism spectra of [Cr�–Ni�]-4 and [Cr�–Ni�]-4 in
KBr dispersions.
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Fig. 5. �T vs. T curves for [CrMn]-2 (open squares) and [CrNi]-2
(open circles). The inset shows �−1 vs. T for [CrNi]-3 (H=0.1 T in
both graphs).

Fig. 6. Field-cooled (H=0.01 T) curves for [CrMn]-3 (open squares)
and [CrNi]-3 (open circles).

Fig. 7. Reduced magnetisation of [CrMn]-3 (open squares) and
[CrNi]-3 (open circles) vs. field at 2 K.

long range ordered state (Fig. 6). To estimate the
critical temperature Tc corresponding to this transition,
we use the procedure consisting in considering the
Curie temperature as the intersection of the linear fit of
the steepest part of the field-cooled curve obtained in
0.01 T with the T axis (Table 2).

The hysteresis loops of the compounds have been
measured at 2 K, far below the critical temperature
(Fig. 7). [Cr–Mn] behave as very soft magnets while the
coercive force of the [Cr–Ni] networks are above 2000
Oe (Table 2). The saturation magnetisations Ms are
listed in Table 2.

Both the ferromagnetic nature of the exchange inter-
action through the oxalate bridge and the values of Tc

and � are in accordance with those reported in the
literature for oxalate bridged 2D networks [2]. A regu-
lar increase of Tc and � with the length of the alkyl
chains of the ammonium cation seems to exist for the
[Cr–Ni] series but such an evolution does not appear
for the [Cr–Mn] series. As already stated [3c–10], it
seems impossible to correlate the subtle changes in
exchange interaction with the modifications of the
structural parameters induced by an increasing size of
the countercation.

The Curie constants of the [Cr–Ni] compounds are
slightly higher than the one corresponding to one man-
ganese and one chromium isolated ions. On the con-
trary, the saturation magnetisation is below the
theoretical 5 �B per Cr–Ni unit. This behaviour could
be tentatively explained by the presence of paramag-
netic salts (like MCl2) and/or oxalate bridged chains
[1c] in the powders leading to an excess of spin carriers
that are not ordered at low temperature. The initial
paramagnetic salts are poorly eliminated from the final

Table 2
Summary of the magnetic data for the eight compounds: Tc, critical temperature, �, Weiss constant; C, Curie constant; Mc saturation
magnetisation; and Hc, coercive field at 2 K

C (emu K mol−1)� (K) Hc (T)Tc (K) Ms (�B)

5.55.5[Cr–Mn]-2 6.25 –5.1
[Cr–Mn]-3 6.2 7.6 6.3 7.20 –

–[Cr–Mn]-4 5.3 5.6 6.0 7.20
–[Cr–Mn]-6 5.3 5.3 7.0 8.20
0.214.453.1[Cr–Ni]-2 20.816.3

[Cr–Ni]-3 0.2116.6 20.9 3.1 4.34
17.1 0.20[Cr–Ni]-4 3.603.319.5

0.224.643.725.617.0[Cr–Ni]-6
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product since the latter is water-soluble thus precluding
successive water extraction.

The most striking feature in the magnetic properties
of the studied compounds is the high coercive forces
observed in the [Cr–Ni] series. The evolution of the
coercive force when going from manganese to nickel
can be attributed to the higher single-ion anisotropy of
the latter. Nevertheless the coercive force of the [Cr–
Ni] networks synthesised from the (ferrocenyl-
methyl)trialkyl ammonium is ten times as high as the
value reported for the {[NiCr(ox)3][NBu4]} compound
[2b].

High coercive forces are rarely reported for molecule-
based magnets [7,12,16]. Shape anisotropy can play an
important role. It has been identified as the main
mechanism of the hardness of dicyanamide-based mag-
nets [16]. Nevertheless the counter cation does not seem
to play an innocent role: the use of cobalticinium as
countercation led to an enhancement of the coercive
force by a factor of two compared to NBu4

+ or fer-
ricinium in {[FeCr(ox)3]A} compounds [7]. The evolu-
tion observed here is even more impressive but the
reasons of the increase are yet unclear.

In conclusion, the role of the counter-ion on the
magnetic properties is not easy to establish. It can
actually modify at least three essential crystallographic
parameters — the inter-layer distance, the stacking of
the layers and the distance and angles between the
metallic centres within the layers. The latter parameter
will be of particular importance since J and therefore �

and Tc are mainly determined by the basic ‘motif’
encountered in these compounds, namely a metal ion in
a pseudo-octahedral environment linked to the other
one through three oxalate bridges [1b]. Further investi-
gations including precise magnetostructural correlations
and evaluation of particle size, shape and crystallimity
will thus be needed to enlighten the mechanisms that
drive the subtle modifications of the magnetic proper-
ties (Tc, Hc) when changing the cationic counterpart.

3. Experimental

3.1. General

The IR spectra were recorded on a Bio-Rad IRFT
spectrometer as KBr pellets in the 4000–250 cm−1

region. Elemental analyses were completed at the
SIARE-UPMC Paris. X-ray powder diffraction profiles
were recorded at room temperature on an automated
Philips diffractometer in reflexion mode with Fe–K�1�2

radiations over the 10–60° (2�) angular range. Specific
rotations of the starting materials were measured at
20 °C in a 1 dm tube containing the aqueous solutions,
using the sodium D line in a polarimeter Ameria AA5.
The enantiomeric excesses were calculated by compari-

son to the maximum specific rotation found in the
literature [17]. CD spectra were recorded with a Jasco
model J-710 spectropolarimeter. Measurements were
performed on 13 mm standard diameter disks as disper-
sions of 0.1–1 mg of the resulting complexes over dried
100 mg KBr. The baseline correction was performed
with the spectrum of pure KBr disk. Spectra were
recorded for the wavelength range 700–200 nm. X-ray
diffraction data. CD measurements were used to
demonstrate the enantiomeric character of the two spe-
cies and to determine the absolute configurations of the
metallic centres. Absolute configurations for Cr centres
were determined by comparison of their CD spectra
with those of D and L enantiomers of potassium tris(ox-
alate)chromate(III) following the principle that two re-
lated optically active molecules have the same absolute
configuration if they give a Cotton effect of the same
sign in the absorption wavelength region of an elec-
tronic transition common to both molecules [15a, 18].
Due to the extremely low solubility of the obtained
polymers, solid-state CD was imposed. This technique
has been used to allow CD measurements in the case of
compounds which racemise rapidly in solution. This
method is useful mainly for qualitative comparisons
because of the intensities in general vary with the
individual samples [15b].

The magnetic moment of powdered samples were
measured between 2 and 300 K either on a home-made
(Orsay) or on a Quantum Design MPMS5 (Paris)
SQUID magnetometer. The magnetic susceptibility was
measured between 10 and 300 K. The zero field-cooled
(ZFC), field-cooled (FC) and remnant magnetisation
versus temperature are measured in a 0.01 T external
field. The hysteresis loops were recorded at 2 K sweep-
ing the field up to 5 T.

3.2. Synthesis

K3[Cr(ox)3]·3H2O was prepared according to litera-
ture methods [19]. Procedures of resolution already
described have been followed to obtain � and � iso-
mers of [Cr(ox)3]3− [17]. The other reagents are com-
mercially available and were used as purchased.

Preparations of the iodide or bromide salts of
FcCH2NR3

+ with R=CH3 (1); C2H5 (2); n-C3H7 (3);
n-C4H9 (4); n-C5H11 (5) as well as the 1,2-disubstituted
salt Fc(CH3)CH2NBu3I (6) were prepared as described
previously starting from ((N,N-dimethylamino)-
methyl)ferrocene [20].

3.2.1. Preparation of [Cr–Mn]-2 and [Cr–Ni ]-2
A methanolic solution (0.2 ml) of the iodide ammo-

nium salt of 2 (0.0516 g, 0.12 mmol) was added to an
aqueous solution (0.2 ml) of (NH4)3Cr(ox)3·3H2O
(0.0325 g, 0.08 mmol) and MnCl2·4H2O (0.0163 g, 0.08
mmol). The mixture was left to react for 1 h to give a
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fine green precipitate. After filtration (0.4 �m) and
several washings by a (1:1) water–MeOH mixture (2×
2 ml), pure MeOH then Et2O, 0.020 g of [Cr–Mn]-2 as
a green pale powder was recovered (38% yield). The
same procedure was followed for the preparation of
[Cr–Ni]-2 using NiCl2 instead of MnCl2. [Cr–Mn]-2
Anal. Found: C, 40.38; H, 3.86; N, 1.98. Calc. for
C23H26NO12CrFeMn: C, 41.16; H, 3.90; N, 2.09%. [Cr–
Ni]-2 Found: C, 43.38; H, 3.69; N, 2.13. Calc. for
C23H26CrFeNNiO12: C, 40.93; H, 3.88; N, 2.08%. IR
(KBr, cm−1): [Cr–Mn]-2: 1631, vs; 819, w; 804, w.
[Cr–Ni]-2: 1623, vs; 822, w; 806, w.

3.2.2. Preparation of [Cr–Mn]-3 and [Cr–Ni ]-3
Polymers [Cr–Mn]-3 and [Cr–Ni]-3 were prepared in

a similar fashion to that described for polymer [Cr–
Mn]-2 and [Cr–Ni]-2 (30% yield). [Cr–Mn]-3 Anal.
Found: C, 41.68; H, 4.47; N, 2.36. Calc. for
C26H32CrFeMnNO12: C, 43.78; H, 4.52; N, 1.96%. [Cr–

Ni]-3 Found: C, 43.38; H, 4.69; N, 2.13. Calc. for
C26H32CrFeNNiO12: C, 43.55; H, 4.50; N, 1.95%. IR
(KBr, cm−1): [Cr–Mn]-3 1626, vs; 819, w; 804, w.
[Cr–Ni]-3: 1623, vs; 822, w; 806, w.

3.2.3. Preparation of [Cr–Mn]-4 and [Cr–Ni ]-4
Polymers [Cr–Mn]-4 and [Cr–Ni]-4 were prepared in

a similar fashion to that described for polymer [Cr–
Mn]-2 and [Cr–Ni]-2. [Cr–Mn]-4 Anal. Found: C,
46.11; H, 4.71; N, 1.73. Calc. for C29H38CrFeMnNO12:
C, 43.34; H, 5.00; N, 1.93%. [Cr–Ni]-4 Found: C,
43.14; H, 5.02; N, 1.78. Calcd for C29H38CrFeNNiO12:
C, 45.88; H, 5.00; N, 1.84%. IR (KBr, cm−1): [Cr–
Mn]-4 1628, vs; 819, w; 805, w. [Cr–Ni]-4: 1627, vs;
822, w; 805, w.

3.2.4. Preparation of the optically acti�e [Cr�–Mn�]-4
and [Cr�–Mn�]-4

Note: the yields are not optimised taking into ac-
count the racemisation process of the optically active
trisoxalate chromate in aqueous solution.

To a methanolic solution of the bromide ammonium
salt of 4 (0.065 g in 0.2 ml, 0.12 mmol) was added an
aqueous solution (0.2 ml) containing MnCl2·4H2O
(0.030 g, 0.14 mmol). and the (�) or (�)
K3Cr(ox)3·3H2O (0.060 g, 0.12 mmol) ([� ]D= −1590
or [� ]D= +1523, respectively). The mixture is continu-
ously scratched with a glass stick to provide a rapid
precipitation of the polymer. The solution was filtered
off (0.4 �m) and after two washings by a (1:1) water–
MeOH mixture and then diethyl ether, 0.022 g of
powder was recovered (33% yield).

3.2.5. Preparation of the optically acti�e [Cr�–Ni�]-4
and [Cr�–Ni�]-4

The same procedure described for Mn analogues was
adopted using NiCl2 instead of MnCl2

3.2.6. Preparation of [Cr–Mn]-6 and [Cr–Ni ]-6
The same procedure described for [Cr–Mn]-4 and

[Cr–Ni]-4 was used starting from 6. (38 and 42% yield,
respectively). [Cr–Mn]-6 Anal. Found: C, 44.23; H,
4.15; N, 1.30. Calc. for C30H40NO12CrFeMn: C, 46.83;
H, 5.24; N, 1.82%. [Cr–Ni]-6 Found: C, 45.01; H, 4.96;
N, 1.56. Calcd for C30H40CrFeNiNO12: C, 46.60; H,
5.21; N, 1.81%. IR (KBr, cm−1): [Cr–Mn]-6 1629, vs;
805, w. [Cr–Ni]-6: 1624, vs; 822, w.

3.3. X-ray crystallography

Crystallographic data for 4 are given in Table 3. A
selected single crystal was set up on an automatic
diffractometer. Unit cell dimensions with estimated
standard deviations were obtained from least-squares
refinements of the setting angles of 25 well-centred
reflections. Two standard reflections were monitored

Table 3
Crystal data and structure refinement parameters for cation (4) iodide

C23H38NFeIEmpirical formula
Formula weight (g mol−1) 511.32

295Temperature (K)
MonoclinicCrystal system
P21/cSpace group
ParallelepipedCrystal shape
YellowCrystal colour

Unit cell dimensions
10.424 (5)a (A� )

b (A� ) 15.057 (16)
c (A� ) 15.586 (15)
� (°) 94.59 (6)

V (A� 3) 2438 (4)
Z 4
Absorption coefficient � (cm−1) 18.77
Density 	 (g cm−3) 1.39
Diffractometer Enraf–Nonius Cad 4
Radiation Mo–K� (�=0.71069 A� )
Scan type 2
/�
Scan range (°) 0.8+0.345 tg


1–25Theta range for data collection (°)
Octants collected 0, 12; 0, 17; −18, 18
Reflections collected 4730

4282Number of unique data collected
Number of data collected for 2421

refinement
Merging R 0.039
Decay of standards reflexions (%) 7.6
R=���Fo�−�Fc��/��Of � 0.066
Rw a= [� w(��Fo�−�Fc��)2/� wFo

2]1/2 0.080
DIFABS (Tmin=0.80,Absorption correction
Tmax=1.28)

Secondary extinction coefficient 434
237Number of variables
−0.87�	min (e A� −3)

�	max (e A� −3) 0.77
1.07Goodness-of-fit on F2

a w=w �[1−((��Fo�−�Fc��)/6�(Fo))2]2 with w �=1/rTr(X) with three
coefficients for a Chebyshev series for which X=Fc/Fc(max).
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periodically; they showed no change during data collec-
tion. Corrections were made for Lorentz and polarisa-
tion effects. Secondary extinction corrections were
necessary. An empirical absorption based on DIFABS

[21] was applied.
Computations were performed by using the PC ver-

sion of CRYSTALS [22]. Atomic form factors for neutral
N, C, Fe, H and I were taken from Ref. [23]. Real and
imaginary parts of anomalous dispersion were taken
into account. The structure was solved by direct meth-
ods (SHELXS86) [24] and successive Fourier maps. All
non-hydrogen atoms were anisotropically refined.

Almost all hydrogen atoms have been seen on differ-
ence maps but they were introducing in calculated
positions and only an overall isotropic thermal parame-
ter was refined.

Least-square refinements in full-matrix were carried
out by minimising the function �w(Fo− �Fc�)2 where Fo

and Fc are the observed and calculated structure fac-
tors. Models achieved convergence with R=�(��Fo−
�Fc��)/�wFo and Rw= [�w(Fo− �Fc�)2/�w (Fo)2]1/2 having
values listed in Table 3.

In the last stages of the refinement, each reflection
was assigned a weight: w=w �[1− (��Fo�− �Fc��)/
6� �Fo�)2]2 with w �=1/−1ArTr(X) with coefficients 8.63,
0.132 and 6.69 for a Chebyshev series, for which X=
Fc/Fc(max).

Criteria for a satisfactory complete analysis were the
ratio of rms shift to standard deviations being less then
0.2 and no significant features in the difference map.
The view of the molecule is done using CAMERON [25]
(Fig. 2). Ellipsoids represent 20% of probability.

4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC no. 154349 for (ferrocenyl-
methyl)tributyl ammonium iodide. Copies of this infor-
mation may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: +44-1223-336033; e-mail: deposit@
ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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