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Introduction

The use of metal–ligand interactions to assemble sophisticat-
ed supramolecular architectures is a powerful tool and a
topic of considerable interest.[1] Achievements have included
the deliberate design of catenanes and rotaxanes,[2] knots,[3]

helices,[4] grids[5] and racks.[6] Such arrays have architectures
and shapes not readily accessible by means of traditional co-
valent synthetic approaches and frequently are also objects
with nanoscale dimensions. The applications of such arrays
have primarily centred round the use of their size and
shape. For example, the architecture may be designed such
that it contains internal cavities, which can be used to recog-
nise and/or encapsulate guest molecules, and this feature
can be used for sensing, extraction or catalysis.[7] Alterna-
tively the size and shape of the external surface may be
used to recognise larger biomolecular binding sites (such as
the major groove of DNA),[8] or the shape may be used to

confer properties, such as liquid crystallinity, within macro-
molecules.[9]

Such metallo-supramolecular design not only leads to a
defined overall architecture, but positions metal centres at
precise locations within the array. Moreover these metal
centres are frequently coupled (mechanically and/or elec-
tronically) by the bridging ligands. This is attractive for po-
tentially controlling or encoding properties within a materi-
al. Indeed such ability to precisely position metal centres
within a defined array is a key requirement in the field of
molecular magnetism.[10] Of particular interest within that
field is the spin-crossover phenomenon.[11] The fascination
with spin-crossover compounds arises because they possess
at least two stable states (for a mononuclear system: the
high and low spin arrangements of the d electrons) with dis-
tinct properties (magnetism, colour). Excitingly the com-
pounds can be switched reversibly between these states in
response to changes in the environment (temperature, light,
pressure, anions etc.). This property can be used for either
molecular switching or molecular memory and for this
reason such materials might find ultimate application in the
electronics and data-storage fields.[12]

The use of supramolecular chemistry to design such spin-
crossover materials has focused primarily on using p-stack-
ing and hydrogen bonding to link mononuclear spin-cross-
over centres together.[13,14] This can cause mechanical and/or
electronic coupling of the centres and thereby modify the
properties of the material (e.g., inducing cooperativity lead-
ing to an abrupt spin transition or hysteresis in the spin tran-
sition or giving multiple stable states) as structural changes
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Abstract: New dinuclear supramolec-
ular cylinders have been designed to
exhibit spin-crossover behaviour, a
form of molecular bistability. This has
been achieved within the framework of
our imine-based approach to supra-
molecular architecture by switching
from pyridylimine systems to imidazol-
imines. Spin-crossover behaviour is
achieved while retaining the simplicity
and ease-of-synthesis of our molecular

design. The imidazole groups used also
introduce additional NH groups that
engage in hydrogen-bonding to anions
and solvents. In the case of the iron(ii)
tetrafluoroborate complex this hydro-

gen bonding links supramolecular cyl-
inders into an extended two-dimension-
al array. Consistent with this, a sharper
spin-crossover transition is observed
for this compound than for the corre-
sponding hexafluorophosphate salt.
More subtle anion effects are indicated
in the perchlorate salt which gives a
two-step spin conversion, thereby dis-
playing tristability.
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are propagated from one molecule to another, to the whole
crystal.[15] The use of metallo-supramolecular architecture is
less well established but very attractive, because of the po-
tential extent of the inter-metallic mechanical coupling. Wil-
liams has reported spin crossover within an iron(ii) benzim-
idazole helicate[16] and Lehn and GGtlich have studied a
spin-crossover tetranuclear grid system based on LehnHs
pyrimidine-linked polypyridyl ligands.[17] In WilliamsH system
the metal centres are mechanically coupled and negative co-
operativity is observed. In the Lehn/Gutlich system both
mechanical and electronic coupling is possible and gradual
incomplete spin-transitions are reported. Both architectures
are assembled in solution simply by mixing the metal and
ligand, as a result of careful matching of the ligand donors
with the metal-coordination requirements. However, as with
most metallo-supramolecular designs, the synthesis of the li-
gands does require multistep covalent synthesis to encode
the design algorithm for the metals to read.
Much of our work in the area of metallo-supramolecular

architecture has focused on developing routes to construct
such sophisticated supramolecular architectures without the
need for extensive ligand synthesis. In particular, we have
championed the use of pyridylimine ligands, which have al-
lowed us to assemble complex metallo-supramolecular
arrays in one-pot reactions (either with or without solvent)
from commercial aldehydes, amines and metal salts.[18–20] By
removing the constraints of extended ligand synthesis, we
have then been able to readily and systematically modify
the systems to explore both the design features[19] and the
properties[8] of such arrays. We were intrigued to see wheth-
er our approach could be applied to the task of designing
metallo-supramolecular arrays containing spin-crossover
centres. While pyridylimine iron(ii) complexes are low spin
at room temperature, the elegant work of Matsumoto and
Tuchagues[14] led us to explore whether switching from pyri-
dylimines to imidazolimines might allow us access to spin-
crossover behaviour, while retaining the simplicity and ease-
of-synthesis of our molecular design. We report now our ini-
tial studies in this area in which we have prepared dinuclear
triple-helical arrays of bis-imidazolimine ligands and ex-
plored their spin-crossover behaviour.
We were further attracted to these imidazolimines be-

cause they provide additional hydrogen-bond donor units
(NH) that will be located on the exterior of the architecture.
These hydrogen-bonding sites are potential aggregation sites
through which the architecture might be organised into a
larger array and indeed through which information about
changes in spin-state within one supramolecular unit might
be relayed to another. Despite their widespread use to ag-
gregate mononuclear metal complexes into larger arrays, ex-
amples of hydrogen bonds aggregating metallo-supramolec-
ular architectures remain rare. Lehn has functionalised tet-
ranuclear grid systems with a donor–acceptor hydrogen-
bond system and obtained linear chains of grids,[21] Pudde-
phatt has incorporated amide hydrogen-bond units into tri-
angles[22] and we have used hydroxy groups to aggregate pyr-
idylimine double-helices.[20] A hydroxy unit can behave
either as a hydrogen-bond acceptor or donor and we
showed that the selection of anion mediates whether the ag-

gregation is simple hydrogen-bond aggregation (with half
the OH groups acting as donors and half as acceptors) or
anion-mediated hydrogen-bond aggregation (with the OH
groups acting only as donors and the anions acting as ac-
ceptors). By contrast (unless deprotonated) the imidazole
NH group can act only as an hydrogen-bond donor and
anion-mediated hydrogen-bond aggregation might therefore
be anticipated.

Results and Discussion

The ligand L was selected because the corresponding pyri-
dylimine ligand gives dinuclear triple-helical complexes with
octahedral metal ions[18] and these helical molecular cylin-
ders bind to and coil DNA.[8] This architectural framework

seemed an appropriate and interesting starting point from
which to initiate our investigation into whether imidiazol-
imines could be used to introduce spin-crossover properties.
Ligand L was prepared in 95% yield by mixing two equiva-
lents of 4(5)-imidazolecarboxaldehyde and one equivalent
of 4,4’-methylenedianiline in methanol. The ligand precipi-
tated from the reaction mixture and was isolated by filtra-
tion. The microanalytical data, 1H NMR spectrum and mass
spectrum were consistent with the expected ligand formula-
tion (C21H18N6).
Coordination to iron(ii) was achieved by stirring three

equivalents of L with two equivalents of iron(ii) chloride tet-
rahydrate in methanol for 40–45 minutes. Treatment with
NH4PF6, NH4BF4 or LiClO4 afforded orange polycrystalline
salts [Fe2(L)3]X4 (1: X

�=PF6
� ; 2 : X�=BF4

� ; 3 : X�=ClO4
�).

The same species were also obtained from solutions of 1:1
metal/ligand stoichiometry. The infrared spectra of 1–3 show
absorptions characteristic of the coordinated ligands and the
counterions (PF6

� , BF4
� or ClO4

�) and partial microanalyti-
cal data are consistent with the dinuclear triple-stranded for-
mulations. The mass spectra (FAB and electrospray) are
similarly consistent with the dinuclear triple-stranded formu-
lation. Peaks corresponding to the complex with associated
anion are observed, such as [Fe2(L)3X3]

+ , and also peaks in
which some of the NH units of the ligands have been depro-
tonated (possibly during the mass spectrometry process)
such as [Fe2(L)2(L�H)X2]

+ and [Fe2(L)(L�H)2X]
+ .

Coordination of L to cobalt(ii), nickel(ii) and manga-
nese(ii) was achieved in a similar fashion by treating solu-
tions of the ligand with the corresponding metal chlorides.
The resulting complexes were isolated as the hexafluoro-
phosphate salts [M2(L)3][PF6]4 (4 : M=Ni; 5 : M=Co; 6 :
M=Mn). Analytical and mass spectrometric data were anal-
ogous to those of the iron(ii) complexes.
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X-ray crystallographic studies : Crystals of all six complexes
were obtained and the structures investigated by X-ray crys-
tallography. Crystals of complexes 1, 3, and 4 were obtained
from methanol. Crystals of 2 were obtained by diffusion of
diisopropyl ether into a solution of 2 in acetonitrile, and dif-
fusion of diethyl ether into an acetonitrile/acetone mix was
used to obtain crystals of 5 and 6. Data were collected at
180(2) K.
The cations in the six structures are very similar and all

possess a dinuclear triple-helical architecture (Figure 1). In
each structure the metal centres are in six-coordinate

pseudo-octahedral coordination
environments bound to three
imidazolimine units from three
different ligand strands. Each
ligand strand binds to two
metals and the ligands wrap
around the metal–metal axis
giving rise to the helical struc-
ture, both enantiomers of which
are present in each structure.
The imidazolimine units are ap-
proximately planar (torsion
angles in the range 0–98) and the phenylene units twisted
with respect to that plane, affording CH···p interactions in
the centre of the helix. The intermetallic separations are in
the range 11.4–11.7 N.
Bond lengths and angles are collected in Table 1. For the

iron(ii) hexafluorophosphate salt (1), the two metal centres
are crystallographically equivalent and the bond lengths in-
dicate that both metal centres are low spin. In the tetra-
fluoroborate salt (2), the two metal centres are non-equiva-
lent and the bond lengths indicate that one metal centre is
low spin, while the other is high spin. For the perchlorate
salt (3), the two centres are non-equivalent, but the bond
lengths are intermediate between the expected high and low
spin limits, perhaps indicating that the spin transition is in
progress for this salt. The metal–ligand bond lengths for the
cobalt(ii) (5) and manganese(ii) (6) complexes are consistent
with high-spin configurations.
The dimensions of the six cylindrical triple-stranded heli-

cal cations are very similar (Table 2). Their overall length is

~18 N (H···H) and the radius (to H) is ~4.9 N. These supra-
molecular cylinders are close to 2 nm in length and 1 nm in
diameter and thus are similar to the pyridylimine cylinders
that we have previously characterised. Although the manga-
nese cylinder is slightly longer than the others the difference
is small, in the range 1–2%. This small increase in length is
associated with a small decrease in the extent to which the
ligands wrap around the helical axis and these two small ef-
fects combine to lead to the more noticeable lengthening
(~7%) in helical pitch. Since the M�N bond lengths in the
manganese(ii) complex are ~10% greater than those in the
iron(ii) and nickel(ii) conplexes, it is apparent that the
choice of octahedral metal, and differences in bond lengths
(expected for high- and low-spin configurations) cause only
small perturbations to the size and shape of the cylinder
structure.
To probe the effect on the micro-architecture of the triple

helicates of imidazolimine units, it is pertinent to compare
the structures of these new imidazolimine triple helicates

Figure 1. The structure of the triple-helical cation in complex 3, [Fe2(L)3]
[ClO4]4. Hydrogens are omitted for clarity. The structures of the cations
in complexes 1,2 and 4–6 are analogous.

Table 1. Selected bond lengths [N] and bond angles [8] for complexes
1–6.

Metal M�Nimidazole M�Nimine Bite angle

1 Fe1, Fe1a 1.980(6) 2.013(6) 81.1(3)
1.952(7) 2.018(6) 80.1(3)
1.976(6) 2.052(6) 80.0(3)

2 Fe1 2.011(7) 2.043(7) 80.0(3)
2.000(7) 2.053(7) 79.7(3)
1.994(7) 2.066(7) 80.3(3)

Fe2 2.126(8) 2.250(7) 76.3(3)
2.162(7) 2.222(7) 75.8(3)
2.138(8) 2.194(8) 77.8(3)

3 Fe1 2.013(10) 2.114(10) 78.9(4)
2.034(11) 2.103(11) 77.7(5)
2.013(10) 2.137(11) 78.4(4)

Fe2 2.118(13) 2.203(12) 75.6(5)
2.075(12) 2.177(10) 75.9(4)
2.094(11) 2.177(10) 77.2(4)

4 Ni1, Ni1a 2.036(6) 2.141(5) 78.9(2)
2.045(5) 2.182(5) 78.7(2)
2.062(6) 2.122(5) 79.2(2)

5 Co1 2.088(7) 2.188(7) 77.2(3)
2.093(7) 2.183(6) 77.6(3)
2.101(7) 2.227(7) 78.1(3)

Co2 2.089(7) 2.206(7) 78.0(3)
2.106(7) 2.222(7) 77.3(3)
2.106(7) 2.196(6) 77.4(3)

6 Mn1 2.227(6) 2.303(6) 74.2(2)
2.186(6) 2.337(5) 74.6(2)
2.206(6) 2.336(6) 74.6(2)

Mn2 2.204(7) 2.332(6) 74.6(2)
2.202(6) 2.306(6) 74.9(2)
2.198(6) 2.277(6) 74.8(2)

Table 2. Comparison of the dimensions [N] of the helical cations in complexes 1–6.

1 2 3 4 5 6

M···M distance 11.3962(21) 11.5556(22) 11.5837(27) 11.5368(16) 11.5401(17) 11.6605(17)
length[a] 16.24 16.14 16.22 16.26 16.33 16.40
helical pitch 29.1 29.7 29.8 29.8 30.9 32.0
radius[b] 4.29 4.34 4.31 4.32 4.40 4.44

[a] Length is measured as the distance along the helical axis between the centroids derived from the three ni-
trogen atoms of the imidazole NHs at each end of the cylinder. [b] Radius is measured as the average of the
distance of the three central carbon atoms (from the CH2 groups) to their centroid.
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with those of the pyridylimine triple helicates.[18] To exclude
possible effects of spin transitions, the comparison herein fo-
cuses on the d8 nickel(ii) helicates, in which such effects are
negated. An overlay of the structures of the complexes of
nickel(ii) with the imidazolimine and pyridylimine ligands is
shown in Figure 2. The overlay reveals that the cations are

structurally very similar. Clearly the replacement of the six-
membered pyridine with the five-membered imidazole
causes some small difference at the ends of the helicate, but
this does not dramatically affect the length or the diameter
of the helix. The aryl rings in the centre of the helicate form
CH···p contacts as in the parent pyridylimine systems and
this is illustrated in Figure 3. These interactions may contrib-

ute to the stability of the structure. The precise orientation
of the rings is slightly different in the imidazolimine system
allowing one shorter contact at the expense of a lengthening
of one of the other contacts.

Hydrogen-bonding interactions of the imidazole units in the
solid-state : An attraction of the imidazole binding motif is

that the imidazole NH units have potential to engage in hy-
drogen-bond interactions outside the cylinder structure,
through which the cylinders might be organised into larger
arrays and indeed through which information about changes
in spin-state within one supramolecular unit might be re-
layed to another. This is indeed the case and an analysis of
the contacts for each complex is presented below.[23]

Complex 1: The two ends of the helix are identical. All
three NH groups at each end engage in hydrogen bonding
(Figure 4). The first group forms a hydrogen bond to a

methanol solvent molecule (O···HN 1.93 N) with a long in-
teraction with a hexafluorophosphate anion (F···HN 2.85 N).
The second forms three hydrogen bonds to three fluorine
atoms of one hexafluorophosphate anion (F···HN 2.35, 2.48,
2.78 N). The third interacts with an additional methanol sol-
vent molecule that is disordered over two sites (O···HN
1.96, 2.02 N).

Complex 2 : All six NH groups engage in hydrogen bonding
(Figure 5). The hydrogen-bond pattern at each end of the
helix is very similar. At each end, one NH group forms a hy-
drogen bond to a water molecule (O···HN 1.92, 1.99 N). The
remaining two NH groups at each end form pairs of hydro-
gen bonds to two tetrafluoroborate anions (F···HN 2.16,
2.37; 2.32, 2.51; 2.17, 2.33; 2.30, 2.47 N).[24] These pairs of
tetrafluoroborate anions bridge between two helicates and
in this way a two-dimensional network is assembled.

Complex 3 : All six NH groups engage in hydrogen bonding
and the hydrogen-bond pattern at each end of the helix is
slightly different (Figure 6). At one end, the first NH group
forms a hydrogen bond to a methanol solvent molecule
(O···HN 1.96 N) with an additional long interaction to a per-
chlorate oxygen atom (O···HN 2.89 N). The second NH
group interacts with two oxygen atoms of a perchlorate
anion (O···HN 2.04, 2.71 N). The third forms a hydrogen
bond to a water solvent molecule, which is disordered over
three positions (O···HN 1.98, 2.09, 2.67 N). At the other end
of the helix, the first NH group forms a hydrogen bond to a
methanol solvent molecule (O···HN 1.91 N). This NH group
also has a long contact to an oxygen atom in one orientation
of a disordered perchlorate (O···HN 2.95 N). The second
NH group interacts with two oxygen atoms of a perchlorate
anion (O···HN 1.99, 2.76 N). The third interacts either with

Figure 2. Overlay of the structures of the cations in the complexes of
nickel(ii) with the imidazolimine and pyridylimine[18] (shaded) ligands.
Hydrogens are omitted for clarity.

Figure 3. Comparison of the orientation of the phenylene rings in the cat-
ionic complexes of nickel(ii) with the imidazolimine and pyridylimine[18]

(shaded) ligands. Distances quoted are in N.

Figure 4. Hydrogen-bonding interactions to the NH groups in the triple-
helical cation in complex 1. For clarity only the NH protons are shown.
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the disordered perchlorate (O···HN 2.29 N), which formed a
long contact to the first NH of another cylinder, or (when
this perchlorate is in the alternate orientation) with a water
solvent molecule (O···HN 2.10 N), which is only occupied
when the perchlorate is in this alternate orientation. This
NH makes a further contact to a partially occupied metha-
nol molecule (O···HN 2.57 N).

Complex 4 : The crystals of complexes 1 and 4 are isomor-
phous apart from small differences in solvent content. Con-
sequently it may be possible to grow mixed crystals. The hy-
drogen-bonding pattern in 4 is extremely similar to that ob-
served in the corresponding iron(ii) complex 1 with two dis-
ordered methanol solvent molecules replaced by two disor-
dered water molecules. Further detail of the hydrogen

bonding and a figure illustrating this are presented in the
Supporting Information.

Complex 5 : All six NH groups engage in hydrogen bonding
and the hydrogen-bond pattern at each end of the helix is
different (Figure 7). At one end, the first NH forms a hydro-
gen bond to an acetone solvent molecule (O···HN 1.93 N)
with a long contact to a hexafluorophosphate anion (F···HN
2.96 N). The second interacts with an additional acetonitrile
molecule, which is only partially occupied (N···HN 2.16 N),
with a longer contact to a hexafluorophosphate anion
(F···HN 2.74 N). The third interacts with two fluorine atoms
of a hexafluorophosphate anion (F···HN 2.12, 2.44 N). Al-

Figure 5. Hydrogen-bonding interactions to the NH groups in the triple-helical cation in complex 2. For clarity only the NH protons are shown.

Figure 6. Hydrogen-bonding interactions to the NH groups in the triple-
helical cation in complex 3. For clarity only the NH protons are shown.

Figure 7. Hydrogen-bonding interactions to the NH groups in the triple-
helical cation in complex 5. For clarity only the NH protons are shown.
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though this NH appears to have a long contact to an aceto-
nitrile molecule (N···HN 2.89 N), the interaction angle is
close to 908 and we discount this as a hydrogen-bonding in-
teraction. At the other end of the helix, two NH units form
hydrogen bonds to one acetone solvent molecule each
(O···HN 1.98, 2.01 N). The third NH group interacts also
with a hexafluorophosphate anion. This anion is disordered
across two positions with two fluorine atoms interacting in
the first orientation (F···HN 2.03, 2.52 N) and three in the
second (F···HN 2.31, 2.33, 2.52 N).

Complex 6 : The crystals of 5 and 6 are pseudo-isomorphous,
with almost identical crystal packing, apart from the varia-
tion in anion and solvent positions. (Although the crystal of
complex 3 also has a very similar unit cell, the orientation of
the cation within the cell is different). In complex 6, all six
NH groups engage in hydrogen bonding and the hydrogen-
bond pattern at each end of the helix is different (Figure 8).

At one end, two NH groups form hydrogen bonds to ace-
tone solvent molecules (O···HN 2.03; 2.01 N), with one of
these NH groups forming additional long contacts to a hexa-
fluorophosphate anion. This anion is disordered over two
sites and depending on its orientation makes either one
(F···HN 2.78 N) or two (F···HN 2.81, 2.93 N) long contacts.
(In the former case there is an additional long contact from
this anion to the other end of an adjacent cylinder.) The
third NH group interacts with a further hexafluorophos-
phate anion, which again is disordered over two orientations
making either two (F···HN 2.02, 2.45 N) or three (F···HN
2.30, 2.32, 2.45 N) contacts to the NH group. At the other
end of the helix, two NH groups interact each with two fluo-
rine atoms of a hexafluorophosphate anion (F···HN 2.12,
2.31; 2.75, 2.91 N). In both cases there are additional short
contacts to acetonitrile solvent molecules (N···HN 2.94;
2.73 N), although as in the cobalt(ii) structure the angles are
close to 908 and we discount these as hydrogen-bonding in-
teractions. The third NH group forms a hydrogen bond to
an acetone solvent molecule (O···HN 1.95 N). There is a fur-
ther long contact (F···HN 2.92 N) to one orientation of a
disordered anion. This anion is that mentioned above as
bound to the other end of an adjacent cylinder and forming
one or two interactions with that end of the cylinder. In this
orientation, that anion bridges and links the cations into
one-dimensional chains.

Although the precise hydrogen-bonding motifs differ in
each complex, common themes are apparant: In all six
structures, all four anions form hydrogen-bond contacts to
the imidazole NH groups. In each structure, the hydrogen
bonding to the anions is supplemented by hydrogen bonding
to oxygen donor solvents, (methanol, water, and acetone).
Where there are contacts to both an oxygen donor and an
anion (i.e., F from PF6 and BF4), the imidazole NH group
shows a preference for the oygen atom with that contact
usually the shorter. All six NH units are engaged in hydro-
gen-bonding in all of the structures. Only in the BF4 salt do
anions bridge between NH groups. This is most probably be-
cause of the relatively high ratio of anions to complex (4:1)
in these compounds. However, in the BF4 structure this
bridging effect does enable the hydrogen bonding through
the imidazole groups to position the cylinders with respect
to each other and links the cylinders into a remarkable net-
work structure.
Aside from these hydrogen-bond interactions, the princi-

pal additional noncovalent interactions in the crystal are
CH···p interactions. For structures 1 and 3–6 these lead to a
common packing motif of the cylinders in the crystal and
this is illustrated in Figure 9 for the iron(ii) hexafluorophos-
phate complex 1. In this complex CH···p interactions from
the imine CH protons to the imidazole rings of adjacent cyl-
inders (CH···centroid 3.38, 3.52 N) and from the imidazole
CH protons (those at the 2-position, located between the
imidazole nitrogens) to the phenyl rings of adjacent cylin-
ders (CH···centroid 2.98, 3.47 N) link the cylinders into a
three-dimensional network. Similar packing and distances
are observed for complexes 3–6. The involvement of these
particular two sets of protons in CH···p interactions is con-
sistent with their proximity to the heteroatoms.
For complex 2, the same interactions link the hydrogen-

bonded sheet structures together in layers through imidazole
(2-position) CH to phenyl interactions (CH···centroid
2.86 N) and imine CH to imidazole interactions (CH···cent-
roid 3.28, 3.54 N) with additional contacts from central CH2

protons to an imidazole (CH···centroid 3.51 N) also ob-
served. This is illustrated in the Supporting Information.
Thus in all six complexes, NH···X and/or CH···p interactions
link the cylinders within the three-dimensional structure and
these interactions could provide a potential pathway to
relay information about changes in an individual cylinder to
the bulk material.

Paramagnetic 1H NMR spectroscopy: Compounds 1–5 were
investigated by 1H NMR spectroscopy in deuterated acetoni-
trile (see Table 3). Due to its low solubility, complex 6 was
omitted from this study. As expected, the proton resonances
were strongly affected by the unpaired electron density on
the paramagnetic metal centres (Figure 10). The ensuing
electronic magnetic moment causes the broadening of the
1H NMR signals and prevents resolution of any hyperfine
coupling. The proton resonances are extended over a large
chemical shift range (�20 to 235 ppm), as anticipated for
paramagnetic samples. The data and tentative assignments
are presented in Table 2. Assignments are based up on the
intensities, proximity of the protons to the paramagnetic

Figure 8. Hydrogen-bonding interactions to the NH groups in the triple-
helical cation in complex 6. For clarity only the NH protons are shown.
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centre and observed line broadening (which is proportional
to r�6, whereby r is the distance between the nuclear and the
electronic magnetic dipoles) and by comparison to high-spin
iron(ii)[25] and cobalt(ii)[26] terpyridyl complexes and also
with nickel(ii) and cobalt(ii) bipyridyl helicate complexes.[27]

To identify the NH proton resonance, titration experiments
with Et3N were undertaken. In all cases, the disappearance
of the 1H NMR signal at approximately 90–100 ppm was ob-
served upon addition of Et3N.
The iron(ii) complexes have also been studied at lower

temperatures. As the temperature is decreased there is a de-
crease in intensity of the signals and at 233 K the signals
become very weak (e.g., signal at ~165 ppm can no longer
be resolved) and new peaks in the diamagnetic region can
just be discerned in the baseline. This is consistent with a
spin transition in solution, which is not completed within the
available temperature range.

Electronic and magnetic properties : The electronic spectra
of compounds 1–6 were recorded at room temperature in
both acetonitrile and in the solid state. The solution spectra
were recorded in the range 200–1100 nm in two different
concentration ranges, so that the extinction coefficients of
both the intense ligand bands and weaker metal-ion d–d
transitions could be determined. The solid-state electronic
spectra were recorded by the diffuse reflectance technique
in the range 380–1200 nm.
The spectral features of the iron(ii) compounds 1–3 are

very similar to each other, and clearly indicate the presence
of octahedral high-spin iron(ii) chromophores. The diffuse

Figure 10. 1H NMR spectra in CD3CN solution at 298 K of complexes 1,
4 and 5. The inset is an expansion of the 230 ppm peak in complex 4.

Figure 9. Solid-state packing of the cylindrical cations in the crystal structure of complex 1. Hydrogen atoms, anions and solvents are omitted for clarity.
The packing in complexes 3–6 is analogous.

Table 3. Room temperature, 500 MHz 1H NMR data[a] for complexes
1–5.

Assignment[b] Integ.[c] 1 2 3 4 5

H2 1 158.3 159.2 158.3 229.0 235.0
NH 1 92.1 92.7 92.1 93.1 99.6
Him 1 42.5 42.9 42.5 58.7 23.8
H4 1 37.9 38.1 37.9 40.9 52.9
CH2 1 24.7 24.8 24.7 27.5 22.1
HPh 2 14.6 14.7 14.6 15.4 2.0
HPh’ 2 �5.6 �5.7 �5.6 �6.7 �19.1

[a] In CD3CN, ppm. [b] Tentative assignments. [c] Relative intensities.
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reflectance spectra each show a band centred at
~11200 cm�1 (893 nm), which is assigned to the 5E !5T2

spin-allowed d–d transition of the iron(ii) ion, along with a
more intense peak at ~21250 cm�1 (470 nm), which may be
due to a metal-to-ligand charge-transfer (MLCT) transition.
Similarly, the UV-visible spectra in acetonitrile exhibit a
weak broad band in the region 810–835 nm (e=10–
12m�1 cm�1), assigned to the 5E !5T2 transition, along with a
more intense band at 440 nm (e=1400m�1 cm�1), assigned
(by comparison with mononuclear iron(ii) imidazolimine
compounds[14]) as MLCT. Two very intense peaks are ob-
served at approximately 32200 (310 nm; e~53500m�1 cm�1)
and 35700 cm�1 (280 nm; e~58200m�1 cm�1), respectively,
and they are assigned to p–p* transitions of the ligand. Ac-
cording to the literature data,[25, 28] the 1T1

!1A1 and
1T2

!1A1 transitions associated to a low-spin {FeIIN6} chro-
mophore would be expected at about 380 and 550 nm, re-
spectively, with a molar extinction coefficient of approxi-
mately 30m�1 cm�1. Such bands are not observed.
The electronic spectra of the cobalt(ii) complex (5) also

provide support for the existence of a high-spin six-coordi-
nate chromophore (which is also consistent with both the X-
ray data and the large downfield shift of some of the
1H NMR resonances[26]). The solid-state spectrum displays
two bands centred at 9170 (1090 nm) and 20280 cm�1

(493 nm), which are assigned to the 4T2

!4T1 and
4T1(P)

!4T1 spin-allowed d–d transitions, respectively. The
solution spectrum shows a weak ligand-field band at 490 nm
(e=42m�1 cm�1), along with two intense peaks at 285 (e=
55600m�1 cm�1) and 318 nm (e=38250m�1 cm�1) correspond-
ing to the p–p* transitions of the ligand.
Two ligand-field bands of moderate intensity are also

present in the diffuse reflectance spectrum of nickel(ii) com-
plex, 4. They are located at 10500 (952 nm) and 16650 cm�1

(600 nm) and are due to the spin-allowed transitions
3T2

!3A2 and 3T1(F)

!3A2, respectively (assuming the O
symmetry for the hexacoordinated nickel(ii) chromophores).
Interestingly, the second band is split into two components
(16000 and 17060 cm�1, respectively). The asymmetric fea-
ture of this band may be understood as arising from the
non-equivalency of the nickel(ii) chromophores or the split-
ting of the T state in lower symmetry. In the latter case, the
spectral components correspond to the 3B1

!3A2 and
3E !3A2 spin-allowed transitions, respectively. In solution,
the band due to 3T2

!3A2 transition (554 nm; e=

24m�1 cm�1) is no longer split, but the electronic spectrum
still supports a possible deformation of the octahedral coor-
dination sphere of the nickel(ii) ions. The first ligand-field
band exhibits a maximum at 900 nm (e=25m�1 cm�1) with a
shoulder on its low-energy side. This result is in agreement
with the crystal structure of 4, which reveals that the six Ni�
N bonds are non-equivalent. The ligand p–p* absorptions
appear at 262 (e=48300m�1 cm�1) and 308 nm (e=
66200m�1 cm�1).
The electronic spectra of compound 6 are less informa-

tive, because all the d–d transitions for high-spin manga-
nese(ii) chromophores are spin-forbidden. This compound is
yellow (the ligand itself is white) and its UV-visible spec-
trum measured in acetonitrile shows two intense bands lo-

cated at 267 (e=51600m�1 cm�1) and 318 nm (e=
112000m�1 cm�1), the latter presenting a much higher exten-
sion coefficient than any of the other compounds studied
herein. This could suggest a possible overlap of this ligand-
based absorption band with one of charge-transfer origin.
To investigate this possibility, we recorded the solid-state
spectra of compounds 5 and 6 in the region 280–800 nm, and
compared their spectral features; the manganese(ii) spec-
trum displays a broad and intense band in the UV region,
with a maximum at 357 nm and a shoulder at 335 nm,
whereas the cobalt complex exhibits a intense peak at
335 nm, and a d–d band in the visible region.
Variable-temperature magnetic susceptibility measure-

ments were carried out on polycrystalline samples of com-
plexes 1–6 in the temperature range 1.8–340 K under an ap-
plied magnetic field of 1000 G. The cMT versus T plots (cM
denoting the molar magnetic susceptibility) are given in
Figure 11.
The room-temperature cMT value for [Fe2(L)3][PF6]4 (1) is

7.40 cm3Kmol�1, which corresponds to that of two magneti-
cally uncoupled octahedral iron(ii) centres with 5T2 ground
state and a calculated g term of 2.22. As the temperature is
lowered down to 55 K, the cMT product decreases continu-
ously (Figure 11), exhibiting a slight inflexion around 165 K.
At this temperature, cMT is about 3.57 cm3Kmol�1, and cor-
responds to what is expected when 50% of the iron(ii) ions
undergo a thermally-induced spin conversion from the high-
spin 5T2 to the low-spin 1A1 electronic state. The further de-

Figure 11. Magnetic susceptibility cMT versus T plots for complexes 1–6.
a) The iron(ii) complexes 1–3. b) The manganese, cobalt and nickel com-
plexes 4–6 ; the solid lines are fits discussed in the text.
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crease of cMT is consistent with around 30% of iron(ii) ions
undergoing S=2$S=0 spin-conversion. Between 55 and
20 K, cMT remains almost constant at 1.5 cm3Kmol�1, and
then drops abruptly reaching 0.96 cm3Kmol�1 at 5 K. This
small decrease at very low temperatures may be ascribed to
zero-field splitting in the orbital singlet S=2 ground state,
arising from the strongly distorted coordination sphere of
the remaining high-spin iron(ii) ions in 1.
The dinuclear, triple helix [Fe2(L)3][BF4]4 (2) behaves es-

sentially in a similar way as 1; however, in this case the spin-
conversion is more rapid. At room temperature, cMT is
equal to 7.83 cm3Kmol�1, which is in the range of values ex-
pected for two non-interacting iron(ii) centres with 5T2

ground state (g=2.28). The cMT product remains almost
constant when cooling to 250 K (Figure 11) and then de-
creases rapidly to reach the value of 1.90 cm3Kmol�1 at
100 K. As for 1, in the middle of the transformation (cMT~
3.6–3.7 cm3Kmol�1) the slope of the cMT vs T curve dimin-
ishes and a slight inflexion is observed. The plateau ob-
served in the temperature region 70–25 K corresponds to
1.40 cm3Kmol�1, suggesting an incomplete HS(S=
2)$LS(S=0) transition (HS=high spin, LS= low spin) with
about 20% of high-spin molar fraction trapped at low tem-
peratures. The subsequent dropping of cMT at temperatures
below 25 K corresponds most probably to the occurrence of
zero-field splitting of the remainder of high-spin iron(ii)
ions.
For [Fe2(L)3][ClO4]4 (3), the cMT product is

7.70 cm3Kmol�1 in the temperature range 340–260 K, con-
sistent with 100% of iron(ii) centres in the high-spin state
and a g value of 2.26. As the temperature is lowered, cMT
diminishes rapidly to reach the value of 3.81 cm3Kmol�1 at
60 K (Figure 11). Between 60 and 40 K, the cMT product re-
mains almost constant, and finally drops rapidly down to
1.2 cm3Kmol�1 at 1.8 K. These features reveal an incom-
plete HS$LS spin conversion occurring in two steps. The
first cMT drop is consistent with around 50% of iron(ii) ions
undergoing S=2$S=0 spin conversion. The second cMT
drop may be understood as arising from the combined effect
of electronic spin crossover and zero-field splitting of the re-
mainder of high-spin iron(ii) ions. For all three iron(ii) com-
plexes, the measurements were carried out in both cooling
and warming modes, but no hysteresis has been observed.
The dinuclear, triple helix [Co2(L)3][PF6]4 (5) exhibits a

room-temperature cMT of 5.90 cm3Kmol�1, which exceeds
the spin-only value expected (3.75 cm3Kmol�1) for two mag-
netically non-interacting cobalt(ii) centres in the 4T1 ground
state with g=2. This deviation is the result of the spin-orbit
coupling displayed by high-spin cobalt(ii) ions in octahedral
environment. As the temperature is lowered cMT decreases,
reaching 3.24 cm3Kmol�1 at 1.8 K (Figure 11b). This de-
crease may be due to the intrinsic behaviour of cobalt(ii)
centres rather than to antiferromagnetic exchange interac-
tions among these paramagnetic centres. However, the ex-
perimental data were analysed with an equation which takes
into account possible weak interactions between cobalt(ii)
ions, as described below.
In addition to the lowering of symmetry due to the defor-

mation of the octahedral coordination sphere of the co-

balt(ii) ions, the coupling of the first-order orbital momen-
tum with the spin momentum partially removes the degener-
acy of the ground and the excited states. This results in a
energy spectrum for a high-spin cobalt(ii) ion in which the
two low-lying levels correspond to the MS=� 1=2 and � 3=2
states. Taking into account the Zeeman perturbation result-
ing from the applied external field, the Hamiltonian describ-
ing this situation is given by Equation (1)[10] in which D is
the energy gap between the states split by the deformation
of the coordination sphere, k is the orbital reduction factor
accounting for the effect of the metal–ligand bond on the or-
bital momentum, and l is a spin-orbit coupling parameter.

h ¼ DðL2
z�2=3Þ�ð3=2Þk lL � Sþ b½�ð3=2ÞkLþ ge S� �h ð1Þ

It has been shown that the axial splitting parameter D can
be used in both the trigonal and the tetragonal field.[29] The
other symbols have their usual meanings. A model taking
into account all these parameters to fit the experimental
magnetic data would be over-parameterised. Therefore, it is
usual to consider that D is large enough to have only the
two lowest Kramer doublets thermally populated in the in-
vestigated temperature range. In this situation the Hamilto-
nian can be given by Equation (2), in which D is the zero-
field splitting parameter, defined as the energy separation
between the lowest and the second lowest Kramers doublets
from the 4T1g term, and is taken to be positive when the
doublet referring to MS=� 1=2 is lowest.

h ¼ D½S2
z�SðSþ 1Þ=3� þ b g � S �h ð2Þ

The orbital momentum no longer appears, but its influ-
ence is incorporated into both D and g parameters. The ex-
pression of the molar magnetic susceptibility deduced from
this Hamiltonian is given in Equation (3).[30] It considers the
paramagnetic behaviour for the two independent cobalt(ii)
ions found in the molecular formula. Possible weak interac-
tions between the cobalt(ii) sites are considered through a
Curie-Weiss parameter q.

cM ¼ 2N b2 g2

3kðT�qÞ
1þ 9 e�2D=kT

4ð1þ e�2D=kTÞ þ
4Nb2 g2

3 kðT�qÞ
4þ 3 kT

D ð1�e�2D=kTÞ
4ð1þ e�2D=kTÞ

ð3Þ

The parameters obtained by the simulation of the experi-
mental data by using the above expression are g=2.535�
0.001, D=86.32�0.8 cm�1 and q=�0.28�0.01 K, consistent
with data of the literature for cobalt(ii) complexes.[31] The
solid line in Figure 11b was calculated with these values. A
negative sign for q is consistent with antiferromagnetic inter-
actions between metal centres. However, the value of q

close to zero indicates that the magnetic coupling between
the cobalt centres is negligible in the triple helix, as expect-
ed from the large Co···Co distance of 11.54 N. It also sug-
gests that there are no significant intermolecular magnetic
interactions between the paramagnetic centres.
For the helix [Ni2(L)3][PF6]4 (4), the molar magnetic sus-

ceptibility data can be fitted using the Curie–Weiss law
(cM=C/(T�q)) with C=2.42 cm3Kmol�1 and q=�0.07 K
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(Figure 11b). The Curie constant (C) is in agreement with
the expected value for two nickel(ii) ions with S=1 and g=
2.2.
The manganese helix [Mn2(L)3][PF6]4 (6), which has a

room-temperature cMT value of 8.94 cm3Kmol�1, also fol-
lows simple Curie–Weiss behaviour with q=�0.18 K and
C=8.94 cm3Kmol�1 (Figure 11b), and exhibits a g value of
2.02.

Conclusion

These studies clearly demonstrate that, as envisaged, switch-
ing from pyridylimines to imidazolimines does allow access
to spin-crossover systems, while retaining the simplicity and
ease-of-synthesis of our supramolecular design. Although
the focus herein is on triple-helical cylindrical arrays, the
same approach should allow spin-crossover properties to the
range of different architectures that we have investigated.[19]

The imidazole NH groups engage in hydrogen bonding,
showing a marked preference for oxygen donors, although
all of the anions participate in interactions with the NH
groups. Perhaps because of the high ratio of anions to cation
(4:1), only in the iron(ii) tetrafluoroborate structure do we
observe significant bridging through hydrogen bonding.
Nevertheless this leads to a striking two-dimensional sheet
structure in which planes of cations are linked together.
More extensive hydrogen-bonded networks might arise
from partial deprotonation of the NH groups[14] and this will
be the subject of future studies. CH···p interactions link the
individual cations (1, 3–6) or the sheets (2) into three-di-
mensional networks.
The solid-state spin-crossover behaviour of the iron(ii)

complexes is strongly influenced by the selection of anion.
The tetrafluoroborate salt 2 demonstrates a much sharper
(more rapid) transition than the hexafluorophosphate salt 1
and this would be consistent with a positive cooperativity
between cylinders transmitted through the extensive hydro-
gen-bond network in the BF4 salt. The behaviour of the per-
chlorate salt 3 is both more intriguing and quite different
from the behaviour of these other two iron(ii) salts, with an
incomplete HS$LS spin conversion observed that occurs in
two steps. This is despite the fact that in both the hexa-
fluorophosphate and perchlorate salts, the packing of the
cylinders is almost identical and the environment and hydro-
gen bonding of the NH groups are similar (except that there
are F-bonded anions in the hexafluorophosphate salt and O-
bonded anions in the perchlorate salt). It is notable that the
X-ray structure of the tetrafluoroborate salt indicates a
mixed high-spin, low-spin structure. It therefore appears
that the mixed spin-state system can also be stable for this
anion, but that perhaps the plateau of stability is very small;
the effect of the perchlorate therefore may be to extend this
stability plateau (rather than to induce it). Williams re-
ports[16] that, in his helicate systems, mechanical coupling
leads to negative cooperativity within the helix, leading to a
stable mixed spin-state; this model would be consistent with
the perchlorate data. For the perchlorate salt, it is possible
that the NH hydrogen bonds to oxygen-donor anions do

cause a significant difference in electronic behaviour at the
metal or that the crystal structure of this salt is not represen-
tative of the bulk. While anion effects on spin-crossover are
known in the literature, precise mechanisms for those anion
effects have rarely been elucidated.[11]

Experimental Section

General : All reagents and solvents were purchased from commercial
sources (Aldrich) and used without further purification. NMR spectra
were recorded on BrGker DPX 400 and DRX 500 instruments by using
standard BrGker software. FAB mass spectra were recorded by the War-
wick mass spectrometry service on a Micromass AutoSpec spectrometer
using 3-nitrobenzyl alcohol as matrix. Infrared spectra (KBr pellets) were
measured with a Perkin–Elmer Paragon 1000 FTIR spectrometer. UV-
visible measurements in solution were made by using a PU 8720 scanning
spectrometer or a Jasco V-550 spectrophotometer and in the solid state
by using a VSU-2P (Carl Zeiss) spectrometer (diffuse reflectance techni-
que), with MgO as a standard. Microanalyses were conducted on a
Leeman Labs CE44CHN analyser by the University of Warwick Analyti-
cal service. Magnetic measurements were carried out on a Quantum
Design MPMS-5S SQUID magnetometer. The diamagnetic corrections
for the compounds were estimated using PascalHs constants, and magnetic
data were corrected for diamagnetic contributions of the sample holder.

Preparation of L : 4,4’-Methylenedianiline (0.793 g, 4 mmol) and 4(5)-im-
idazolecarboxaldehyde (0.768 g, 8 mmol) were stirred in methanol
(30 mL) for 10 min; two drops of glacial acetic acid were then added and
the mixture was further refluxed for 2 h. An off-white solid precipitated
and was collected by filtration, washed with methanol and dried in vacuo
over P4O10. Yield: 95%; m.p. 260–261 8C; elemental analysis calcd (%)
for C21H18N6: C 71.2, H 5.1, N 23.7; found: C 70.9, H 5.1, N 23.5; MS
(EI+): m/z : 354 [M]+ ; 1H NMR (DMSO, 400 MHz, 300 K): d=12.8 (s,
1H; NH), 8.42 (s, 1H; Him), 7.80 (s, 1H; H2/4), 7.62 (s, 1H; H2/4), 7.23 (d,
J=7.8 Hz, 2H; HPh), 7.15 (d, J=7.8 Hz, 2H; HPh), 3.98 ppm (s, 1H;
CH2); IR data (KBr): ñ=3060 (sh), 3024 (m), 2970 (w), 2906 (w), 2832
(m), 2647 (w), 2589 (w), 1629 (vs), 1600 (s), 1546 (vw), 1502 (s), 1438
(m), 1414 (w), 1351 (w), 1331 (w), 1298 (w), 1222 (m), 1202 (w), 1170
(w), 1155 (sh), 1094 (m), 1014 (w), 991 (m), 918 (w), 874 (m), 845 (m),
808 (w), 787 (w), 752 (w), 710 (w), 622 (s), 601 (w), 539 (m), 480 cm�1

(vw).

Preparation of the complexes

[Fe2(L)3][PF6]4 (1): Ligand L (0.106 g, 0.3 mmol) and iron(ii) chloride tet-
rahydrate (0.040 g, 0.2 mmol) were stirred in methanol (15 mL) for
45 min. The resulting orange solution was filtered through Celite and
treated with methanolic ammonium hexafluorophosphate (excess). Slow
evaporation of the solvent at room temperature yielded an orange micro-
crystalline product, which was collected by filtration, washed with cold
methanol and dried in vacuo over P4O10. Yield: 67%; elemental analysis
calcd (%) for [Fe2(C21H18N6)3][PF6]4·2H2O: C 42.2, H 3.2, N 14.1; found:
C 41.9, H 3.0, N 14.0; MS (FAB): m/z : 1609 [Fe2(L)3(PF6)3], 1463
[Fe2(L)2(L�H)(PF6)2], 1317 [Fe2(L)(L�H)2(PF6)], 1171 [Fe2(L�H)3], 837
[Fe2(L�H)2(F)], 818 [Fe2(L�H)2], 766 [Fe(L)(L�H)], 409 [Fe(L�H)];
positive-ion ESI (MeCN): m/z : 1609 [Fe2(L)3(PF6)3]

+ , 1315
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[Fe2(L)(L�H)2(PF6)]
+ , 1256 [Fe2(L)2(PF6)3]

+ , 1171 [Fe2(L�H)3]
+ , 732

[Fe2(L)3(PF6)2]
2+ , 658 [Fe2(L)2(L�H)(PF6)]

2+ , 585 [Fe2(L)(L�H)2]
2+ , 439

[Fe2(L)3(PF6)]
3+, 409 [Fe(L�H)]+ , 391 [Fe2(L)2(L�H)]3+ , 355 [HL]+ ;

1H NMR (CD3CN, 500 MHz, 298 K): d=158.3 (br s, 1H; H2), 92.1 (s, 1H;
NH), 42.5 (br s, 1H; Him), 37.9 (s, 1H; H4), 24.7 (s, 1H; CH2), 14.6 (s,
2H; HPh), �5.6 ppm (br s, 2H; HPh); UV/Vis (MeCN): lmax (e)=283
(53200), 313 (58000), 443 (1390), 810 nm (10 m�1 cm�1); IR data (KBr):
ñ=3622 (w), 3396 (br), 3134 (br), 2934 (w), 2860 (w), 2588 (vw), 1621
(vs), 1600 (sh), 1556 (w), 1501 (m), 1437 (m), 1347 (vw), 1294 (w), 1232
(w), 1208 (w), 1174 (vw), 1144 (vw), 1094 (m), 1011 (w), 848 (vs), 757
(sh), 710 (w), 617 (m), 559 cm�1 (s). Orange crystals suitable for X-ray
analysis were grown by slow evaporation of a solution of complex 1 in
methanol.

[Fe2(L)3][BF4]4 (2): Ligand L (0.127 g; 0.36 mmol) and iron(ii) chloride
tetrahydrate (0.048 g, 0.24 mmol) were stirred in methanol (15 mL) for
40 min. The resulting orange solution was filtered through Celite and
treated with methanolic ammonium tetrafluoroborate (excess) to yield
an orange product, which was isolated by filtration, washed with meth-
anol and dried in vacuo over P4O10. The product was then dissoluted in
acetonitrile (10 mL). The solution was filtered through Celite, concentrat-
ed in vacuo, diluted with methanol (15 mL) and allowed to stay at room
temperature for 24 h. An orange polycrystalline powder resulted, which
was collected by filtration, washed with cold methanol and finally dried
in vacuo under P4O10. Yield: 65%; elemental analysis calcd (%) for
[Fe2(C21H18N6)3][BF4]4·2H2O: C 48.5, H 3.7, N, 16.2; found: C 48.4, H 3.4,
N 16.0; MS (FAB): m/z : 1347 [Fe2(L)2(L�H)(BF4)2], 1259
[Fe2(L)(L�H)2(BF4)], 1171 [Fe2(L�H)3], 837 [Fe2(L�H)2(F)], 818
[Fe2(L�H)2], 766 [Fe(L)(L�H)], 409 [Fe(L-H)]; positive-ion ESI
(MeCN): m/z : 586 [Fe2(L)(L�H)2]

2+ , 420 [Fe2(L)3(BF4)]
3+ , 409

[Fe(L�H)]+ , 355 [HL]+ ; 1H NMR (CD3CN, 500 MHz, 298 K): d=159.2
(br s,1H; H2), 92.7 (s, 1H; NH), 42.9 (br s, 1H; Him), 38.1 (s, 1H; H4),
24.8 (s, 1H; CH2), 14.7 (s, 2H; HPh), �5.7 ppm (br s, 2H; HPh); UV/Vis
(MeCN): lmax (e)=285 (54400), 310 (58300), 438 (1400), 822 nm
(12 m�1 cm�1); IR data (KBr): ñ=3376 (w), 3131 (br), 2932 (w), 2856 (w),
2588 (vw), 1620 (vs), 1599 (s), 1555 (w), 1501 (m), 1437 (m), 1347 (vw),
1294 (m), 1232 (w), 1207 (w), 1082 (vs), 1054 (sh), 935 (vw), 892 (w), 861
(w), 814 (w), 757 (w), 710 (w), 617 (m), 547 (w), 534 (w), 522 (w). X-ray
quality, orange crystals of 2 were obtained from a saturated solution of 2
in acetonitrile by diffusion of diisopropyl ether.

[Fe2(L)3][ClO4]4 (3): Ligand L (0.096 g; 0.27 mmol) and iron(ii) chloride
tetrahydrate (0.036 g, 0.18 mmol) were stirred in methanol (15 mL) for
45 min. The resulting orange solution was filtered through Celite and
treated with lithium perchlorate (0.4 mmol) dissoluted in MeOH/H2O
(10 mL, 4:1) solvent mixture. An orange product instantaneously formed,
and was collected by filtration, washed with methanol and dried in vacuo
over P4O10. Yield: 72%; elemental analysis calcd (%) for
[Fe2(C21H18N6)3][ClO4]4·2H2O: C 47.0, H 3.6, N 15.7; found: C 46.9,
H 3.3, N 15.5. MS (FAB): m/z : 1473 [Fe2(L)3(ClO4)3], 1372
[Fe2(L)2(L�H)(ClO4)2], 1271 [Fe2(L)(L�H)2(ClO4)], 1171 [Fe2(L�H)3],
817 [Fe2(L�H)(L�2H)], 766 [Fe(L)(L�H)], 409 [Fe(L�H)]; positive-ion
ESI (MeCN): m/z 1470 [Fe2(L)3(ClO4)3]

+ , 685 [Fe2(L)3(ClO4)2]
2+ , 636

[Fe2(L)2(L�H)(ClO4)]
2+, 586 [Fe2(L)(L�H)2]

2+ , 424 [Fe2(L)2(ClO4)]
3+ ,

409 [Fe(L�H)]+ , 355 [HL]+ ; 1H NMR (CD3CN, 500 MHz, 298 K): d=
158.3 (br s, 1H; H2), 92.1 (s, 1H; NH), 42.5 (br s, 1H; Him), 37.9 (s, 1H;
H4), 24.7 (s, 1H; CH2), 14.6 (s, 2H; HPh), �5.6 ppm (br s, 2H; HPh); UV/
Vis (MeCN): lmax (e)=286 (57400), 306 (sh), 438 (1410), 834 nm
(12 m�1 cm�1); IR data (KBr): ñ=3242 (sh), 3135 (br), 2933 (w), 2856 (w),
2588 (vw), 1620 (vs), 1599 (s), 1556 (w), 1501 (s), 1436 (m), 1346 (vw),
1294 (m), 1232 (w), 1207 (w), 1088 (vs), 1008 (m), 969 (vw), 934 (vw),
892 (m), 861 (w), 814 (m), 757 (w), 710 (w), 625 (s), 617 (s), 547 cm�1

(w). Orange crystals suitable for X-ray analysis were obtained by slow
diffusion, in an H-shaped tube of two 10�4m methanolic solutions con-
taining [Fe2(L)3]Cl4 and LiClO4, respectively.

CAUTION! No problems were encountered during the preparation of
the perchlorate derivative described above. However, suitable care must
be taken when handling such potentially explosive materials.

[Ni2(L)3][PF6]4 (4): Ligand L (0.053 g; 0.15 mmol) and nickel(ii) chloride
hexahydrate (0.024 g, 0.10 mmol) were stirred in methanol (10 mL) for
30 min. The resulting green solution was treated with methanolic ammo-
nium hexafluorophosphate (excess) and filtered through Celite, and the
filtrate allowed to standing for 48 h at 4 8C. Green crystals formed and

were collected by filtration, washed several times with small amounts of
cold methanol, and finally dried in vacuo over P4O10. Yield: 68%; ele-
mental analysis calcd (%) for [Ni2(C21H18N6)3][PF6]4·2H2O: C 42.1, H 3.2,
N 14.0; found: C 41.9, H 3.1, N 13.8; MS (FAB): m/z : 1615
[Ni2(L)3(PF6)3], 1469 [Ni2(L)2(L�H)(PF6)2], 1323 [Ni2(L)(L�H)2(PF6)],
1177 [Ni2(L�H)3], 823 [Ni2(L�H)(L�2H)], 412 [Ni(L�H)]; positive-ion
ESI (MeCN): m/z : 1615 [Ni2(L)3(PF6)3]

+ , 733 [Ni2(L)3(PF6)2]
2+ , 660

[Ni2(L)2(L�H)(PF6)]
2+ , 588 [Ni2(L)(L�H)2]

2+ , 441 [Ni2(L)3(PF6)]
3+ , 411

[Ni(L�H)]+ , 392 [Ni2(L)2(L�H)]3+ , 355 [HL]+ ; 1H NMR (CD3CN,
500 MHz, 298 K): d=229.0 (br s, 1H; H2), 93.1 (s, 1H; NH), 58.7 (br s,
1H; Him), 40.9 (s, 1H; H4), 27.5 (s, 1H; CH2), 15.4 (s, 2H; HPh),
�6.7 ppm (br s, 2H; HPh). UV/Vis (MeCN): lmax (e)=262 (48300), 308
(66200), 554 (24), 900 nm (25 m�1 cm�1); IR data (KBr): ñ=3629 (w),
3379 (m), 3139 (w), 3099 (w), 3033 (w), 2933 (w), 2847 (w), 2589 (vw),
1622 (vs), 1600 (s), 1560 (w), 1499 (s), 1438 (m), 1337 (vw), 1289 (m),
1234 (w), 1207 (w), 1174 (vw), 1151 (w), 1094 (m), 1017 (m), 964 (vw),
847 (vs), 755 (sh), 710 (w), 618 (m), 604 (sh), 558 (s), 425 cm�1 (vw).
Single crystals suitable for X-ray analysis were directly collected from the
reaction mixture, after standing at 4 8C for 2 days.

[Co2(L)3][PF6]4 (5): Ligand L (0.053 g; 0.15 mmol) and cobalt(ii) chloride
hexahydrate (0.024 g, 0.10 mmol) were stirred in methanol (15 mL) for
30 min. Water (2 mL) was added and the reaction mixture was further
stirred for 45 min. The resulting orange solution was treated with potassi-
um hexafluorophosphate (excess) and filtered through Celite, and the fil-
trate allowed to stay for 24 h at room temperature. Orange crystals
formed and were collected by filtration, washed with methanol, and final-
ly dried in vacuo over P4O10. Yield: 75%; elemental analysis calcd (%)
for [Co2(C21H18N6)3][PF6]4·CH3OH·H2O: C 42.4, H 3.3, N 13.9; found: C
42.4, H 3.0, N 13.8; MS (FAB): m/z : 1615 [Co2(L)3(PF6)3], 1469
[Co2(L)2(L�H)(PF6)2], 1323 [Co2(L)(L�H)2(PF6)], 1177 [Co2(L�H)3],
823 [Co2(L�H)(L�2H)], 412 [Co(L�H)]; positive-ion ESI (MeCN):
m/z : 1615 [Co2(L)3(PF6)3]

+ , 1174 [Co2(L�H)3]
+ , 734 [Co2(L)3(PF6)2]

2+ ,
662 [Co2(L)2(L�H)(PF6)]

2+, 588 [Co2(L)(L�H)2]
2+, 442 [Co2(L)3(PF6)]

3+,
411 [Co(L�H)]+ , 392 [Co2(L)2(L�H)]3+ , 355 [HL]+ ; 1H NMR (CD3CN,
500 MHz, 298 K): d=235.0 (br s, 1H; H2), 99.6 (s, 1H; NH), 52.9 (s, 1H;
H4), 23.8 (br s, 1H; Him), 22.1 (s, 1H; CH2), 2.0 (s, 2H; HPh), �19.1 ppm
(br s, 2H; HPh); UV/Vis (MeCN): lmax (e)=285 (55600), 318 (38250),
490 nm (42 m�1 cm�1); IR data (KBr): ñ=3629 (w), 3379 (m), 3127 (w),
3096 (w), 3031 (w), 2929 (w), 2847 (w), 2589 (vw), 1621v (s), 1600 (s),
1559 (w), 1500 (s), 1439 (m), 1336 (vw), 1290 (m), 1233 (w), 1207 (w),
1174 (vw), 1150 (w), 1094 (m), 1014 (m), 965 (vw), 847 (vs), 756 (sh), 710
(w), 618 (m), 602 (sh), 558 (s), 419 cm�1 (vw); X-ray quality, orange crys-
tals were obtained from a saturated 1:1 acetonitrile/acetone solution by
slow diffusion of diethyl ether.

[Mn2(L)3][PF6]4 (6): Ligand L (0.106 g; 0.3 mmol) and manganese(ii)
chloride tetrahydrate (0.039 g, 0.2 mmol) were stirred in methanol
(15 mL) for 45 min. The resulting yellow solution was treated with meth-
anolic ammonium hexafluorophosphate (excess), filtered through Celite
and allowed to stay at room temperature overnight. A pale yellow poly-
crystalline product formed and was isolated by filtration, washed with
methanol, and dried in vacuo over P4O10. Yield: 74%; elemental analysis
calcd (%) for [Mn2(C21H18N6)3][PF6]4·H2O: C 42.7, H 3.2, N 14.2; found:
C 42.5, H 3.0, N 14.2; MS (FAB): m/z : 1607 [Mn2(L)3(PF6)3], 1461
[Mn2(L)2(L�H)(PF6)2], 1315 [Mn2(L)(L�H)2(PF6)], 1169 [Mn2(L�H)3],
815 [Mn2(L�H)(L�2H)], 408 [Mn(L�H)]; positive-ion ESI (MeCN):
m/z : 731 [Mn2(L)3(PF6)2]

2+ , 658 [Mn2(L)2(L�H)(PF6)]
2+ , 585

[Mn2(L)(L�H)2]
2+ , 408 [Mn(L�H)]+ , [Mn2(L�H)2]

2+ , 355 [HL]+ ; UV/
Vis (MeCN): lmax (e)=267 (51600), 318 nm (112100 m�1 cm�1); IR data
(KBr): ñ=3631 (w), 3386 (m), 3142 (w), 3102 (w), 3037 (w), 2927 (w),
2848 (w), 2590 (vw), 1623 (vs), 1600 (s), 1556 (w), 1502 (s), 1440 (m),
1347 (vw), 1295 (m), 1232 (w), 1207 (w), 1178 (vw), 1152 (w), 1093 (m),
1005 (m), 970 (vw), 847 (vs), 756 (sh), 710 (w), 620 (m), 602 (sh), 558 (s),
425 cm�1 (vw). Yellow crystals suitable for X-ray analysis were grown by
slow diffusion of diethyl ether into a solution of complex 6 in 1:1 acetoni-
trile/acetone.

Crystallography : Crystal data for compounds 1–6 were collected at 180 K
with a Siemens-SMART-CCD diffractometer[32] equipped with an Oxford
Cryosystem Cryostream Cooler.[33] Refinements were performed with
SHELXTL.[34] Systematic absences and/or intensity statistics indicated
the appropriate space group. The structures were solved by direct meth-
ods with additional light atoms found by Fourier methods. Hydrogen
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atoms were added at calculated positions and refined using a riding
model with freely rotating methyl groups. Unless otherwise indicated ani-
sotropic displacement parameters were used for all non-hydrogen atoms;
hydrogen atoms were given isotropic displacement parameters equal to
1.2 (or 1.5 for methyl hydrogen atoms) times the equivalent isotropic dis-
placement parameter of the atom to which the hydrogen-atom was at-
tached. Details of the data collection and refinement for complexes 1–6
are given in Table 4.

Complex 1: Systematic absences indicated either space group C2/c or Cc.
The former was chosen on the basis of intensity statistics and shown to
be correct by successful refinement. The asymmetric unit contains one
and a half ligands and an iron as the triple helix lies on a two fold axis
passing through C214 (special position 4e). There are two PF6 counter-
ions and three methanol molecules. One methanol molecule is fully occu-
pied (C01–O01), one fully occupied but disordered over two positions
(C02A–O02A, C02B–O02B), and one half occupied (C03–O03). Addi-
tionally, hydrogen atoms were not found for the disordered methanol
molecule and it was refined isotropically. All of the other non-hydrogen
atoms were refined anisotropically.

Complex 2 : No systematic absences. Space group P1̄ was chosen on the
basis of intensity statistics and shown to be correct by successful refine-
ment. The asymmetric unit contains the triple helix, four BF4 counterions,
two acetonitrile molecules, two water molecules and one molecule of di-
isopropyl ether. One BF4 ion was disordered over two positions (B10A,
B10B) in a 50:50 ratio. No hydrogen atoms were found for the two water
molecules (O01, O02) and the diisopropyl ether molecule was modelled
at 50% occupancy. All non-hydrogen atoms were refined anisotropically,
except for the diisopropyl ether molecule and the disordered BF4 ion
which were refined isotropically.

Complex 3 : No systematic absences. Space group P1̄ was chosen on the
basis of intensity statistics and shown to be correct by successful refine-
ment. The asymmetric unit contains the triple helix and four perchlorate
counterions, four methanol molecules and a water molecule. The Cl40
perchlorate was disordered over two positions in a 50:50 ratio with Cl4a
perchlorate and electron density that was modelled as a water molecule
(O07). None of the hydrogen atoms of the various methanol solvent mol-
ecules were found. Methanol molecules O01–C01 and O02–C02 were full
occupied; O03–C03 and O04–C04 were modelled as half occupied. Meth-
anol molecule O05–C05 was fully occupied, but disordered over two posi-
tions O05–C05/O05A–C05A. The occupancies were fixed at 50:50. There
was a very disordered water molecule O06, which was modelled over
three positions (O06A, O06B and O06C) with the combined occupancy

restrained to a value of one (relative occupancies were 0.5, 0.3 and 0.2).
The minor component of the disordered Cl40 and methanol O05A–C05A
were refined isotropically.

Complex 4 : Systematic absences indicated either space group C2/c or Cc.
The former was chosen on the basis of intensity statistics and shown to
be correct by successful refinement. There are one and a half ligands and
a nickel atom in the asymmetric unit as C114 lies on a twofold axis (posi-
tion 4e). Additionally there are two PF6 counterions and one whole
methanol solvent molecule (C01–O01) and one half occupied (C02–O02).
There is also a water molecule modelled as diordered over two positions
(O03, O03a). No hydrogen atoms were found for the water molecules.

Complex 5 : No systematic absences. The space group P1̄ was chosen on
the basis of intensity statistics and shown to be correct by successful re-
finement. The asymmetric unit contains a triple helix, four PF6 counter-
ions, three acetone molecules and two acetonitrile molecules. The P20
PF6 is disordered around its equator, in about 7:3 for the two occupan-
cies. One acetonitrile molecule is disordered over two positions (N20-
C22, N30-C32) in a ratio of about 8:2.

Complex 6 : No systematic absences. Space group P1̄ was chosen on the
basis of intensity statistics and shown to be correct by successful refine-
ment. The asymmetric unit contains a triple helix, four PF6 counterions,
three molecules of acetone and two of acetonitrile. The P30 PF6 was dis-
ordered around the equator (75:25 major to minor), P40 PF6 was disor-
dered around phosphorus (50:50) and the acetonitrile molecule (C50A–
C52A and C50B–C52B) was disordered over two positions (8:2 major to
minor). Additionally, two of the phenyl rings of the diamine units of the
ligand were disordered (C215–C220 and C315–C320 by a twisting move-
ment around the C215�C218 axis or C315�C318 axis) over two positions.
The occupancies (50:50) of the two sites of disorder were linked as this
made chemical sense not to have two parts of the disorder phenyl rings
sterically clashing in the helix. These two disordered sets both give rise to
similar packing arrangements of the three phenyl rings at that end of the
helix. Hydrogen atoms were not located for acetonitrile molecule N40–
C42. All non-hydrogen atoms were refined anisotropically, except the
minor component of the disordered acetonitile molecule (C50B–C52B).

CCDC-239357–239362 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre,12 Union Road,Cambridge CB21EZ (UK); fax:
(+44)1223-336-033; or e-mail :deposit@ccdc.cam.ac.uk).

Table 4. Crystallographic data for complexes 1–6 and details of refinement.

1 2 3 4 5 6

formula C68H66F24Fe2N18O5P4 C70H67B4F16Fe2N20O2.5 C67H72Cl4Fe2N18O21.5 C66H70F24N18Ni2O5P4 C76H78Co2F24N20O3P4 C76H78F24Mn2N20O3P4

Mr 1906.97 1687.38 1726.93 892.70 2017.32 2009.34
T [K] 180(2) 180(2) 180(2) 180(2) 180(2) 180(2)
crystal system monoclinic triclinic triclinic monoclinic triclinic triclinic
space group C2/c P1̄ P1̄ C2/c P1̄ P1̄
a [N] 33.490(2) 14.1279(14) 13.5812(11) 33.673(3) 14.6250(6) 14.6954(8)
b [N] 14.1457(9) 14.5901(14) 18.246(2) 14.1966(12) 18.4440(8) 18.5749(9)
c [N] 23.0087(14) 21.301(2) 18.261(2) 22.993(2) 18.7820(8) 18.9226(9)
a [8] 90 74.47 78.637(3) 90 77.27 76.924(2)
b [8] 130.8050(10) 75.347(2) 69.401(3) 130.588(6) 67.4920(10) 67.202(2)
g [8] 90 73.9480(10) 70.2610(10) 90 69.8880(10) 70.349(2)
V [N3] 8250.7(9) 3988.8(7) 3971.2(8) 8347.1(12) 4371.9(3) 4456.9(8)
Z 4 2 2 4 2 2
1calcd [g

�1 cm�3] 1.535 1.405 1.144 1.506 1.532 1.497
m [mm�1] 0.543 0.459 0.582 0.639 0.563 0.463
reflections col-
lected

16596 16279 18304 16334 18002 21024

independent re-
flections

5371 (Rint=0.1324) 10165 (Rint=0.0747) 12023
(Rint=0.1111)

5428 (Rint=0.0810) 11220 (Rint=0.0653) 13682 (Rint=0.0663)

parameters 557 1016 1049 553 1177 1312
goodness-of-fit
on F2

0.993 0.962 0.944 0.999 1.007 0.948

R1 [I>2s(I)] 0.0670 0.0779 0.1235 0.0641 0.0785 0.0750
wR2 [I>2s(I)] 0.1865 0.2171 0.3408 0.1743 0.2146 0.2054
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