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The  synthesis,  structures  and  magnetism  of  the  complexes  [FeII(3-bpp)2][bpmdcK](SeCN)1.7

(ClO4)1.3·MeOH·H2O (1),  [FeII(3-bpp)2]4[bpmdcH2(H2O)2](ClO4)10·7H2O·3MeOH  (2)  and  cis-[FeII
2(NCSe)2

((3,5-Me2pz)3CH)2(�-bpmdc)]·2MeCN  (3)  (where  3-bpp  = 2,6-di(pyrazole-3yl)pyridine,  bpmdc  =  N,N′-
bis(4-pyridyl-methyl)diaza-18-crown-6)  and  (3,5-Me2pz)3CH  =  tris(3,5-dimethylpyrazole)methane,  are
presented.  These  compounds  form  a study  of  the  supramolecular  influence  of  host–guest/crown-ether
interactions  and  cation-to-crown  hydrogen-bonding  effects  upon  d6 spin  transitions,  the  latter  occurring
upramolecular
ron(II)
pin-crossover
agnetism

tructure

above,  or  near  to, room  temperature  in  1  and  2.  Desolvation  effects  also influence  the  T1/2 values.  The
dinuclear  compound  3 contains  covalent  pyridyl  (crown)  N  to  Fe  bridge  bonding  and  remains  high  spin.

© 2011 Elsevier B.V. All rights reserved.
rown-ether
ost–guest

. Introduction

The spin crossover (SCO) phenomenon originates from the lig-
nd environment around dn (n = 4–7) first row transition metals
hich enforce an energetically delicate balance between the low

nd high spin states of the ion in question. This delicate balance

an be perturbed by temperature, light and pressure leading to
olecules that can exist in two different electronic states [1].

e(II) complexes with a typical octahedral [FeN6]2+ environment

∗ Corresponding author. Tel.: +61 399054512; fax: +61 399054597.
E-mail address: keith.murray@monash.edu (K.S. Murray).

010-8545/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2011.01.033
are among the most studied examples of SCO systems where the
two spin states of the iron are the singlet 1A1 (diamagnetic, low-
spin(LS)) and the quintet 5T2 (paramagnetic, high-spin(HS)). SCO
properties are derived not only from a ligand system with an appro-
priate ligand field strength, but also from cooperativity between
the complexes in the solid state leading to a variety of interest-
ing SCO features such as one and two step, gradual and abrupt,
complete and incomplete transitions and thermal hysteresis [2].
Strong cooperativity between the spin centres can induce ther-

mal  hysteresis loops with widths up to 60 K [3] with their history
dependent bistability leading to the possibility of uses in appli-
cations such as sensors, molecular switches, displays and data
storage [4].

dx.doi.org/10.1016/j.ccr.2011.01.033
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:keith.murray@monash.edu
dx.doi.org/10.1016/j.ccr.2011.01.033
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Scheme 1. Structural formulae of the ligands bpmdc (left), 3-bpp (centre) and (3,5-Me2pz)3CH (right). N.B. The other isomer, 2,6-di(pyrazole-1-yl)pyridine also forms
n d 2,6-
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umerous SCO Fe(II) compounds and it is often labelled 1-bpp [11]. It is also labelle

Strong cooperativity in SCO systems is thought to stem from
ovalent linkers [5],  NH/� and CH/� interactions [6],  van der

aals short contacts [7],  hydrogen bonds [8] and �–� stack-
ng [9]. To achieve a large thermal hysteresis centred around
mbient temperature [10] such interactions must be taken into
ccount when choosing a ligand system. A moderate ligand
eld strength around the metal ion may  simply not be enough
nd the addition of some non-coordinating substituent’s may
ncourage strong cooperativity via the aforementioned inter-
ctions. Coordinating pyridine nitrogen atoms and imine-type
yrazolyl nitrogens on 2,6-di(pyrazole-3-yl)pyridine (3-bpp; see
aption to Scheme 1 concerning labelling and the other ligand
somer 1-bpp [11,12]) encapsulate an [FeN6]2+ distorted octahe-
ral environment, while the non-coordinating NH groups on the
yrazolyl rings encourage hydrogen bonding to anions and sol-
ent. The subsequent increase in acidity of the N-H group will
ncrease the electron density on the coordinating imine nitro-
en atom which strengthens the imine nitrogen–iron � bond
hich has obvious ramifications for any observed SCO prop-

rties [13]. It has also been suggested that cooperativity in
he dehydrated forms of salts such as [Fe(3-bpp)2]X2·H2O is
nhanced by the formation of a two-dimensional net of terpy like
mbraces which allow edge-to-face (ef) and offset face-to-face (off)
nteractions [14].

The majority of the characterised Fe(II) salts of 3-bpp are of the
Fe(3-bpp)2]X2·H2O type (see Table 1) with other solvates includ-
ng methanol, [26–30] methanol/water [27] and acetonitrile [29].

 recent review of the [Fe(3-bpp)2]X2·H2O salts [12] reveals that
t ambient temperatures the fully hydrated species are gener-
lly in the diamagnetic singlet 1A1 state, whereas the anhydrous
pecies are in the paramagnetic quintet 5T2 state. As the series pro-
resses from the hydrated form to the anhydrous form the T1/2
alues decrease while the high to low spin transition character
hanges from gradual to abrupt with associated thermal hystere-
is. For example [Fe(3-bpp)2][BF4]2·3H2O has a T1/2 value of 288 K
ith a gradual transition, whereas in [Fe(3-bpp)2][BF4]2 the T1/2

alue is 176 K and this abrupt transition has a 10 K thermal hys-

eresis [13a,13b,15,16,24].  The nature of the spin transition and
he magnitude of the T1/2 value is therefore dependent on the
egree of solvation, and on the presence or absence of any sig-
ificant interactions between the spin centres such as a hydrogen
di(pyrazole-3-yl)pyridine [12].

bonded network and/or any aryl–aryl interactions. Other d- and
f-block 3-bpp metal salts are known [31,32] and have also been
reviewed [12].

(N,N′-bis(4-pyridyl-methyl)diaza-18-crown-6) (bpmdc) is a
flexible pyridyl based ligand which incorporates a diaza 18-crown-
6 whose length and overall geometry depends on the presence
of guests, such as s-block ions, held within the crown ring [17].
Our initial aim in this work was actually to make dinuclear
Fe(II) SCO complexes bridged by bpmdc in the way reported
recently by Rosa and co-workers for a 4,4′-bipyridine (bipy) ana-
logue, [{FeII(3-bpp)(NCS)2}2(�-4,4′-bipy)] [29]. In particular, we
were interested to see if changing a guest cation in the bpmdc
ring would influence the SCO behaviour at the Fe(II) centres,
the latter being bonded some distance away via the pyridyl N
atoms. There have been only a few such studies reported on
guest interactions and these were with monomeric Fe(III) SCO
compounds containing crown-attached Schiff base ligands [22a].
In a similar vein a series of Fe(III) Schiff base complexes were
shown to display cation dependent spin states [22b] but to our
knowledge, none have involved di- or polynuclear Fe species.
In a separate study, we  have used other crown-attached N,N-
chelators of the dipyridylamine type to make polynuclear Fe(II)
materials [33].

Despite many attempts to control the 3-bpp to Fe(II) ratio
to 1:1, and obtain covalent bridging by bpmdc, the 1:2 Fe(3-
bpp)2 stoichiometry was invariably isolated. Hence, reactions
of Fe(II)(ClO4)2·6H2O with KNCSe, bpmdc and 3-bpp yielded
not the expected dimer but the rather unusual, and struc-
turally attractive, hydrogen-bonded (pyrazole) network compound
[FeII(3-bpp)2][bpmdcK](ClO4)(NCSe)2 (1). Leaving out KNCSe from
the reaction led to H2O being in the crown and isolation
of [FeII(3-bpp)2]4[bpmdcH2(H2O)2](ClO4)10 (2). We  were, how-
ever, able to prepare a bpmdc-bridged dinuclear complex,
cis-[Fe2(NCSe)4((3,5-Me2pz)3CH)2(�-bpmdc)] (3), a bpmdc ana-
logue of cis-[Fe2(NCSe)4(3,5-Me2pz)3CH)2 (�-4,4′-bipy)] [36c], that
has fac-tridentate tris(3,5-dimethylpyrazole)methane end groups,
rather than 3-bpp, and with two NCSe− ligands making up the

octahedron around each FeII. Tris-pyrazolylmethane ligands are
known to induce SCO in mononuclear [34,35] and dinuclear [36]
FeII compounds, usually when two  such ligands make up the FeN6
ligand-field.
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Table 1
Summary of known Fe(II) salts of 3-bpp and the present ‘crown’ derivatives, 1 and 2.

Formula Reference Formula Reference

[Fe(3-bpp)2][ClO4]2 [13a] [Fe(3-bpp)2][Cr(bpy)(ox)2]2·2H2O [27,28]
[Fe(3-bpp)2][ClO4]2·H2O [13a] [Fe(3-bpp)2][Cr(bpy)(ox)2]2 [27,28]
[Fe(3-bpp)2][ClO4]2·3H2O [13a] [Fe(3-bpp)2][Cr(bpy)(ox)2]2·2H2O(r) [27,28]
[Fe(3-bpp)2][BF4]2 [15,13a,16,24] [Fe(3-bpp)2][Cr(bpy)(ox)2]2·MeOH [27,28]
[Fe(3-bpp)2][BF4]2·2H2O [13a] [Fe(3-bpp)2][Cr(phen)(ox)2]2·0·5H2O·0.5MeOH [27]
[Fe(3-bpp)2][BF4]2·3H2O [13b,24] [Fe(3-bpp)2][Cr(phen)(ox)2]2 [27]
[Fe(3-bpp)2][PF6]2 [13b,24] [Fe(3-bpp)2][Cr(phen)(ox)2]2·0·5H2O [27]
[Fe(3-bpp)2][PF6]2·H2O [13b] [Fe(3-bpp)2][Cr(phen)(ox)2]2·5·5H2O·2.5MeOH [27]
[Fe(3-bpp)2][PF6]2·2H2O [13b] [{Fe(3-bpp)(NCS)2}2(4,4′-bipy)]·2MeOH [29]
[Fe(3-bpp)2][PF6]2·3H2O [24] [Fe(3-bpp)2][Cu(pds)2]2·3CH3CN [30]
[Fe(3-bpp)2][NO3]2·2H2O [13b] [Fe(3-bpp)2][Cu(pds)2]2·2.5CH3OH [30]
[Fe(3-bpp)2]Br2 [13b,24] [FeII(3-bpp)2][bpmdcK](SeCN)1.7(ClO4)1.3·MeOH·H2O 1 tw
[Fe(3-bpp)2]Br2·5H2O [13b,24] [FeII(3-bpp)2]4[bpmdcH2(H2O)2](ClO4)10·7H2O·3MeOH 2 tw
[Fe(3-bpp)2]I2 [13b,24]
[Fe(3-bpp)2]I2·2H2O [24]
[Fe(3-bpp)2]I2·4H2O [13b]
[Fe(3-bpp)2][CF3SO3]2 [18]
[Fe(3-bpp)2][CF3SO3]2·H2O [18,19]
[Fe(3-bpp)2][CF3SO3]2·3H2O [18]
[Fe(3-bpp)2][NCS]2·2H2O [20,21,24]
[Fe(3-bpp)2][NCSe]2 [20,21,24]
[Fe(3-bpp)2][Fe(CN)5(NO)] [14]
[Fe(3-bpp)2]2[Cr(C2O4)3]ClO4·5H2O [23]
[Fe(3-bpp)2]Cl2·6.5H2O [25]
[Fe(3-bpp)2][MnCr(ox)3]2·bpp·CH3OH [26]
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bbreviations. ox, oxalate; bpy, 2,2′-bipyridine; phen, 1,10-phenanthroline; 4,4′-bip

. Experimental

.1. Syntheses

All manipulations were carried out under aerobic conditions
sing chemicals as received, unless otherwise stated. Caution! Care
hould be taken when using the potentially explosive perchlorate
nion. The ligands N,N′-bis(4-pyridyl-methyl)diaza-18-crown-6)
bpmdc) and 2,6 di(pyrazole-3yl) pyridine (3-bpp) were prepared
y use of reported methods [37,38],  as was the precursor iron(II)
omplex [FeII((3,5-Me2pz)3CH)(OH2)3][BF4]2 [39].

[FeII(3-bpp)2][bpmdcK](SeCN)1.7(ClO4)1.3·MeOH·H2O (1).
e(ClO4)2·6H2O (57.3 mg,  0.158 mmol) in 5 ml  methanol was
reated with 3-bpp (33.7 mg,  0.158 mmol), KSeCN (45.6 mg,
.316 mmol) and l-ascorbic acid (15 mg,  0.087 mmol) and stirred
or 5 min. This was then added to 1 ml  of an ethanolic solution
f bpmdc (35.2 mg,  0.0791 mmol) in 5 ml  dichloromethane and
tirred for a further 2 min  then filtered. The solution was  then
ayered with diethyl ether to produce X-ray quality crystals in 2

eeks in 63% yield (65 mg). The sample analysed as 1·MeOH·H2O
iz. FeC48.7H60N15.7O11.2Se1.7K1Cl1.3. Found (calc.%): C 44.31
44.32), H 4.65 (4.58), N 15.54 (16.66). In the course of the SQUID

easurement the sample was heated to 400 K and this then
nalysed as anhydrous 1. Found (calc.%): C 45.11 (45.12), H 4.18
4.29), N 17.16 (17.32).

[FeII(3-bpp)2]4[bpmdcH2(H2O)2](ClO4)10·7H2O 3MeOH (2).
 ml  of an ethanolic solution of bpmdc (42.8 mg,  0.0963 mmol)
nd KClO4 (13.4 mg,  0.0963 mmol) dissolved in 5 ml of a
ethanol/dichloromethane (1:1, v:v) solution and stirred for

0 min. This was then added to a solution of Fe(ClO4)2·6H2O (70 mg,
.192 mmol), 3-bpp (53.4 mg,  0.384 mmol) and l-ascorbic acid
15 mg,  0.0852 mmol) in 5 ml  methanol which had been stirring for
0 min. The combined solutions were then stirred for 5 min  then
ltered and the solution left to slowly evaporate producing X-ray

uality red crystals in 2 days in 23% yield (40 mg). The sample anal-
sed as 2·3MeOH·7H2O viz.  Fe4C115H137N44O56Cl10. Found (calc.%):

 38.00 (38.62), H 3.78 (3.83), N 17.01 (17.23). In the course of the
QUID measurement the sample was heated, cautiously, to 400 K
′-bipyridine; pds, pyrazine-2,3-diselenolate; tw, this work.

and this then analysed as 2·H2O. Found (calc.%): C 39.81 (39.89), H
3.2 (3.35), N 17.93 (18.28).

cis-[Fe2(NCSe)4((3,5-Me2pz)3CH)2(�-bpmdc)]·2MeCN (3).
55.9 mg  (0.096 mmol) of [FeII((3,5-Me2pz)3CH)(OH2)3][BF4]2,
27.7 mg  (0.192 mmol) of KSeCN, 0.5 ml  of an ethanolic solution
of bpmdc (21.3 mg,  0.048 mmol) and 15 mg  (0.087 mmol) of
l-ascorbic acid were dissolved in 10 ml  acetonitrile and stirred for
1 h. This solution was then filtered and layered with diethyl ether
to produce X-ray quality crystals over a period of 2 weeks, in 60%
yield (48 mg). The sample analysed as anhydrous 3. Found (calc.%):
C 46.37 (45.82), H 5.50 (5.13), N 17.27 (17.81).

2.2. Physical measurements

Elemental analyses (CHN) were carried out by Campbell Micro-
analytical Laboratory, University of Otago, Dunedin, New Zealand.
IR spectra were recorded on a Bruker Equinox 55 spectrometer with
an ATR sampler provided by Specac Inc., and the samples were run
neat.

2.3. X-ray crystallography

X-ray crystallographic measurements were performed at
123(2) K for 1 and 2 and 173(2) K for 3 using a Bruker Smart Apex X8
diffractometer with Mo  K� radiation. Single crystals were mounted
on a glass fibre using oil. The data collection and integration were
performed within SMART and SAINT+ Software programs, and
corrected for absorption using the Bruker SADABS program. Crys-
tallographic data and refinement parameters for 1 and 2 were
solved by direct methods (SHELXS-97), and refined (SHELXL-97)
by full least-squares on all F2 data [40]. For 1 all hydrogen atoms
were placed in calculated positions. The H-atoms on the solvent
water and methanol were omitted but have been included in the
crystallographic formula. The asymmetric unit of 1 contains a half

of a [Fe(3-bpp)2]2+ monomer, half of the bpmdcK ligand, half of a
water molecule, methanol molecule, selenocyanate anion and per-
chlorate anion. Half a perchlorate anion and half a selenocyanate
anion then sit over the same position in the lattice with occupancies
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Table  2
Crystallographic data for complexes 1, 2 and 3.

1 2 3

Formulaa FeC48.7H60N15.7O11.2Se1.7K1Cl1.3 Fe4C115H137N44O56Cl10 Fe2C64H86N22O4Se4

Mr 1319.79 3609.58 1655.09
Crystal system Monoclinic Triclinic Monoclinic
Space  group P2(1)/m P-1 P2(1)/c
a/Å 13.946(1) 11.902(1) 12.275(3)
b/Å 14.415(1) 18.010(1) 18.677(4)
c/Å 14.145(1) 19.001(1) 17.242(3)
˛/◦ 90 85.233(2) 90
ˇ/◦ 92.225(5) 73.236(2) 103.59(3)
�/◦ 90 74.760(2) 90
V/Å3 2841.4(4) 3762.6(3) 3842.4(13)
T/K  123(2) 123(2) 173(2)
Z  2 1 2
�calcd/g cm−3 1.536 1.59 1.431
�b/Å 0.71073 0.71073 0.71073
Ind.  reflns 6040 17127 8822
Reflns  with I > 2�(I) 4233 7954 5713
Parameters 442 1378 440
Restraints 44 91 0
w  R2c 0.2149 0.1845 0.1017
R1 0.0977 0.0954 0.0512
Goodness of fit 1.190 1.029 1.026
Largest residuals/e Å−3 2.16, −1.40 0.95, −0.77 1.459, −1.057

a Including solvate molecules.
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ased on microanalysis and relative Q peak intensity. One methanol
s disordered over two positions while one oxygen (O7) from the
erchlorate which sits over the same position as one of the seleno-
yanate is disordered over two positions. Restraints were placed
n the Se–C31 and C31–N11 bond lengths. All non H atoms were
efined anisotropically apart from O3, O4, O7, O9, O10, C31 and Cl2
hich were restrained using ISOR.

For 2, all hydrogen atoms were placed in calculated positions,
xcept for the H-atoms on the protonated pyrazolyl nitrogens (H5N,
1N, H6N and H10N), the NH from the bpmdc ligand (H31N) and on

he water hydrogen bonded to the bdmpc ligand (H31W, H32W)
hich were located in the difference maps and allowed to refine

reely. The H-atoms on the remaining solvent water molecules were
mitted but have been included in the crystallographic formula.
he asymmetric unit of 2 contains one complete [Fe(3-bpp)2]2+

onomer and two half occupied [Fe(3-bpp)2]2+ monomers, half
f the bpmdc ligand, five perchlorate counter ions, two solvent
ethanol molecules and eight solvent water molecules. The two

alf occupied [Fe(3-bpp)2]2+ monomers are refined as completely
isordered over two positions, one perchlorate counter ion is dis-
rdered over two positions and one methanol molecule and seven
ater molecules are half occupied. Restraints were placed on the

our NH bonds from the pyrazolyls (N1 H1N, N5 H5N, N6 H6N and
10 H10N), on the NH bond from bpmdc (N31 H31N), on the OH
onds from the water hydrogen bonded to the crown ether portion
f bdmpc (O3 H31W, O3 H32W) and on four pyridines from the
pp ligand (with nitrogen atoms N13, N18, N23 and N28). All non

 atoms were refined anisotropically.
For 3, all non-hydrogen atoms were refined anisotropically and

ydrogens were placed in calculated positions. Data collection
arameters, structure solution and refinement details for com-
lexes 1–3 are listed in Table 2. Full details can be found in the
IF files provided in the Supporting information.
.4. Magnetic measurements

Variable-temperature, solid state direct current (dc) magnetic
usceptibility data down to 1.8 K were collected on a Quantum
Design MPMS  5T SQUID magnetometer calibrated by use of a stan-
dard palladium sample (Quantum Design) of accurately known
magnetisation or by use of magnetochemical calibrants such as
CuSO4·5H2O. Microcrystalline samples were dispersed in vaseline
in order to avoid torquing of the crystallites. The sample mulls were
contained in a calibrated gelatine capsule held at the centre of a
drinking straw that was fixed at the end of the sample rod.

3. Results and discussion

3.1. Syntheses

Addition of a methanolic solution of Fe(ClO4)2·6H2O,
3-bpp, KSeCN and l-ascorbic acid to a dichloromethane
solution containing 1 ml  of an ethanolic solution of
bpmdc yields the hydrogen bonded 1D chain [FeII(3-
bpp)2][bpmdcK](SeCN)1.7(ClO4)1.3·MeOH·H2O (1) (vide infra).
KSeCN is used here as a source of K+ ions due to its increased
solubility in methanol compared to other more commonly used K+

salts and the K+ is a guest in the internal crown ether of the bpmdc
ligand. This results in the bpmdc ligand adopting the trans-pyridyl
conformation, with the 4-pyridyl portion of the ligand able to
either coordinate to the FeII ion or act as a hydrogen bond acceptor.
Due to both the thermodynamic stability of the [Fe(3-bpp)2]2+

cation and the propensity of the pyrazolyl NH bond to act as
a hydrogen bond donor, a hydrogen bonded concertinaed 1D
alternating chain of [FeII(3-bpp)]2+ and bpmdcK is formed instead
of the 4-pyridyl portion from bpmdcK coordinating directly to
the FeII ion. Di-protonation of the nitrogen atoms of 4,13-diaza-
18-crown-6 occurs in the presence of water [41] and similarly
subsequent addition of a water/methanol (1:1, v:v) solution of
KClO4 and 1 ml  of an ethanolic solution of bpmdc to a methanolic
solution of Fe(ClO4)2·6H2O, 3-bpp and ascorbic acid yields [FeII(3-
bpp)2]4[bpmdcH2(H2O)2](ClO4)10·7H2O·3MeOH  (2·7H2O·3MeOH)

where the nitrogen atoms from the crown ether portion of bpmdc
are protonated and involved in hydrogen bonding to two  sol-
vent water molecules sitting above and below the crown. The
introduction of water to the reaction scheme has resulted in the
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Fig. 1. The asymmetric unit of 1

pmdc ligand adopting an S-shaped rather than trans-pyridyl
onformation as found in 1 conferring a different supramolecular
rrangement of the [FeII(3-bpp)2]2+ monomers in 2 compared
o 1 (vide infra). Complex 3 was synthesised by reacting the 1:1
recursor [FeII((3,5-Me2pz)3CH)(OH2)3][BF4]2 [39] with bpmdc
nd KNCSe in appropriate mole ratios, in ethanol–acetonitrile
olution. In comparison to the [Fe(3-bpp)2]2+ products, there
as no formation of [FeII((3,5-Me2pz)3CH)2]2+ which is a little

urprising in view of its propensity to form during Fe:ligand 1:1
eactions [36b].

.2. Description of structures of 1, 2 and 3
Complexes 1–3 are shown in Figs. 1–6 and with full details of the
ond lengths and angles given in the Supplementary information.
omplex 1 crystallises in the monoclinic space group P2(1)/m
ith the Fe(II) ion in a distorted octahedral environment (cis,

ig. 2. The packing in 1 with H-bonds shown as dotted lines. The bpmdc ‘crown’ moietie
olvent  molecules are not shown, for clarity.
ogen atoms removed for clarity.

79.3(4)–102.5(3)◦; trans, 159.0(3)–178.2(4)◦; octahedral distor-
tion parameter ˙ = 91.76◦) with an average Fe–N bond length
measured at 123 K of 1.944 Å, typical of LS FeII–N values [42].
The Fe(II) ion is surrounded by two  meridional 3-bpp ligands
forming the monomeric cation [FeII(3-bpp)2]2+ with two of the
non-coordinating NH groups involved in hydrogen bonding to a
selenocyanate anion and water molecule (N·  · ·N, 2.769 Å and N· · ·O,
2.771 Å, respectively). The remaining two  NH groups direct the
packing in the structure forming hydrogen bonds to the 4-pyridyl
groups of bpmdcK (N·  · ·N, 2.755 Å), the K+ ion present in the internal
crown ether site forcing the ligand into the trans-pyridyl config-
uration with a pyridyl-N to pyridyl-N through space distance of
16.195 Å [17]. Each K+ ion is in an 8-coordinate hexagonal bipyrami-

dal geometry in the internal crown ether with each K+ ion bonding
to a ClO4

− anion forming an alternating chain along b (K·  · ·O,
2.740 Å). The directing NH to 4-pyridyl hydrogen bonds enforce a
rigid concertinaed 1D chain of alternating [FeII(3-bpp)2]2+ cations

s, with trans pyridyl conformation, are normal to the page. The NCSe− anions and
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Fig. 3. The asymmetric unit of 2

nd bpmdcK ligands lying along the b axis. One MeOH solvate and
 disordered selenocyanate/perchlorate anion then lie between the
ydrogen bonded layers. The water solvate involved in hydrogen

onding to one of the non-coordinating NH groups is involved in
wo hydrogen bonded pathways. The first involves a hydrogen bond
o a perchlorate anion (O·  · ·O, 2.900 Å) which subsequently then
oordinates through the K+ ion in the crown. This pathway is then

Fig. 4. Packing of 2. Hydrogen atoms, anions, solvat
ogen atoms removed for clarity.

symmetry generated through to a [Fe(3-bpp)2]2+ cation on a neigh-
bouring 1D chain. The second pathway involves hydrogen bonds to
the nitrogen on a partially occupied NCSe anion (O·  · ·N, 2.763 Å)

and to a partially occupied perchlorate anion (O·  · ·O, 3.151 Å). The
disordered oxygen (O7) on the partially occupied perchlorate anion
is then hydrogen bonded to the disordered oxygen on the methanol
(O· · ·O, 2.571 Å).

e oxygens and methanols removed for clarity.
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Fig. 5. The molecular structure of 3. Hydrogen atoms and solvent omitted for clarity.
O
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xygen – red; nitrogen – dark blue; iron(II) turquoise. The MeCN solvate molecules
re  omitted for clarity.

Complex 2 crystallises in the triclinic space group P-1
ith one complete [FeII(3-bpp)2]2+ and two  half occupied

FeII(3-bpp)2]2+ monomers in the ASU (Fig. 3). Each Fe(II) ion
s in a distorted octahedral geometry (cis, 79.1(3)–102.9(2)◦,
7.0(7)–103.2(8)◦, 78.1(7)–103.2(7)◦; trans, 158.8(2)–178.1(3)◦,
57.4(5)–176.1(12)◦, 157.1(4)–177.2(12)◦; octahedral distortion
arameter [42]  ̇ = 93.9◦, 92.42◦, 92.35◦ for Fe1, Fe2 and Fe3,
espectively) with an average Fe–N bond length measured at 123 K
f 1.947 Å for Fe1, 1.937 Å for Fe2 and 1.947 Å for Fe3, typical for
S FeII–N values. Each Fe(II) ion is surrounded by two  meridional
-bpp ligands forming the [FeII(3-bpp)2]2+ cations. The cations
ssociated with Fe1 and Fe2 form a layer of terpy like embraces
hich alternates between a diagonal row of single Fe2 cations and
 diagonal row of pairs of the Fe1 cations. One of the four non-
oordinating pyrazole NH groups in the Fe1 cation is then involved
n hydrogen bonding to the 4-pyridyl group of the bpmdc ligand

hich then forms hydrogen bonds to the Fe1 cation of another

Fig. 6. Comparison of the supramolecular packing
 Reviews 255 (2011) 2058– 2067

layer (N·  · ·N, 2.750 Å) via its second 4-pyridyl group. The Fe3 cation
then lies between the layers of Fe1 and Fe2 cations and between
these bpmdc ligands (Fig. 4). The remaining three non-coordinating
pyrazole NH groups from the Fe1 cation then form hydrogen bonds
to one fully occupied perchlorate anion (N·  · ·O,  2,850 Å), one dis-
ordered perchorate anion (N·  · ·O14, 2.884 Å, N· · ·O14′, 2.972 Å) and
one methanol molecule (N·  · ·O, 2.742 Å). The four non-coordinating
pyrazole NH groups of the Fe2 cation form hydrogen bonds to three
water molecules (N·  · ·O, 2.710, 2.753, 2.810 Å) and one methanol
molecule (N·  · ·O, 2.740 Å). The four non-coordinating pyrazole NH
groups from the Fe3 cation then form hydrogen bonds to four water
molecules (N·  · ·O, 2.720, 2.716, 2.775, 2.692 Å). In terms of inter-
molecular interactions the first one to consider is the edge-to-face
(ef) and offset face-to-face (off) interactions found in the layer of
Fe1 and Fe2 cations. The off interactions between Fe1 cations have
pyrazole centroid to centroid distances of 3.923 and 4.022 Å and
ef interactions with C – centroid distances of 3.467 and 3.737 Å.
The Fe2 cations are completely disordered over two  positions with
off interactions having pyrazole centroid to centroid distances of
3.624, 3.635, 3.988 and 4.226 Å and ef interactions having distances
of 3.599, 3.666, 3.723 and 3.992 Å. The Fe1 cation has a hydro-
gen bond pathway via a perchlorate anion (N·  · ·O, 2.850 Å), a water
molecule (O·  · ·O, 2.815 Å) leading to the Fe2 cation (O·  · ·O, 2.710 Å).
A second pathway from the Fe1 cation proceeds via the disordered
perchlorate anion (N·  · ·O, 2.847, 3.111 Å) and a water molecule
(O· · ·O, 2.587, 3.125 Å) leading to the NH group on the Fe3 cation
(O· · ·N, 2.716 Å). The bpmdc ligand has a pyridyl N-N distance of
13.328 Å and is in a gentle S-shaped conformation in 2 (Fig. 6), in
direct contrast to the 1D complex [Co(NCS)2(H2O)2(bpmdc)] found
in Ref. [17] which had a pyridyl N-N distance of 16.566 Å and was
in the trans-pyridyl conformation, the pyridyl N atoms being cova-

lently bonded to CoII. Both complex 2 and the abovementioned CoII

complex [17] have two  waters hydrogen bonded above and below
the crown with the difference in the conformation of the bpmdc lig-
and presumably due to the hydrogen bonding between the pyrazole

 involving the crown ligand, bpmdc, in 1–3.
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ig. 7. Plot of �MT vs. temperature for complex 1. Run #1 heating from 35 K to 400 K,
un #2 cooling from 400 K to 100 K.

H group and the pyridyl group on bpmdc forcing a certain packing
rrangement.

Complex 3 crystallises in the monoclinic space group P21/c
ith the symmetrically equivalent Fe(II) ions in a distorted octa-
edral geometry (cis, 81.9(1)–94.3(1)◦; trans, 171.7(1)–175.1(1)◦;
ctahedral distortion parameter  ̇ = 43.5◦ [42]; compared to 46.0◦

n the �-4,4′-bipy analogue [36c]) with an average Fe–N bond
ength measured at 173 K of 2.178 Å, typical of HS FeII ions. Each
e(II) ion is capped by one facial tridentate (3,5-Me2pz)3CH lig-
nd with two  cis selenocyanate anions occupying a further two
oordinate sites. As seen in Figs. 5 and 6, the bpmdc ligand adopts
he compact S-shaped conformation with a pyridyl-N to pyridyl-N
hrough space distance of 8.190 Å, similar to that found in the 1D
omplex [Co(bpmdc)Cl2]·MeOH [17], and bridges via the remain-
ng coordination site on each {[Fe(NCSe)2((3,5-Me2pz)3CH)}

oiety forming the dinuclear complex cis-[Fe2(NCSe)4((3,5-
e2pz)3CH)2(�-bpmdc)]·2MeCN (3). Two acetonitrile solvent
olecules then sit in the void between neighbouring dimers with

o directing intermolecular interactions present in the crystal lat-
ice.

.3. Magnetic studies

Direct current (dc) magnetic susceptibility studies were per-
ormed on microcrystalline samples of 1 and 2 in the 10–400 K
ange under an applied field of 5 kG and are shown in Figs. 7 and 8.
he �MT values shown are per Fe(II). Upon heating, complex 1
hows an abrupt SCO transition with a T1/2 of ∼384 K The �MT value
ncreases gradually from 0.0695 cm3 mol−1 K at ∼35 K, typical of
S (low spin) Fe(II), to 0.405 cm3 mol−1 K at ∼300 K, where upon
t increases rapidly up to a value of 3.296 cm3 mol−1 K at ∼400 K,
ypical of HS (high spin) Fe(II). However upon cooling this SCO tran-
ition is not reversible and a gradual SCO transition with T1/2 of
303 K can be seen where the �MT value gradually decreases from

he value of 3.296 cm3 mol−1 K reached upon heating up to ∼400 K
own to 0.729 cm3 mol−1 K at ∼235 K, where upon it decreases at

 more gradual rate down to 0.282 cm3 mol−1 K at ∼100 K. This
ehaviour can be attributed to loss of one water and one methanol
pon heating to 400 K.

The �MT vs. temperature plots upon heating are similar
or complex 1 and 2 with complex 2 showing an abrupt

CO transition with a T1/2 of 392 K. The �MT increases gradu-
lly from 0.0832 cm3 mol−1 K at ∼18 K, typical of LS Fe(II), to
.155 cm3 mol−1 K at ∼305 K, where upon it increases rapidly up
o a value of 3.564 cm3 mol−1 K at ∼400 K, typical of HS (high spin)
Fig. 8. Plot of �MT vs. temperature for complex 2. Run #1 heating from 18 K to 400 K,
run #2 cooling 356 K to 35 K.

Fe(II). Again upon cooling this SCO transition is not reversible
and a gradual incomplete SCO transition with T1/2 of ∼216 K
emerges where the �MT value gradually decreases from the value
of 3.564 cm3 mol−1 K reached upon heating up to ∼400 K down
to 0.939 cm3 mol−1 K at ∼127 K where it then plateaus eventually
reaching a �MT value of 0.779 cm3 mol−1 K. This incomplete SCO
transition is fully reversible and can be attributed to the loss of 5
water molecules and 3 methanol molecules when heated to 400 K.

The loss of solvent upon heating changes the T1/2 values from
384 K to 303 K for 1 and from 392 K to 216 K for 2, with a
change from an abrupt transition at a higher T1/2 to a gradual
SCO transition at a lower T1/2 present in complexes 1 and 2. In
the [Fe(3-bpp)2]X2·H2O series of salts (see Table 1 and the review
in Ref. [12], Section 3.1.2) the T1/2 values generally decrease and
the SCO transition changes from gradual to abrupt in character
as one proceeds from the hydrated to the anhydrous form. The
higher T1/2 in the solvated samples 1 and 2 as compared to the
partially solvated samples probably derives from the hydrogen
bonding between the pyrazole NH group and lattice methanol,
water, bpmdc ligand and associated anions. This weakens the N–H
bond, increasing the electron density of the coordinating imine
nitrogen, strengthening the nitrogen–iron bond and therefore sta-
bilising the LS Fe(II) state. Upon heating, complexes 1 and 2 lose
some of their lattice solvent with a subsequent stabilisation of
the HS Fe(II) state pushing the T1/2 value to lower temperatures.
In complexes 1 and 2 we see the decrease in T1/2 occurring as
in the [Fe(3-bpp)2]X2·H2O series, however as we proceed from
the fully solvated to the partially solvated form the SCO transi-
tion changes from abrupt to gradual which is in direct contrast
to [Fe(3-bpp)2]X2·H2O. In [FeII(3-bpp)2][BF4]2·3H2O the NH groups
from each pyrazolyl moiety are involved in a hydrogen bonding net-
work containing water molecules and tetrafluoroborate ions [13]
and it has been suggested that the anhydrous [FeII(3-bpp)2][BF4]2
adopts a form of crystal packing allowing offset face-to-face and
edge-to-face aryl–aryl interactions and it is this that is the origin
of the cooperativity leading to the abrupt and hysteretic SCO tran-
sition [14]. It is not possible for 1 to adopt such a conformation
because of the stronger hydrogen bonded network formed by the
bpmdc ligand and, as a consequence, we suggest this is why we see

a gradual SCO transition, with T1/2 of 303 K.

Complex 2 has a layer of [FeII(3-bpp)]2
2+ cations exhibiting the

aforementioned aryl–aryl interactions linked by hydrogen bonded
bpmdc ligands but is prevented from reaching the full complement



2 mistry

o
c
i
[
a
f
i
l
b
l
s

a
F
e
d
a
d

4

a
c
i
g
h
[
T
s
f
p
f
t
w
t
(
3
a

t
r

S

S
n
(
c
b
1
8

A

t
A

A

t

[
[

[
[

[

[
[
[
[

[
[

[

[

[

[

[
[

[

[

[

[

[

[
[
[

066 I.A. Gass et al. / Coordination Che

f aryl–aryl interactions by the bpmdc ligand resulting in an almost
omplete SCO transition, with T1/2 of 216 K. This T1/2 value is more
n keeping with the values associated with the anhydrous salts
Fe(3-bpp)2]X2, and is reasonable given that 2 could be viewed as

 partially disrupted form of the crystal packing described above
or anhydrous [FeII(3-bpp)2][BF4]2. This suggests the cooperativ-
ty between the Fe(II) ions leading to the abrupt SCO transition is
argely solvent dependent and not through the hydrogen bonded
pmdc ligand which is reasonable given the size and nature of the

igand and the expectation that it would not be conducive to any
trong cooperative effects.

The �MT vs. temperature data for the dinuclear complex 3 shows
 constant value between 300 and ∼50 K, of 3.4 cm3 mol−1 K (per
e), indicative of high-spin Fe(II) centres with no intradinuclear
xchange coupling. Below 50 K, a rapid decrease in �MT is observed
ue to zero-field splitting effects (Supp. Info. Fig. SI 3). Thus, in 3
nd the �-4,4′-bipy analogue [36c], the structural and magnetic
ata are indicative of no spin-crossover occurring.

. Conclusions

Three new FeII compounds containing the di-pyridyl function-
lised diaza-18-crown-6 ligand, bpmdc, have been structurally
haracterised, two (1 and 2) displaying supramolecular arrays
nvolving the spin crossover [Fe(3-bpp)2]2+ cations. Changing the
uest in, or near, the crown ether portion of the bpmdc ligand
as afforded different supramolecular packing arrangements of the
Fe(3-bpp)2]2+ cation leading to an abrupt SCO transition at a higher
1/2 than that of more conventional [Fe(3-bpp)2](anion)2 salts. Sub-
equent heating of complexes 1 and 2 causes the loss of solvent
rom the lattice leading to a change in the T1/2 of both samples. The
yridyl arms of the bpmdc ligand, despite their usual propensity
or coordinating to FeII, act as hydrogen-bond donors in 1 and 2,
hus offering a route to the packing of simple monomeric SCO salts
hile barely affecting the ligand field around the metal. Changing

he ‘end tridentate caps’, from the meridional 3-bpp, to the facial
3,5-Me2pz)3CH, led to isolation of the covalently bridged complex
, in which the Fe(II) centres remain high-spin at all temperatures
s judged by crystallography and magnetism.

Finally, we note that metallo-supramolecular and multifunc-
ional aspects of spin crossover compounds have been recently
eviewed [43].

upplementary data

Tables of bond distances and angles for 1–3 are provided; Tables
I 1–6. Two figures of packing diagrams for 1; Figs. SI 1 and SI 2. Mag-
etism for cis-[FeII

2(NCSe)4((3,5-Me2pz)3CH)2(�-bpmdc)]·2MeCN
3); Fig. SI 3. Other crystallographic details are in the CIFs. Full
rystallographic data for 1–3 are available on request from the Cam-
ridge Crystallographic Data Centre, 12 Union Road, CambridgeCB2
EZ, UK (http://www.ccdc.cam.ac.uk/).  CCDC numbers 802609 (1),
02610 (2), 802611 (3).
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