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Abstract

Slow evaporation of aqueous solutions of (pyrazol-3-yl)pyrazine (L1) and FeCl2, Fe(ClO4)2 or Fe(BF4)2 yields [FeCl2(L1)2] �/H2O

(1 �/H2O), [Fe(L1)3](ClO4)2 �/H2O (2 �/H2O) and [Fe(L1)3](BF4)2 �/2H2O (3 �/2H2O). The crystal structure of 1 �/H2O shows a distorted cis -

octahedral high-spin Fe(II) centre. Molecules of 1 associate in the crystal through hydrogen bonding into 1D chains, which are

linked into a 2D lattice by O�/H/� � �/Cl hydrogen bonds to the lattice water. The structures of 2 �/H2O and 3 �/2H2O contain low-spin

Fe(II) ions. In 2, the complex dication has a distorted mer -octahedral geometry, while in 3 the complex crystallises as its fac -

octahedral isomer, with crystallographic C3 symmetry. The complex dications in 3 �/2H2O associate through hydrogen bonding into a

hexagonal, chiral honeycomb structure with pores of diameter 5.3 Å. These channels are filled with a disordered region of electron

density, which must contain one BF4
� equivalent and lattice water. Attempts to remove the water from 3 �/2H2O by heating under

vacuum were unsuccessful, while partial replacement of the BF4
� ions for Cl� in toluene results in decomposition of the crystalline

sample.

# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is continuing interest in the chemistry and

physics of compounds that exhibit spin-state transitions

upon cooling, irradiation and/or the application of

pressure [1,2]. Since these transitions are usually accom-

panied by a colour change in the sample, such com-

pounds in the solid state have potential for application

in information storage and display devices [3]. In order

to be useful, a thermal spin-crossover compound must

exhibit an abrupt transition, which should ideally occur

close to room temperature, and exhibit a hysteresis loop.

That is, the transition should occur cooperatively in the

solid, giving a compound that is bistable at or near room

temperature [4,5].

We have recently developed an interest in this area,

through the Fe(II) complexes of 2,6-di(pyrazolyl)pyr-

idine ligands, whose spin-states can be varied control-

lably by appropriate substitution at the ligand

framework [6�/8]. In order to improve the cooperativity

in spin-state transitions, it is desirable to maximise

intermolecular bonding between Fe centres in the solid.

With this in mind, we have begun to examine the Fe(II)

chemistry of pyrazine-containing chelate ligands, which

contain a built-in hydrogen-bond acceptor that could be

used to mediate intermolecular interactions. We report

here the syntheses and crystal structures of three Fe(II)

complexes of (pyrazol-3-yl)pyrazine (L1) [9], which is of

particular interest in containing hydrogen-bond donor

and acceptor sites in the same molecule. Although no

complexes of L1 have been reported before, the related

compounds [Fe(L2)3]X2 [10,11] and [Fe(L3R)3]X2 [12,13]

(R�/H, Me; X��/monovalent anion) exhibit spin-state

transitions below room temperature, which depend

markedly on the identity of X� and the degree of

hydration of their solids. During this work, we have

serendipitously obtained a nanoporous crystalline solid

formed from a hydrogen-bonded network of fac -
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[Fe(L1)3]2� dications. Molecule-based nanoporous

compounds like this are of great interest, since the
potential for selective guest inclusion within their pores

could lead to uses as sensors, molecular sieves or

catalysts [14].

2. Experimental

All manipulations were carried out in air, using

distilled water or reagent-grade solvents. L1 was pre-

pared by the literature procedure [9], while all Fe salts

were purchased from Aldrich.

2.1. Syntheses of [FeCl2(L1)2] �/H2O (1 �/H2O)

Aqueous solutions of L1 (0.50 g, 3.42�/10�3 mol)

and FeCl2 �/4H2O (0.23 g, 1.14�/10�3 mol) were mixed

at room temperature. The resultant maroon solution

was filtered, and allowed to evaporate slowly at ambient

temperature to afford a maroon powder. Yield of crude

product 0.31 g, 62%. Small amounts of this compound

can be extracted into MeOH, in which it is sparingly

soluble. Vapour diffusion of Et2O into the resultant
red�/orange solution gave maroon crystals of the

product. Anal . Found: C, 38.8; H, 3.3; N, 25.6; Cl,

16.2%. Calc. for C14H12Cl2FeN8 �/H2O: C, 38.5; H, 3.2;

N, 25.6; Cl, 16.2%. Fast atom bombardment (FAB)

mass spectrum: m /z 509 [56Fe2
35Cl3(L1)2]�, 383

[56Fe35Cl(L1)2]�, 347 [56Fe(L1)2�/H]�, 237

[56Fe35ClL1]�, 146 [L1]�. IR spectrum (nujol): 3105w,

1637w, 1526m, 1504w, 1403s, 1295m, 1210m, 1172m,
1141, 1055m, 1029m, 968w, 923w, 856w, 798s, 784s,

698w cm�1.

2.2. Synthesis of [Fe(L1)3](ClO4)2 �/H2O (2 �/H2O)

Aqueous solutions of L1 (0.50 g, 3.42�/10�3 mol)

and Fe(ClO4)2 �/6H2O (0.41 g, 1.14�/10�3 mol) were

mixed at room temperature, yielding a maroon solution.

This was filtered, and allowed to evaporate slowly at

ambient temperature to give air-stable dark brown

crystals of X-ray quality. Yield 0.68 g, 86%. Anal .
Found: C, 35.4; H, 2.9; N, 23.7; Cl, 10.0%. Calc. for

C21H18Cl2FeN12O8 �/H2O: C, 35.5; H, 2.8; N, 23.6; Cl,

10.0%. FAB mass spectrum: m /z 347 [Fe(L1)2�/H]�, 146

[L1]�. IR spectrum (nujol): 3542w, 3151m, 1633w,

1528m, 1409s, 1364m, 1320w, 1300w, 1211m, 1173m,
1100vs, 973w, 926m, 846m, 793s, 701w, 660w, 648m,

625s cm�1. (Caution. While we have experienced no

difficulty in handling 2 �/H2O, metal-organic perchlorates

are potentially explosive and should be handled with

due care in small quantities).

2.3. Synthesis of [Fe(L1)3](BF4)2 �/2H2O (3 �/2H2O)

Method as for 2 �/H2O, using Fe(BF4)2 �/6H2O (0.38 g,

1.14�/10�3 mol). The product crystallised from water

as dark brown plates. Yield 0.70 g, 92%. Anal . Found:

C, 35.9; H, 3.3; N, 23.9; F, 20.8%. Calc. for
C21H18B2F8FeN12 �/2H2O: C, 35.8; H, 3.1; N, 23.9; F,

21.6%. FAB mass spectrum: m /z 367 [56FeF(L1)2]�, 347

[56Fe(L1)2�/H]�, 146 [L1]�. IR spectrum (nujol): 3540m,

3417m, 3107w, 1634m, 1532m, 1414m, 1300w, 1225m,

1180m, 1060vs, 935m, 843w, 786m, 765m, 701w, 661m,

617w cm�1. 1H NMR spectrum (CD3CN, 293 K): peaks

from Fe-containing species; d 17.0 (1H), 13.7 (1H), 12.5

(2H), 11.0 (1H), 10.2 (1H): peaks from uncoordinated
L1 [9]; d 9.2 (1H), 8.5 (2H), 7.7 (1H), 6.9 (1H).

2.4. Single crystal X-ray structure determinations

Experimental details from the structure determina-

tions are given in Table 1. All data were collected on a

Nonius KappaCCD area-detector diffractometer, using

graphite-monochromated Mo Ka radiation. The struc-

tures were solved by direct methods (SHELXS-97 [15])

and refined by full matrix least-squares on F2 (SHELXL-

97 [16]).

2.5. X-ray structure determination of [FeCl2(L1)2] �/H2O

(1 �/H2O)

No disorder was detected during the refinement of

this structure, and no restraints were applied. All non-H
atoms were refined anisotropically, while all H atoms

were located in the difference map and allowed to refine

freely.
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Table 1

Experimental details for the single crystal structure determinations in this study

[FeCl2(L1)2] �/H2O (1 �/H2O) [Fe(L1)3](ClO4)2 �/H2O (2 �/H2O) [Fe(L1)3](BF4)2 �/2H2O (3 �/2H2O)

Formula C14H14Cl2FeN8O C21H20Cl2FeN12O9 C21H22B2F8FeN12O2

Mr 437.08 711.24 703.98

Crystal size (mm) 0.10�/0.07�/0.02 0.20�/0.19�/0.13 0.31�/0.17�/0.11

Crystal class, triclinic monoclinic hexagonal

Space group /P1̄ P21/c P31/c

a (Å) 8.2948(2) 10.9878(2) 12.6485(2)

b (Å) 8.3110(2) 17.9549(4) �/

c (Å) 13.4679(4) 16.8176(3) 10.9828(1)

a (8) 86.353(1) �/ �/

b (8) 84.397(1) 121.157(1) �/

g (8) 70.964(2) �/ �/

V (Å3) 872.99(4) 2839.26(10) 1521.67(4)

Z 2 4 2

m (Mo Ka) (mm�1) 1.192 0.793 0.588

T (K) 150(2) 150(2) 150(2)

Radiation l (Å) 0.71073 0.71073 0.71073

Independent reflections 3988 6498 2302

Rint 0.081 0.059 0.051

Absorption correction Multi-scan Multi-scan Multi-scan

Min/max transmission 0.89, 0.98 0.86, 0.90 0.84, 0.94

Observed reflections [I �/2s (I )] 3304 5341 2248

Range in 2u (8) 5.90/2u0/55.0 4.20/2u0/55.0 6.40/2u0/54.9

Range in h �/100/h 0/10 �/140/h 0/13 �/160/h 0/16

Range in k �/100/k 0/10 �/230/k 0/23 �/160/k 0/16

Range in l �/170/l 0/17 �/210/l 0/21 �/130/l 0/14

Parameters/restraints 291/0 456/32 158/1

R (F ) a, wR (F2) b 0.036, 0.096 0.059, 0.148 0.038, 0.106

Goodness of fit 1.076 1.118 1.071

Weighting scheme c w�/1/[s2(Fo
2)�/(0.0427P )2

�/0.3285P ]

w�/1/[s2(Fo
2)�/(0.0406P )2

�/6.6947P ]

w�/1/[s2(Fo
2)�/(0.0803P )2

�/0.2883P ]

Dr (max/min) (e Å�3) 0.38/�/0.68 0.71/�/0.69 0.39/�/0.32

Flack parameter �/ �/ 0.001(18)

[Fe(L1)3](BF4)2 �/2H2O (3 �/2H2O)

Formula C21H22B2F8FeN12O2

Mr 703.98

Crystal size (mm) 0.31�/0.17�/0.11

Crystal class hexagonal

Space group P31/c

a (Å) 12.6614(7)

b (Å) �/

c (Å) 10.9299(5)

a (8) �/

b (8) �/

g (8) �/

V (Å3) 1517.44(14)

Z 2

m (Mo Ka) (mm�1) 0.589

T (K) 300(2)

Radiation, l (Å) 0.71073

Measured reflections 6659

Independent reflections 2124

Rint 0.046

Absorption correction Multi-scan

Min/max transmission 0.84, 0.94

Observed reflections [I �/2s (I )] 1834

Range in 2u (8) 6.40/2u0/54.9

Range in h �/140/h 0/16

Range in k �/160/k 0/15

Range in l �/140/l 0/14

Parameters/restraints 175/1

R (F ) a, wR (F2) b 0.043, 0.108
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2.6. X-ray structure determination of

[Fe(L1)3](ClO4)2 �/H2O (2 �/H2O)

The solvent water molecule is disordered over three

sites, with occupancies of 0.60:0.20:0.20. One ClO4
�

anion is disordered over two orientations, with an

occupancy ratio 0.60:0.40. All Cl�/O distances in the

disordered anion were restrained to 1.43(2) Å, and non-

bonded O/� � �/O distances within a given disorder orienta-

tion to 2.34(2) Å. Finally, one pyrazole group C(19)�/

C(23) is disordered, over two orientations with occu-

pancies of 0.75 and 0.25. This was modeled using the

restraints N�/N�/1.36(2), N�/C�/1.35(2), N�/C�/

1.32(2), C�/C{intra-ring}�/1.39(2), C�/C{inter-ring}�/

1.45(2) and C�/C�/1.36(2) Å. All non-H atoms with

occupancy �/0.5 were refined anisotropically. The H

atoms for the disordered water molecule could not be

located in the difference map, and so were not included
in the final refinement. All other H atoms were placed in

calculated positions and refined using a riding model.

2.7. X-ray structure determination of [Fe(L1)3](BF4)2 �/
2H2O (3 �/2H2O)

The asymmetric unit contains one-third of a complex
dication, with Fe(1) lying on the crystallographic C3 axis

2/3, 1/3, z , and one-third of a BF4
� anion with one B�/F

bond lying on the axis 1/3, 2/3, z . There is also a very

badly disordered region in the difference map, corre-

sponding to the interior of the channels in the crystal,

which was modeled using 9 (150 K) or 12 (300 K) partial

O environments to a total of two O atoms per

asymmetric unit. From the microanalysis of the crystals
and NMR data, this disordered region is presumed to

contain the second BF4
� anion, which was otherwise

not located in the difference map, as well as some water.

At 300 K only, the resolved BF4
� ion was disordered by

rotation about its C3 axis. Three partial F environments

were modeled for the disordered F atom F(15), with

occupancies of 0.40, 0.35 and 0.25, using the restraints

B�/F�/1.38(1) Å and F/� � �/F�/2.25(2) Å. At both
temperatures, all wholly occupied non-H atoms were

refined anisotropically. The pyrrolic H atom H(10) was

located in the difference map and allowed to refine

freely, while all C-bound H atoms were placed in

calculated positions and refined using a riding model.
No H atoms attached to the disordered partial O atoms

could be detected in the difference map, and these were

not included in the final model.

2.8. Other measurements

Infra-red spectra were obtained as Nujol mulls
pressed between KBr windows, between 400 and 4000

cm�1 using a Nicolet Avatar 360 spectrophotometers.

UV/visible spectra were obtained with a Perkin�/Elmer

Lambda 900 spectrophotometer, operating between

1100 and 200 nm, in 1 cm quartz cells. Positive ion

FAB mass spectra were performed on a VG AutoSpec

spectrometer, employing a 3-NOBA matrix. CHN

microanalyses were performed by the University of
Leeds School of Chemistry microanalytical service.

Solution 1H NMR spectra were run on a Bruker

ARX250 spectrometer, operating at 250.1 MHz. Solid

state NMR spectra were obtained using a Bruker

MSL300 instrument, operating at 281.8 (19F) and 96.1

(11B) MHz, and were referenced to BF3 �/Et2O.

3. Results and discussion

Reaction of hydrated FeCl2 with three molar equiva-

lents of L1 in water gave a maroon solution, which

yielded a sparingly soluble maroon powder on slow

evaporation. Recrystallisation of this solid from MeOH/

Et2O gave [FeCl2(L1)2] �/H2O (1 �/H2O) as the only isol-

able pure product. We have been unable to prepare
[Fe(L1)3]Cl2 in pure form by this, or any other, route. In

contrast, [Fe(L1)3](ClO4)2 �/H2O (2 �/H2O) and

[Fe(L1)3](BF4)2 �/2H2O (3 �/2H2O) were obtained cleanly

from analogous aqueous complexations of hydrated

Fe(ClO4)2 and Fe(BF4)2. Although clearly showing the

presence of two BF4
� anions, the F analysis of different

samples of 3 �/2H2O was variable and consistently low by

0.8�/1.5%, which may reflect partial hydrolysis of the
BF4

� ions during the aqueous complexation (see below)

[17]. The presence of water in 1 �/H2O, 2 �/H2O and 3 �/
2H2O was confirmed by IR spectroscopy, which showed

[Fe(L1)3](BF4)2 �/2H2O (3 �/2H2O)

Goodness of fit 1.049

Weighting scheme c w�/1/[s2(Fo
2)�/(0.0491P )2

�/0.5213P ]

Dr (max/min) (e Å�3) 0.22/�/0.23

Flack parameter �/0.01(3)

a R�/a[½Fo½�/½Fc½]/a½Fo½.
b wR�/[aw (Fo

2�/Fc
2)/awFo

4]1/2.
c P�/(Fo

2�/2Fc
2)/3.

Table 1 (Continued )
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a characteristic H�/O�/H bending vibration as a broad

peak near 1630 cm�1 [18].

The 1H NMR spectrum of 3 �/2H2O in CD3CN is

broadened, and shows two major L1 environments

(Section 2). First are six peaks between d 10.2 and

17.0 ppm with approximately equal integrals. We assign

this species to a Fe-containing species that is in a spin-

state equilibrium, with only a small high-spin fraction at

300 K (because of its small contact shifts). Second, are

five peaks of equal integral in the range 6.9�/9.2 ppm,

whose chemical shifts are identical to those of uncoor-

dinated L1 in this solvent. Spectra obtained in

{CD3}2CO or CD3NO2 show similar peaks, but with

the relative abundance of the two L1 environments

varying between the solvents. These data strongly

suggest that partial solvolysis of the Fe centres occurs

upon dissolution. Consistent with this, the FAB mass

spectra of 2 and 3 contain no molecular ions derived

from [Fe(L1)3]�. Rather, peaks from ions with a 2:1

L1:Fe stoichiometry are dominant, which also shows
that the L1 ligands are labile under these conditions.

Unfortunately, 1 �/H2O was insufficiently soluble for its

NMR spectrum to be obtained.

The single crystal structure of 1 �/H2O shows a six-

coordinate Fe(II) centre with approximate C2 symmetry,

with cis -Cl� ligands and trans -L1 pyridine donors (Fig.

1, Table 2). The bond lengths to Fe are consistent with a

high-spin Fe(II) centre, as is usual for Fe(II) complexes

with a dichloro-tetraaza donor set [19,20]. Interestingly,

the C2 symmetry at Fe(1) is broken by the two Fe�/Cl

bond lengths, the bond Fe(1)�/Cl(24) being 0.0644(8) Å

longer than Fe(1)�/Cl(25). This distortion is also re-

flected in the angles N(2)�/Fe(1)�/Cl(24) and N(13)�/

Fe(1)�/Cl(25), which differ by 3.56(7)8; and, N(2)�/

Fe(1)�/N(20) and N(9)�/Fe(1)�/N(13), which differ by

2.64(10)8. All other bonds and angles related by the

pseudo-C2 axis differ by much smaller amounts, or are

crystallographically equal. This type of distortion invol-

ving unequal Fe�/Cl distances has only been observed

once before in a FeIICl2N4 complex [20]. Since Cl(24)

and Cl(25) accept near-identical O�/H/� � �/Cl hydrogen

bonds (see below), it is unclear why 1 should exhibit this

structural distortion.

The lattice water molecule in 1 �/H2O forms hydrogen

bonds to Cl(25), and to Cl(24?) of a neighbouring

molecule related by x�/1, y , z . The two pyrazole N�/H

groups of the complex also form the following hydrogen

bonds to pyrazine N-atoms: N(10)�/H(10)/� � �/N(16??)
(related by �/x�/2, �/y�/1, �/z�/2); and N(21)�/H(21)/

� � �/N(5???) (related by �/x�/1, �/y�/1, �/z�/1). This

results in a 2D lattice, with co-parallel chains of

hydrogen-bonded complex molecules spanned by water

molecules (Fig. 2). Adjacent complex molecules within

the chains are also linked by p�/p interactions between

their pyrazine rings N(2)�/C(7) and N(2???)�/C(7???),
which are separated by 3.225(12) Å and offset by 1.48

Å; and, N(13)�/C(18) and N(13??)�/C(18??), separated by

3.26(2) Å and offset by 1.35 Å.

The complex dication in 2 �/H2O has a distorted mer -

octahedral structure that resembles that in

[Fe(L2)3](O3SCF3)2 �/2H2O [11], [Fe(L3H)3](BF4)2 �/2H2O

[13] and [Fe(L3Me)3](BF4)2 [12] (Fig. 3, Table 3). The

Fe�/N bond lengths in 2 are consistent with the Fe

Fig. 1. View of the complex molecule in the single crystal structure of

[FeCl2(L1)2] �/H2O (1 �/H2O), showing the atom numbering scheme

employed. All C-bound H atoms have been omitted for clarity.

Thermal ellipsoids are at the 50% probability level.

Table 2

Selected bond lengths (Å) and angles (8) in the single crystal X-ray

structures of [FeCl2(L1)2] �/H2O (1 �/H2O).

Bond lengths

Fe(1)�/N(2) 2.1896(18)

Fe(1)�/N(9) 2.2290(19)

Fe(1)�/N(13) 2.1995(18)

Fe(1)�/N(20) 2.2207(19)

Fe(1)�/Cl(24) 2.4510(6)

Fe(1)�/Cl(25) 2.3866(6)

Bond angles

N(2)�/Fe(1)�/N(9) 74.25(7)

N(2)�/Fe(1)�/N(13) 170.16(7)

N(2)�/Fe(1)�/N(20) 99.47(7)

N(2)�/Fe(1)�/Cl(24) 90.95(5)

N(2)�/Fe(1)�/Cl(25) 93.56(5)

N(9)�/Fe(1)�/N(13) 96.83(7)

N(9)�/Fe(1)�/N(20) 78.73(7)

N(9)�/Fe(1)�/Cl(24) 92.72(5)

N(9)�/Fe(1)�/Cl(25) 164.64(5)

N(13)�/Fe(1)�/N(20) 74.29(7)

N(13)�/Fe(1)�/Cl(24) 93.66(5)

N(13)�/Fe(1)�/Cl(25) 94.51(5)

N(20)�/Fe(1)�/Cl(24) 164.07(5)

N(20)�/Fe(1)�/Cl(25) 94.49(5)

Cl(24)�/Fe(1)�/Cl(25) 96.87(2)
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content of the crystal being purely low-spin at the

temperature of the experiment (150 K). The pyrazole

ring of one of the ligands is disordered over a major

(75%) and minor (25%) orientation (Fig. 3). This

disorder is linked to disorder in the solvate water

molecule (Section 2), since one 20%-occupied partial O

environment lies within van der Waals contact of the

major ligand orientation. This suggests that the major

ligand orientation, and this partial water site, cannot be

simultaneously occupied. There is a complex pattern of

intermolecular N�/H/� � �/N, N�/H/� � �/O and O�/H/� � �/O hy-

drogen bonding in the lattice, leading to a 3D network

of hydrogen-bonded molecules.

In contrast to 2, the complex dication in 3 �/2H2O has

crystallographic C3 symmetry and adopts a fac -octahe-

dral stereochemistry that is distorted by the small ligand

bite-angle (Table 4, Fig. 4). As for 2, the Fe ion in 3 is

clearly low-spin at 150 K, from the Fe�/N bond lengths

Fig. 2. Packing diagram of 1 �/H2O.

Fig. 3. View of the complex dication in the single crystal structure of

[Fe(L1)3](ClO4)2 �/H2O (2 �/H2O). All C-bound H atoms have been

omitted for clarity. Thermal ellipsoids are at the 50% probability level.

Both the major (solid bonds) and minor (hollow bonds) disorder

orientations of the disordered pyrazole group C(19)�/C(23) are shown.

Table 3

Selected bond lengths (Å) and angles (8) in the single crystal X-ray

structures of [Fe(L1)3](ClO4)2 �/H2O (2 �/H2O)

Bond lenghts

Fe(1)�/N(2) 1.979(3)

Fe(1)�/N(9) 1.946(3)

Fe(1)�/N(13) 1.983(3)

Fe(1)�/[N(20A), N(20B)] 1.936(6), 2.01(2)

Fe(1)�/N(24) 1.969(3)

Fe(1)�/N(31) 1.954(3)

Bond angles

N(2)�/Fe(1)�/N(9) 80.27(13)

N(2)�/Fe(1)�/N(13) 173.95(12)

N(2)�/Fe(1)�/[N(20A), N(20B)] 94.20(19), 96.8(6)

N(2)�/Fe(1)�/N(24) 91.14(11)

N(2)�/Fe(1)�/N(31) 96.40(13)

N(9)�/Fe(1)�/N(13) 96.31(12)

N(9)�/Fe(1)�/[N(20A), N(20B)] 94.9(2), 85.8(6)

N(9)�/Fe(1)�/N(24) 95.61(12)

N(9)�/Fe(1)�/N(31) 174.51(13)

N(13)�/Fe(1)�/[N(20A), N(20B)] 81.1(2), 77.9(6)

N(13)�/Fe(1)�/N(24) 94.17(11)

N(13)�/Fe(1)�/N(31) 87.39(12)

[N(20A), N(20B)]�/Fe(1)�/N(24) 168.9(2), 172.1(6)

[N(20A), N(20B)]�/Fe(1)�/N(31) 89.7(2), 99.0(6)

N(24)�/Fe(1)�/N(31) 80.03(13)

The two values quoted for bonds and angles to N(20) correspond

respectively to the two disorder orientations of this atom, N(20A) and

N(20B).
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in the structure. The pyrazole N�/H group hydrogen

bonds to the pyrazine atom N(5?) of a neighbouring

molecule related by x�/y�/1, �/y�/1, z�/1/2. The effect

of this is to associate the complex molecules into a

hexagonal honeycomb, with channels running parallel

to the crystallographic c axis (Fig. 5). Only one BF4
�

anion was located in the Fourier map, which has

crystallographic C3 symmetry and occupies a cavity

within the ‘walls’ of the honeycomb. The channels are

filled with a highly disordered region of electron density

that could not be positively identified, but presumably

contains the other BF4
� ion and water that are present

by microanalysis. The ‘missing’ content of the crystals as

calculated by microanalysis, of 1/3BF4
��/2/3H2O per

crystallographic asymmetric unit, are consistent with the

amount of intra-pore disordered electron density, which

is approximately equivalent to two O atoms per asym-

metric unit.
In order to determine whether 3 �/2H2O undergoes a

spin-state transition upon cooling (which would lead to

a change in the crystal pore sizes), a second X-ray

analysis at 300 K was performed on the same crystal of

this compound that was used for the low temperature

analysis. The crystal is isomorphous at the two tem-

peratures, and the metric parameters at Fe are indis-

tinguishable at 150 and 300 K. Therefore, 3 �/2H2O
contains purely low-spin Fe centres at both tempera-

tures. However, the intra-pore disorder is more complex

at 300 K than at 150 K, which could mean that the

contents of the pores are dynamically disordered at

either or both of these temperatures, and/or that the

arrangement of molecules within the pores is different at

300 K than at 150 K. We suggest that this ordering and/

or rearrangement of the pore contents upon cooling is
responsible for a small increase in the unit cell volume of

3 �/2H2O at 150 K compared to 300 K (Table 1). This

reflects the unit cell parameter c , which runs parallel to

the pores (Fig. 5), being 0.0529(5) Å longer at 150 K.

The closest interatomic distance spanning the chan-

nels through the crystal of 3 �/2H2O is H(11)/� � �/H(4??)�/

7.7 Å at 150 K (related by y�/1, x�/1, z�/1/2),

corresponding to a pore diameter of 5.3 Å given that
the van der Waals radius of hydrogen is 1.2 Å [22]. Since

the effective diameter of BF4
� is 4.2 Å [23] and that of

H2O is approximately 2.6 Å [24], the formulation of the

solid suggests that the channels in 3 �/2H2O are tightly

packed with BF4
� and water, so that mobility of these

molecules through the pores could be restricted. Con-

sistent with this, the microanalysis of 3 �/2H2O is un-

changed following heating to 100 8C under vacuum for
48 h, showing that the water content of the pores is not

easily lost. Soaking 3 �/2H2O in a solution of toluene

saturated with NBun
4Cl for 48 h yielded a sample with a

Cl analysis of 2.19/0.1%, which is equivalent to the

replacement of approximately 0.4 mol equivalents of

BF4
� by Cl�. However, this is accompanied by partial

visual decomposition of the crystals, showing that the

structural integrity of 3 �/2H2O is not retained during this
procedure. We found no other solvent, in which NBun

4Cl

is soluble but 3 �/2H2O is apparently insoluble, that could

be used as an alternative medium for this anion

replacement.

In order to further probe the anion content of 3 �/
2H2O, solid state 19F and 11B NMR spectra were

obtained from this compound at 293 K. The 19F spectra

showed two singlets with similar integrals, at d �/142.4
and �/146.2 ppm. There is also a weak shoulder at

�/144.0 ppm, which we tentatively attribute to a fraction

of BF3OH� ions in the sample (see above), since the 19F

chemical shifts of BF4
� and BF3OH� are very similar

Table 4

Selected bond lengths (Å) and angles (8) in the single crystal X-ray

structures of [Fe(L1)3](BF4)2 �/2H2O (3 �/2H2O)

150 K 300 K

Bond lengths

Fe(1)�/N(2) 1.9767(19) 1.981(3)

Fe(1)�/N(9) 1.962(2) 1.960(3)

Bond angles

N(2)�/Fe(1)�/N(2?) 94.56(8) 94.72(12)

N(2)�/Fe(1)�/N(9) 80.39(9) 80.18(12)

N(2)�/Fe(1)�/N(9?) 89.71(9) 88.85(13)

N(2?)�/Fe(1)�/N(9) 173.65(10) 174.01(14)

N(9)�/Fe(1)�/N(9?) 95.65(8) 96.50(12)

Primed atoms are related to unprimed atoms by the relation 1�/y ,

x�/y , z .

Fig. 4. View of the complex dication in the single crystal structure of

[Fe(L1)3](BF4)2 �/2H2O (3 �/2H2O). All C-bound H atoms have been

omitted for clarity. Thermal ellipsoids are at the 50% probability level.

Primed atoms are related to unprimed atoms by the relation �/y�/1,

x�/y , z ; and, doubly primed atoms by x�/y�/1, �/x�/1, z .
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[25]. Similar results were obtained from 11B NMR, for

which two singlets of approximately equal integral were

obtained, at d 1.2 and 3.6 ppm. The 19F and 11B line

widths were both narrow, consistent with both BF4
�

environments in the solid rotating rapidly at this

temperature. Following heating of crystalline 3 �/2H2O

at 100 8C under vacuum for 48 h, the 19F and 11B NMR
spectra of the ground sample were broadened, but

otherwise unchanged. We suggest that this may reflect

some loss of crystallinity during the annealing process.

4. Concluding remarks

Compound 3 �/2H2O is an unusual example of a

porous structure constructed from a 3D hydrogen-
bonded network, rather than from a coordination

polymer [14,26]. In principle, the weaker intermolecular

interactions within the walls of the structure might be

expected to lead to a poorly robust material. We

therefore attribute the inertness of 3 �/2H2O to water

loss to a combination of the small size of the pores in

this crystal, which are only slightly bigger than the intra-

pore BF4
� ions; and, the strong electrostatic interac-

tions that hold these anions in place. This is likely to

sterically block movement, and loss, of the water

content of the channels. The honeycomb structure in

3 �/2H2O is also chiral, being in the space group P31/c .

The chirality arises from the octahedral fac -[Fe(L1)3]2�

centres, which can have L or D configurations [21]; in

the crystal analysed, all the Fe centres are in the L form.

As a result, the C3-symmetric, three-connected hydrogen

bonding topology that links the complex dications is

also chiral.
It is a little surprising that [Fe(L1)3]2� appears to

favour a low-spin configuration, given that all reported

salts of [Fe(L2)3]2� and [Fe(L3R)3]2� (R�/H, Me) are

spin-crossover compounds at room temperature or

below [10�/13]. The pyrazine donor in L1 will be less

basic than the pyridine donor in L2 by several pK units

[27], which might be expected to favour a high-spin-state

for [Fe(L1)3]2�, contrary to our observations. The low-
spin configuration may be enforced on 3 �/2H2O by the

steric constraints of the surrounding hydrogen-bonded

lattice [1], and it is possible that 2 �/H2O (at T �/150 K)

and other salts of [Fe(L1)3]2� might have the desired,

spin-crossover character. We are currently investigating

that possibility.

5. Supplementary data

Full crystallographic data for the structure analyses in

this study are available on request from the Cambridge

Fig. 5. Packing diagram of 3 �/2H2O, viewed perpendicular to the ab plane. The well-defined BF4
� anions are shown, but the disordered contents of

the pores, and all hydrogen bonds within the structure, have been omitted for clarity.
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