
This is a repository copy of Iron and Silver Complexes of 4‐(Imidazol‐1‐yl)‐2,6‐di(pyrazol‐
1‐yl)‐pyridine (L), Including a [Fe3(µ‐F)2F6L8]+ Assembly.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/165412/

Version: Accepted Version

Article:

Capel Berdiell, I, Kulmaczewski, R, Warriner, SL orcid.org/0000-0002-7589-6011 et al. (2 
more authors) (2020) Iron and Silver Complexes of 4‐(Imidazol‐1‐yl)‐2,6‐di(pyrazol‐1‐yl)‐
pyridine (L), Including a [Fe3(µ‐F)2F6L8]+ Assembly. European Journal of Inorganic 
Chemistry, 2020 (46). pp. 4334-4340. ISSN 1434-1948 

https://doi.org/10.1002/ejic.202000782

© 2020 Wiley‐VCH GmbH. This is the peer reviewed version of the following article: Capel 
Berdiell, I, Kulmaczewski, R, Warriner, SL et al. (2 more authors) (2020) Iron and Silver 
Complexes of 4‐(Imidazol‐1‐yl)‐2,6‐di(pyrazol‐1‐yl)‐pyridine (L), Including a [Fe3(µ‐
F)2F6L8]+ Assembly. European Journal of Inorganic Chemistry, 2020 (46). pp. 4334-4340.
ISSN 1434-1948, which has been published in final form at 
https://doi.org/10.1002/ejic.202000782. This article may be used for non-commercial 
purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived 
Versions.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



 

 

 

 

 

 

 

 

Iron and Silver Complexes of 4-(Imidazol-1-yl)-2,6-di(pyrazol-1-yl)-

pyridine (L), Including a [Fe3(-F)2F6L8]+ Assembly  

Izar Capel Berdiell,[a,b] Rafal Kulmaczewski,[a] Stuart L. Warriner,[a] Oscar Cespedes[c] and  

Malcolm A Halcrow*[a] 

 

Abstract: Treatment of 2,4,6-trifluoropyridine with sodium 

imidazolate, then 2 equiv sodium pyrazolate, in two reaction steps 

yields the title ligand L in 40 % overall yield. Crystalline [FeL2][BF4]2 

and [FeL2][ClO4]2 are isostructural high-spin complexes, with highly 

twisted six-coordinate geometries and pendant imidazolyl groups. 

Conversely, [Ag(-L)]BF4·½MeCN is a linear coordination polymer of 

distorted square planar silver ions linked by 1:3,-L ligands. Some 

samples of [FeL2][BF4]2 were contaminated by [FeIII
3(-F)2F6L8]BF4, 

which was prepared in pure form following reaction of Fe[BF4]26H2O, 

Na3[FeF6] and L in appropriate ratios. The linear [{trans-FeFL4}2(-

F)2FeF4]+ assembly is supported by monodentate L ligands 

coordinated through their imidazolyl donors, and donating C−H...F 

interactions to the central [FeF6]3− moiety. The cluster exhibits 

moderate antiferromagnetic coupling between its iron(III) centers. 

Introduction 

2,6-Di(pyrazol-1-yl)pyridine (bpp or 1-bpp[1]) and its derivatives 
are an important group of tridentate “terpyridine analogue” ligands 
(Scheme 1).[2-5] Their synthetic flexibility is a particular advantage 
of the bpp ligand family, which can be derivatized at every position 
of the ligand skeleton using available starting materials, easily 
synthesized pyrazole precursors and/or straightforward functional 
group transformations. They have found particular use as 
components in iron(II) spin-crossover materials, where over 100 
complex salts of different [Fe(bpp)2]2+ derivatives are now 
available.[3,4] As well as providing a unique library for 
structure:function studies,[3,6-8] bpp derivatives bearing conductive, 
fluorescent, photoswitchable or tether substituents have proven 
very useful for multifunctional spin-crossover compounds.[9,10] An 
useful family of lanthanide photosensitizer ligands for biological 
imaging is based on the bpp ligand scaffold,[2,11] while bpp 

derivatives have also proven useful for catalysis[12-14] and as 
components in dye-sensitized solar cells.[15] 

 

Scheme 1. The prototypical bpp ligand, and its new derivative L. 

We recently reported that addition of silver salts to solutions 
of preformed [M(tpt)2]2+ (M = Fe, Co, Ni; tpt = 2,4,6-tri(pyrazol-1-
yl)-1,3,5-triazine) yields thixotropic, heterometallic coordination 
polymer gels.[16] Solution studies and crystal structures of model 
compounds imply the gels are formed from [{MAg(-tpt)2}n]3n+ 
assemblies, with alternating M2+ and Ag+ ions linked by ditopic tpt 
ligands. Given our on-going interest in spin-crossover materials,[3] 
we have also screened other ditopic di- or tri-(pyrazolyl)azines as 
bridging ligands in assembly structures (or gels) with spin-
crossover switching properties.[16-19] Continuing this effort, we now 
report the ditopic ligand 4-(imidazol-1-yl)-2,6-di(pyrazol-1-
yl)pyridine (L, Scheme 1), a potentially bridging ligand with 
divergent tridentate and monodentate metal-binding domains,[5] 
and its iron and silver complexes. Our results include the 
unexpected isolation of an unusual [Fe3(-F)2F6L8]+ complex, with 
a linear [FeIII

2(-F)2FeIIIF4)]3+ core supported by monodentate L 
coordination. 

Results and Discussion 

Substitution of the fluoro groups in 2,4,6-trifluoropyridines by 
amine nucleophiles occurs preferentially at the C4 position.[20] 
Thus, 2,6-difluoro-4-(imidazol-1-yl)pyridine was prepared in 
moderate yields by treatment of sodium imidazolate with excess 
2,4,6-trifluoropyridine (to reduce byproducts from multiple 
substitution). Reaction of this purified intermediate with 2 equiv 
sodium pyrazolate under the same conditions yielded L, in an 
overall yield of 40 % over the two steps. The identity of both 
compounds was confirmed crystallographically. 2,6-Difluoro-4-
(imidazol-1-yl)pyridine (monoclinic, space group Pc, Z = 12) is 
notable as a high-Z’ crystal, with six independent molecules of the 
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compound in its asymmetric unit (Figure S3).[21] Two polymorphs 
of L were isolated; the -polymorph (orthorhombic, Pna21, Z = 8) 
contains two crystallographically independent molecules, but the 
unique half-molecule in -L (orthorhombic, Pnma, Z = 4) exhibits 
whole-molecule disorder across a crystallographic mirror plane 
which limits the quality of its refinement (Figures S4-S6). 

Reaction of silver salts with 1 equiv L yields white precipitates, 
which are insoluble in all common solvents except acetonitrile. 
Very slow evaporation of an acetonitrile solution of the BF4

− salt 
of this compound yielded a few single crystals of a coordination 
polymer, catena-[Ag(-L)]BF4·½MeCN (triclinic, P1 , Z = 4). The 
asymmetric unit of this crystal contains two formula units of the 
complex. Each silver ion is coordinated by two L ligands, one in 
tridentate fashion with the other being monodentate through its 
pendant imidazolyl donor (Figure 1). The two silver ions adopt 
similarly distorted square-planar coordination geometries, with 
Ag−N bonds ranging from 2.180(6)-2.579(7) Å and a trans-
N{pyridyl}−Ag−N{imidazolyl} angle of 162.6(2)-164.9(2)°. Such 
distortions often occur in square planar silver(I) complexes.[22] The 
main difference between the unique [AgL]+ fragments is the 
dihedral angle between their pyridyl and imidazolyl groups, which 
is 28.5(3)° for ligand N(3)-C(23) and 15.3(4)° for ligand N(24)-
C(44). 

The Ag(1) and Ag(2) sites alternate within the polymer chains, 
which propagate along the crystallographic (1�� 1) vector (Figure 
S8). Nearest neighbor chains related by crystallographic inversion 
symmetry are linked by an argentophilic interaction Ag(2)...Ag(2i) 
= 3.1728(13) Å[23] (Figure 1; the corresponding distance 
Ag(1)...Ag(1ii) is longer at 3.6206(14) Å). This places the pyridyl 
group bound to Ag(2) and the imidazolyl donor to Ag(1i) in ... 

contact; the least squares planes of these groups are separated 
by 3.40(3) Å, with a dihedral angle of 9.2(5)°. 

Crystals of [Ag(-L)]BF4·½MeCN decompose on exposure to 
air, affording a white solid analysing approximately as [Ag(-
L)]BF4·½H2O. Electrospray mass spectra of the compound from 

MeCN solution contain strong [AgL]+ and [AgL2]+ molecular ions, 
with no higher nuclearity species being present. That is often 
found in mass spectra of silver/N-heterocyclic ligand assemblies, 
which are usually labile in solution.[17,18,24] 

Isostructural [FeL2][BF4]2 and [FeL2][ClO4]2 (monoclinic, C2/c, 
Z = 4) contain a C2-symmetric complex cation, with a strongly 
distorted coordination geometry that is often found in high-spin 
[Fe(bpp)2]2+ derivatives (Figure 2, Table S3).[3,25] The deviation of 
the molecule from its idealized D2d symmetry is expressed by two 
parameters: the trans-N{pyridyl}−Fe−N{pyridyl} angle () and the 
dihedral angle between the least squares planes of the 
heterocyclic cores fo the two ligands ().[26] High-spin complexes 
deviating strongly from the ideal values of  = 180° and  = 90° 
rarely exhibit thermal spin-crossover, being kinetically trapped in 
their high-spin form by their rigid crystal lattice.[26,27] The 
geometries of [FeL2][BF4]2 ( = 151.26(9)°,  = 68.28(2)°) and 
[FeL2][ClO4]2 ( = 151.5(2)°,  = 68.41(4)°) fall within the range 
where only high-spin materials are expected (Figure S10). The 
dihedral angles between the pyridyl and pendant imidazolyl rings 
in [FeL2][BF4]2 and [FeL2][ClO4]2 are 8.12(13) and 7.6(3)° 
respectively, making those residues almost coplanar. 

Magnetic measurements show both salts of [FeL2]2+ are fully 
high-spin between 5-300 K, as expected from the crystallographic 
analyses (Figure S11). The complex is also high-spin in CD3CN 
solution within the solvent liquid range (Figure S12).[28] That 
contrasts with the closely related [Fe(tpp)2][BF4]2 (tpp = 2,4,6-
tri(pyrazol-1-yl)pyridine), which shows the clear onset of spin-
crossover over the same temperature range with T½ = 215 ±3 K.[6] 
The published correlation between T½ and ligand substitutent 
Hammett parameters in [Fe(bpp)2]2+ derivatives cannot be applied 
here,[6] because the relevant P

+ parameters for N-heterocycle 
substitutents are not available.[29] However the greater -donor 
character of an imidazol-1-yl substituent compared to a pyrazol-
1-yl group,[30] should destabilize the low-spin form of [FeL2]2+ by 
reducing Fe→L back-bonding and thus lower T½, as observed.[6] 

 

Figure 1 The centrosymmetric dimer-of-1D chains in the coordination polymer [Ag(-L)]BF4·½MeCN. Displacement ellipsoids are at the 50 % probability level and 
the anions, lattice solvent and all H atoms are omitted for clarity. Color code: C, white; Ag, green;N, blue. Symmetry codes: (i) 1−x, 1−y, 1−z; (ii) −x, 2−y, −z;  
(iii) −1+x, 1+y, −1+z; (iv) 1+x, −1+y, 1+z. 



 

 

 

 

 

 

 

 

 

Figure 2 The complex cation in [FeL2][BF4]2. Displacement ellipsoids are at the 
50 % probability level, and H atoms are omitted for clarity (Figure S##). Color 
code: C, white; Fe, green; N, blue. Symmetry code: (v) −x, y, 3/2−z. 

The 1H NMR spectrum of [FeL2][ClO4]2 contains peaks from at 
least three distinct species (Figure S13). First, contact-shifted 
peaks at 42.1 (relative integral 8H), 60.7 (4H) and 71.7 (4H) 
correspond to the four unique protons of the tridentate ligand 
domain of high-spin [FeL2]2+.[26,31] Second, a collection of peaks 
between 6.5-9.0 ppm has too large an integral to arise simply from 
the pendant imidazolyl group of [FeL2]2+, and implies the presence 
of metal-free L. Lastly are additional broad peaks at 11.0 and 14.7 
ppm, of 10-12H combined relative integral. These are tentatively 
ascribed to the uncoordinated bpp residue of a monodentate L 
ligand, although more downfield-shifted peaks from a coordinated 
imidazolyl ring were not unambiguously identified.[28]  

Attempts to form heterometallic assemblies by treating 
[FeL2][BF4]2 or [FeL2][ClO4]2 with the appropriate silver salt were 
unsuccessful, and instead afforded white precipitates of [AgL]X 
(X− = BF4

− or ClO4
−). This will reflect the lability of high-spin 

[FeL2]2+ as observed by NMR, and the insolubility of the silver 
coordination polymers which sequester L from these solutions by 
precipitation. 

The bright yellow crystals of [FeL2][BF4]2 were sometimes 
contaminated by a pale green byproduct, which was identified 
crystallographically as an unusual iron(III)/fluoro species [Fe3(-
F)2F6L8]BF4 (Fgure 3). The fluoro ligands presumably originate 
from hydrolysis of BF4

− during the slow crystallization process, 
which might be promoted by the basic imidazolyl ligand 
substituents.[32] This contamination was also evident in the X-ray 
powder pattern of [FeL2][BF4]2; in contrast, samples of 
[FeL2][ClO4]2 were visually homogeneous and phase-pure by 
powder diffraction (Figure S14). 

 

Figure 3 The complex cation in [Fe3(-F)2F6L8]BF4·2.5MeOH. Only one 
orientation of the disordered L ligand residues is shown, and H atoms are 
omitted. Fe and F atoms are displayed with 50 % displacement ellipsoids, while 
the L ligands are de-emphasized for clarity (Figure S##). Color code: C, white; 
F, cyan; Fe, green; N, blue. Symmetry code: (vi) x, 1+x‒y, 7/6‒z. 

The identity of the monoatomic ligands in [Fe3(-F)2F6L8]BF4 

as fluoro rather than (hydr)oxo was confirmed by its mass 
spectrum. This showed clear molecular ions for [Fe3F8L8]+ (m/z = 
2537.6521; calcd 2537.6552) and [Fe3F7L8]2+ (m/z = 1259.3278; 
calcd 1259.3281), with few significant fragmentation peaks 
(Figure S15). These data also confirm the identity of the central 
hexafluorometallate fragment as [FeF6]3−.[33]  

A rational synthesis of [Fe3(-F)2F6L8]BF4 was achieved by 
reaction of Na3[FeF6], Fe[BF4]2·6H2O and L in a 1:2:8 mole ratio 
in methanol solution. Two pseudopolymorphs of the complex 
were isolated under different crystallization conditions. Slow 
evaporation of the reaction mixture yielded large, well-formed 
cubic crystals (tetragonal, P4322, Z = 8) while slow diffusion of 
diethyl ether vapor into the methanol solution instead yielded 
needle-shaped crystals (hexagonal, P6122, Z = 6). Both forms 
contain 11-13 % solvent-accessible void space, and suffer from 
mild twinning. A reasonably precise refinement was eventually 
achieved from a single crystal of the hexagonal form.  

The hexagonal crystals have the approximate formula [Fe3(-
F)2F6L8]BF4·2.5MeOH, with the lattice solvent content assigned 
from a SQUEEZE analysis.[34] Their asymmetric unit contains half 



 

 

 

 

 

 

 

 

a molecule of the complex with the central, linear 
F(4)−Fe(1)−F(5)−Fe(2)−F(8)−Fe(3)−F(9) spine lying on a 
crystallographic C2 axis (Figure 3). Each terminal iron atom is 
coordinated by four monodentate L ligands via their imidazolyl N-
donors, while the central Fe atom is bound by four terminal 
fluoride ions. Hence, an alternative formulation of the molecule is 
[{trans-FeIIIFL4}2(-F)2FeIIIF4]+. The +3 oxidation states of all three 
iron atoms were supported by a bond-valence sum (BVS) 
calculation,[35] which yielded BVS values of 2.783(12), 3.209(9) 
and 2.82(2) for Fe(1)-Fe(3) respectively. The bridging Fe−(-F) 
bond lengths [1.949(4)-1.986(4) Å] are in the usual range for 
[FeF6]3−-containing species (Table S4).[33,36,37] The terminal Fe−F 
distances [1.847(4)-1.887(5) Å] are shorter, but also have 
precedent in iron(III) fluoro complexes.[33,38] The Fe−N bonds lie 
between 2.111(7)-2.128(5) Å.  

While there are no hydrogen bond donors in the molecule, 
each L ligand forms two chelating C−H...F contacts to F(6), F(7) 
or their symmetry equivalents (Figures 4 and S17, Table S5). The 
shortest interactions involve the imidazolyl C2 C−H groups [C...F 
= 3.053(10)-3.075(11) Å] with a second, longer contact also 
formed by the pyridyl C3 C−H groups [C...F = 3.315(10)-3.350(9) 
Å]. These interactions encapsulate the [FeF6]3− moiety within a 
hydrophobic cavity at the centre of the molecule, which may 
contribute to the stability of the assembly in solution (see above). 
The short contacts to the metal-coordinated imidazolyl C−H 
groups are comparable to the C−H...X− distances formed by 
imidazolium anion host molecules.[39] 

 

Figure 4 View of the [Fe3(-F)2F6L8]+ cation down its C2 symmetry axis, showing 
the short (dark red) and long (pale red) C−H...F interactions to the [FeF6]3− 
moiety. Both orientations of disordered ligand residues, and H atoms, are 
included but only the ipso N atoms of the peripheral pyrazolyl groups are shown. 
Other details as for Figure 3. One pyridyl group interacting with F(6) and F(6vi) 
is disordered, with only one disorder site forming a C−H...F contact. 

It proved challenging to obtain [Fe3(-F)2F6L8]BF4 free from 
contamination by [FeL2][BF4]2. Small quantities of the pure 
compound were ultimately produced by lightly sonicating the 
crystallization vials, then decanting off microcrystalline 
contaminants. The sonication destroyed the needle-shaped 
hexagonal crystals as well as the impurities, but allowed the more 
robust cubic tetragonal crystals to be separated from the mixture. 
The resultant polycrystalline materials were analytically pure but 
poorly crystalline by powder diffraction (Figure S21), which could 
reflect damage during the sonication process.  

A sample of the cubic crystals showed MT = 6.2 cm3mol-1K at 
300 K, which is below the predicted value of ca 13 cm3mol-1K for 
three independent S = 5/2 iron(III) centers. Cooling the sample 
leads to an almost monotonic reduction in MT, which reaches 3.8 
cm3mol-1K at 40 K before decreasing more quickly below that 
temperature (Figure 5). The latter decrease is attributed to zero-
field splitting effects, which are expected to be weak but non-
zero.[40] Intermolecular coupling interactions can also influence 
MT at low temperatures but are unlikely to be significant in this 
case, because the magnetic [Fe3F8]+ centers in the material are 
well-separated from each other by the peripheral L ligands.  

 

Figure 5 Variable temperature magnetic susceptibility data for [Fe3(-
F)2F6L8]BF4. The black line shows the best fit of the data to the van Vleck 
equation derived from eq 1.[41]  

The data were modelled by the following Hamiltonian (eq 1): 
  H � = -2J1�S1∙S2+S2∙S3� − 2J2�S1∙S3�  (1) 

where S1-S3 are the S = 5/2 spins of the corresponding iron atoms 
in the crystal structure, Fe(1)-Fe(3) (Figure 3). In this formalism, 
J1 represents the coupling between iron atoms bridged by fluoride 
ligands, while J2 is a weaker interaction between the terminal iron 
centers. The van Vleck equation derived from this Hamiltonian[41] 
reproduced the data above 30 K very well, with the refined 
parameters J1 = −29.1(2) cm−1, J2 = −6.3(7) cm−1 and g = 2.001(2) 
(R2 = 0.999, Figure 5). This pattern of J couplings corresponds to 



 

 

 

 

 

 

 

 

an S = 5/2 magnetic ground state for the molecule, lying 82 cm−1 
below a S = 3/2 first excited spin state.  

The additional decrease in MT below 30 K could also be fit 
by the model, but this requires a higher g value of ca 2.15 which 
is not physically realistic for S = 5/2 iron(III) (Figures S22 and 
S23).[42] That supports the involvement of zero-field splitting in the 
low-temperature data. Alternative fits with J2 fixed at 0 were also 
clearly inferior to the one in Figure 5 (Figure S24). We propose 
the multiple C−H...F interactions involving the L ligands might 
provide a superexchange pathway between Fe(1) and Fe(3), 
giving rise to the unexpectedly large J2 value.  

To our knowledge, there is one previous magnetochemical 
study of molecular FeIII

2(-F) complexes with (approximately) 
linear fluoride bridging ligands. These are salts of [Fe2(-F)L]+, 
where H4L is one of two cofacial bis(octaethylporphyrin) 
derivatives. The antiferromagnetic coupling constants in those 
compounds, −33 ≥ J ≥ −39 cm−1, are in good agreement with J1 
from this analysis.[43]  

Conclusions 

The new ditopic bpp derivative L has been synthesized in two 
steps from commercially available precursors, in 40 % overall 
yield.[5] The tridentate and monodentate binding sites of L can 
coordinate metal ions individually or simultaneously, based on the 
compounds in this work. L proved unsuitable for the synthesis of 
spin-crossover iron/silver materials[16] because the electronic 
influence of the imidazol-1-yl substituent enforces a labile high-
spin state on [FeL2]2+; and, because [FeL2]2+ proved unexpectedly 
labile in solution by 1H NMR (Figure S13). That facilitates 
precipitation of insoluble [Ag(-L)]+ salts upon addition of silver 
reagents to [FeL2]2+, thus precluding the formation of mixed-metal 
assemblies. Significant ligand displacement is not often observed 
in 1H NMR spectra of high-spin [Fe(bpp)2]2+ derivatives.[30] We 
propose the nucleophilic imidazolyl group in L competes with the 
tridentate ligand domain for metal binding, leading to the mixture 
of solution species observed. However, assembly of more robust 
[ML2]2+ centers (eg M = Ru) with silver salts or other linkers could 
be a promising route to heterometallic gels or other assembly 
structures. 

[Fe3(-F)2F6L8]+ is a rare example of a metal/organic fluoro-
bridged iron complex with an all-iron(III) oxidation level.[43-46] The 
-[MF6]n− (M = a transition metal) bridging ligand motif is also 
rarely seen in molecular complexes,[47,48] although coordination 
polymers containing hexafluorometallate linkers are better 
known.[36,49] In principle, a range of multimetallic [{MFL4}2(-
F)2M’F4]n+ species containing different metal ions could be 
accessed, by reacting L with the appropriate Na3[M’F6] and 
M[BF4]2 precursors. This is currently under investigation. 

Experimental Section 

Instrumentation 

Elemental microanalyses were performed by the microanalytical services 
at the University of Leeds School of Chemistry, and the London 
Metropolitan University School of Human Sciences. Electrospray mass 
spectra (ESMS) were obtained on a Bruker MicroTOF spectrometer, from 
MeCN feed solutions. All mass peaks have the correct isotopic 
distributions for the proposed assignments. NMR spectra were obtained 
using a Bruker Avance 500 FT spectrometer operating at 500.1 MHz (1H) 
or 125 MHz (13C). Magnetic susceptibility measurements in solution were 
obtained by Evans method using a Jeol JNM-ECA600II (600.1 MHz) 
spectrometer.[50] Tetramethylsilane was added to all the solutions as an 
internal standard. A diamagnetic correction for the sample,[51] and a 
correction for the variation of the density of the solvent with temperature,[52] 
were applied to these data. Processing and curve fitting of magnetic data 
was performed using SIGMAPLOT.[53] 

Solid state magnetic susceptibility measurements were performed with 
freshly isolated, unground polycrystalline samples, using a Quantum 
Design MPMS-3 magnetometer in an applied field of 5000 G and a 
temperature ramp of 5 Kmin‒1. Diamagnetic corrections for the samples 
were estimated from Pascal’s constants;[51] a previously measured 
diamagnetic correction for the sample holder was also applied to the data. 
Solvated samples were protected against solvent loss by saturating the 
(tightly sealed) sample holder capsules with a drop of diethyl ether. X-ray 
powder diffraction measurements were obtained from a Bruker D2 Phaser 
diffractometer, using Cu K radiation (= 1.5418 Å). 

Materials and methods 

Unless otherwise stated, all reactions were carried out in air using as-
supplied AR-grade solvents. All reagents and solvents were purchased 
commercially and used as supplied. 

Synthesis of 2,6-difluoro-4-(imidazol-1-yl)-pyridine. Imidazole (1.00 g, 
14.7 mmol) was carefully added to a suspension of sodium hydride (60 
wt % in mineral oil; 0.70 g, 17 mmol) in tetrahydrofuran (35 cm3) under a 
nitrogen atmosphere. After evolution of hydrogen had ceased, excess 
2,4,6-trifluoropyridine (5.00 g, 38 mmol) was added and the mixture was 
stirred at room temperature for 5 hrs. After evaporation to dryness and 
extraction with dichloromethane, colorless needles of the product were 
isolated from the mixture following silica flash column chromatography (Rf 
0.52, ethyl acetate eluent). Yield 1.29 g, 48 %. Mp 164-165 °C. ESMS m/z 
182.0530 (calcd for [(C8H5F2N3)H]+ 182.0524). 1H NMR ({CD3}2SO) δ 7.20 
(d, 0.7 Hz, 1H, Im H5), 7.72 (m, 2H, Py H3/5), 8.06 (d, 0.7 Hz, 1H, Im H4), 
8.64 (s, 1H, Im H2). 13C NMR ({CD3}2SO) δ 97.3 (m, 2C, Py C3/5), 118.1 
(1C, Im C4), 131.5 (1C, Im C5), 136.8 (1C, Im C2), 151..4 (t, 14 Hz, 1C, Py 
C4), 162.5 (dd, 23 and 298 Hz, 2C, Py C2/6). 

Synthesis of 4-(imidazol-1-yl)-2,6-di(pyrazol-1-yl)pyridine (L). 

Pyrazole (0.60 g, 8.8 mmol) was carefully added to a suspension of sodium 
hydride (60 wt % in mineral oil; 0.36 g, 8.8 mmol) in tetrahydrofuran (15 
cm3) under a nitrogen atmosphere. After evolution of hydrogen had ceased, 
2,6-di(fluoro)-4-(imidazol-1-yl)-pyridine (0.76 g, 4.2 mmol) was added to 
the mixture. The solution was stirred at room temperature for 24 hrs. After 
evaporation to dryness and extraction of the residue with dichloromethane, 
silica flash column chromatography yielded the product as a white powder 
(Rf 0.33, ethyl acetate eluent). Yield 0.98 g, 84 %. Mp 196-197 °C. ESMS 
m/z 278.1157 (100 %; calcd for [HL]+ 278.1154), 300.0973 (48 %; calcd 
for [NaL]+ 300.0974). 1H NMR (CDCl3) δ 6.42 (pseudo-t, 2.7 Hz, 2H, Pz 
H4), 7.18 (s, 1H, Im H5), 7.44 (s, 1H, Im H4), 7.68 (d, 2.5 Hz, 2H, Pz H3), 
7.77 (s, 2H, Py H3/5), 8.10 (s, 1H, Im H2), 8.44 (d, 2.7 Hz, 2H, Pz H5); 13C 
NMR (CDCl3) δ 99.5 (2C, Py C3/5), 108.6 (2C, Pz C4), 117.0 (1C, Im C4), 
127.4 (2C, Pz C5), 131.7 (1C, Im C5), 135.2 (1C, Im C2), 143.1 (2C, Pz C3), 



 

 

 

 

 

 

 

 

147.9 (1C, Py C4), 151.6 (2C, Py C2/6); elemental analysis calcd (%) for 
C14H11N7 (277.29): C 60.6, H 4.00, N 35.4; found: C 60.2, H 4.00, N 35.6. 

Synthesis of catena-[Ag(-L)]BF4. A solution of L (19 mg, 0.068 mmol) 
in acetonitrile (2.5 cm3) was added to a solution of AgBF4 (13 mg, 0.068 
mmol) in the same solvent (8 cm3). The solution was left to evaporate very 
slowly in a sealed vial, which afforded colorless single crystals of 
[AgL]BF4·½MeCN after three months. Exposing these crystals to air leads 
to replacement of the acetonitrile solvent by atmospheric moisture, 
affording a white material analysing approximately as [AgL]BF4·½H2O. 
Yield 15 mg, 47 %. ESMS m/z 278.1169 (11 %; calcd for [HL]+ 278.1154), 
384.0875 (100 %; calcd for [AgL]+ 384.0121), 425.0838 (36 %; calcd for 
[AgL(NCCH3)]+ 425.0387), 661.2443 (23 %; calcd for [AgL2]+ 661.1197); 
elemental analysis calcd (%) for C14H11AgBF4N7·½H2O (480.97): C 35.0, 
H 2.51, N 20.4; found: C 34.5, H 2.41, N 20.8.  

Synthesis of [FeL2][BF4]2. Solutions of L (10 mg, 0.036 mmol) in 
acetonitrile (3 cm3) and of Fe[BF4]2·6H2O (6 mg, 0.018 mmol) in 
acetonitrile (1 cm3) were mixed, leading to an immediate bright yellow 
coloration. Addition of excess diethyl ether afforded a yellow precipitate, 
which was collected by filtration. Recrystallization of the powder by slow 
diffusion of diethyl ether vapor into an acetonitrile solution of the powder 
yielded bright yellow single crystals of the complex. Yield 11 mg, 82 %. 
ESMS m/z 278.1714 (100 %; calcd for [HL]+ 278.1154), 305.1351 (61 %; 
calcd for [FeL2]2+ 305.0751), 352.1946 (16 %; calcd for [FeLF]+ 352.1322), 
629.2715 (9 %; calcd for [FeL2F]+ 629.1485); elemental analysis calcd (%) 
for C28H22B2F8FeN14 (784.03): C 42.9, H 2.83, N 25.0; found: C 43.0, H 
2.92, N 24.8.  

Synthesis of [FeL2][ClO4]2. Method as for [FeL2][BF4]2, using 
Fe[ClO4]2·6H2O (7 mg, 0.018 mmol). The product formed yellow single 
crystals from acetonitrile/diethyl ether. Yield 10 mg, 71 %; elemental 
analysis calcd (%) for C28H22Cl2FeN14O8 (809.32): C 41.6, H 2.74, N 24.2; 
found: C 41.7, H 2.62, N 24.1. The 1H NMR spectrum of this complex is 
discussed in the Supporting Information (Figure S13). 

Synthesis of [Fe3(-F)2F6(L)8]BF4. A solution of L (35 mg, 0.13 mmol) in 
methanol (4 cm3) was mixed with a suspension of Na3[FeF6] (3.8 mg, 0.016 
mmol) in the same solvent (2 cm3). Addition of a third solution of 
Fe[BF4]2·6H2O (11 mg, 0.032 mmol) in methanol (3 cm3) led to formation 
of a pale green/yellow color. Slow evaporation of the filtered solution 
yielded large cubic crystals of the product, which suffered from twinning 
and were consistently contaminated with [FeL2][BF4]2 by powder diffraction. 
Alternatively, slow diffusion of diethyl ether vapor into the same reaction 
mixture gave a lower yield of needle-shaped crystals, which were 
sometimes suitable for crystallographic analysis. Light sonication of the 
crystallization vials and removal of the microcrystalline impurities by 
decantation, afforded the product in analytical purity. Yield 18 mg, 44 %. 
ESMS m/z 1249.8282 (25 %; calcd for [Fe3F6L8]2+ 1249.8291), 1259.3278 
(100 %; calcd for [Fe3F7L8]2+ 1259.3281), 2537.6521 (6 %; calcd for 
[Fe3F8L8]+ 2537.6552); elemental analysis calcd (%) for 
C112H88BF12Fe3N56 (2624.63): C 51.3, H 3.38, N 29.9; found: C 51.2, H 
3.32, N 29.8.  

Single-crystal structure analyses 

Crystals of L were obtained from CDCl3 solution; the crystallization 
procedures for the other compounds are described above. All diffraction 
data were collected with an Agilent Supernova dual source diffractometer 
using monochromated Cu-K radiation (= 1.54184 Å). Experimental 
details of the structure determination of each compound and full details of 
all the crystallographic refinements, are given in the Supporting 

Information (Table S1). The structures were solved by direct methods 
(SHELXS97),[54] and developed by full least-squares refinement on F2 
(SHELXL97).[54] Crystallographic figures were prepared using X-SEED,[55] 
while OLEX2 was used for calculations of structural parameters.[56] Bond-
valence sum calculations employed literature parameters for high-spin Fe
−N and Fe−F bonds.[57] 

CCDC 1997941 (for 2,6-difluoro-4-(imidazol-1-yl)-pyridine), 1997942  (for 
-L), 1997943 (for [Ag(-L)]BF4·½CH3CN), 1997944 (for [FeL2][BF4]2), 
1997945 (for [FeL2][ClO4]2), and 1997946 (for [Fe3(-F)2F6L8]BF4·-
2.5CH3OH) contain the supplementary crystallographic data for this paper. 
These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre. 
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