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Molecular Squares, Coordination Polymers and Mononuclear

Complexes Supported by 2,4-Dipyrazolyl-6H-1,3,5-triazine and

4,6-Dipyrazolylpyrimidine Ligands†‡

Izar Capel Berdiell,a Sarah E. Farmiloe,a Rafal Kulmaczewskia and Malcolm A. Halcrow*,a

The Fe[BF4]2 complex of 2,4-di(pyrazol-1-yl)-6H-1,3,5-triazine (L1) is a high-spin molecular square, [{Fe(L1)}4(-L1)4][BF4]8,
whose crystals also contain the unusual HPzBF3 (HPz = pyrazole) adduct. Three other 2,4-di(pyrazol-1-yl)-6H-1,3,5-triazine

derivatives with different pyrazole substituents (L2-L4) are unstable in the presence of first row transition ions, but form

mononuclear, polymeric or molecular square complexes with silver(I). Most of these compounds involve bis-bidentate

di(pyrazolyl)triazine coordination, which is unusual for that class of ligand, and the molecular squares encapsulate one or

two BF4‒, ClO4
‒ or SbF6‒ ions through combinations of anion..., Ag...X and/or C‒H...X (X = O or F) interactions. Treatment of

Fe[NCS]2 or Fe[NCSe]2 with 4,6-di(pyrazol-1-yl)-2H-pyrimidine (L5) or its 2-methyl and 2-amino derivatives (L6 and L7) yields

mononuclear [Fe(NCE)2L2] and/or the 1D coordination polymers catena-[Fe(NCE)2(-L)] (E = S or Se, L = L5-L7). Alcohol

solvates of isomorphous [Fe(NCS)2L2] and [Fe(NCSe)2L2] compounds show different patterns of intermolecular hydrogen

bonding, reflecting the acceptor properties of the anion ligands. These iron compounds are all high-spin, although annealing

solvated crystals of [Fe(NCSe)2(L5)2] affords a new phase exhibiting an abrupt, low-temperature spin transition. Catena-

[Fe(H2O)2(-L5)][ClO4]2 is a coordination polymer of alternating cis and trans iron centres.

Introduction

Ditopic or polytopic ligands constructed around a central di-, tri-

or tetra-azinyl scaffold are useful synthons for assembling

arrays of metal centres into controlled topologies. 1-5 Larger

polychelate ligands with pyridazinyl or pyrimidyl spacers have

been designed to yield 2D grid complexes, 2,3 while divergent

ligands centred on 1,3,5-triazinyl rings are important

components in 3D coordination cages 4 or MOF structures.5-7

The number and disposition of N atoms in the polyazine core

influences electronic or magnetic interactions between metal

ions which bind directly to those N donors. 2 Triazinyl ligands

have the added feature of the π-acidity of the 1,3,5-triazine ring,
which leads it to form strong anion...π interactions in the solid

state.8 This property has been exploited to introduce

donor:acceptor functionality into triazine-containing MOFs. 6,7

During our studies of tridentate ligands for spin-crossover

molecular materials,9 we discovered a family of heterometallic

coordination polymer gels formed by adding silver salts to

homoleptic [M(tpt)2]2+ (M = Fe, Co, Ni; tpt = 2,4,6-tri(pyrazol-1-

yl)-1,3,5-triazine) precursors.10 The gelation reflects the ability

of the tpt ligand to chelate to two metal ions simultaneously

through its triazinyl and pyrazolyl N-donors, forming robust

networks of coordination polymer chains. As an extension of

this chemistry we examined the coordination chemistry of other

poly(pyrazoly)-1,3,5-triazine and poly(pyrazolyl)-pyrimidine

derivatives, including those shown in Scheme 1. While none of

these gave rise to functional metallogels they have yielded a

variety of crystalline metal/organic assembly structures, some

of which are described here.10,11

Scheme 1. The ligands referred to in this work.
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While 2,4-dipyrazolyl-1,3,5-triazines are well-known ligands

for d- and f-block metals, nearly all known examples bear

additional amino, alkoxy or pyrazolyl substituents at the C6

position.10,12-14 Analogues with an unprotected triazinyl C6 atom

have been rarely studied, which may reflect their increased

sensitivity to metal-promoted hydrolysis. 15 Of the 2,4-

dipyrazolyl-6H-1,3,5-triazine derivatives in Scheme 1 only L1 has

been reported previously, as a silver(I) coordination polymer. 14

The parent 4,6-dipyrazolylpyrimidine ligand L5 has been used as

a bridging ligand in bimetallic organometallic compounds, 16,17

and as a probe for fluxional behaviour in some mononuclear

chelate complexes.17,18 A series of [M4(-L)4]4+ (M = Cu+ or Ag+;

L = L5-L7 or a related ligand) molecular squares have also been

investigated by Manzano et al.19-21 These adopt saddle-shaped

conformations, and bind anions or aromatic solvents in their

cavities through hydrophobic and (for [Cu 4(-L7)4]4+) hydrogen-
bonding interactions. An Ag4 molecular square supported by a

4,6-di(pyridyl)pyrimidine bis-chelate has also been described,

although no anion encapsulation was noted in that case. 22

The first part of this report describes an unusual [Fe II
4]8+

metallacycle supported by L1, and [AgI4]4+ molecular squares

and other silver complexes containing the new ligands L2-L4.
These exhibit different geometries of anion... interactions,

which are typical of triazinyl host:guest assemblies. The second

part of the paper includes iron(II) complexes of L5-L7, which we

investigated as components in coordination polymers with

potential for spin-crossover activity. 23,24

Results and Discussion

Ligands L1 and L5-L7 were prepared by the literature

syntheses.14,20,25 The new ligands L2-L4 were obtained by

analogous procedures to that for L1, by treating 2,4-dichloro-

1,3,5-triazine with 2 equiv of the appropriate pyrazole in

tetrahydrofuran, in the presence of sodium hydride base.

Moderate yields of 41-62 % of NMR-pure products were

obtained, after purification by chromatography if required.

Crystals of L2·MeCN, L4·2CHCl3 and L7 were characterised by

X-ray diffraction. The conformation of the tris-heterocycles is

the same in each case, with anti and (approximately) coplanar

orientations of the pyrazolyl and azinyl rings. Two polymorphs

of L7 were distinguished in the monoclinic C2/c and

orthorhombic P212121 space groups, although the latter

diffracted too weakly for a meaningful anisotropic structure

refinement (Table S1). The asymmetric unit of L4·2CHCl3
(triclinic, P ) contains two crystallographically unique L4

molecules, which are related by an approximate non-

crystallographic inversion centre. The chloroform molecules in

that crystal donate bifurcated, chelating C‒H...N interactions to

pairs of L4pyrazolyl and triazinyl N atoms (Figure S6).

Despite many attempts, only one complex of L1-L4 with a

divalent transition ion was obtained in analytical purity. That

may reflect the aforementioned sensitivity of 1,3,5-triazines to

metal-promoted hydrolysis.10,15 The isolated complex had the

empirical formula [Fe(L1)2][BF4]2 by microanalysis, but was

revealed crystallographically to be tetrameric [BF 4{Fe(L1)}4(-
L1)4][BF4]7·5.9MeCN·0.5(C3H4N2BF3) (triclinic, P ; Figure 1). The

approximately square [{Fe(L1)}4(-L1)4]8+ core is supported by

bis-bidentate L1 ligands, with Fe…Fe distances of 6.5230(9)-

6.6847(9) Å. Each iron atom is also bound by another bidentate

L1 ligand, in a mer six-coordinate geometry. The symmetry of

the molecule is lowered from S4 to C1 by the peripheral L1 ligand

at Fe(3), which has a transoid rather than cisoid disposition with

respect to its neighbour [FeL1]2+ vertices. The Fe‒N distances in

themolecule show some variation, but are consistent with high-

spin iron(II) centres (Table S5).

Figure 1 Two views of the {[BF4[{Fe(L1)}4(-L1)4]·0.5(C3H4N2BF3)}7+ assembly in 1·5.9MeCN·0.5(C3H4N2BF3) with selected atom numbering. Atoms are drawn with 50 % displacement

ellipsoids, except the minor orientation of the disordered pyrazolyl substituent which is de-emphasised for clarity, and all H atoms are omitted. Anion... contacts involving the

encapsulated BF4‒ ion are marked, but intermolecular interactions to the periphery of the metallacycle are not shown (Figure S11). The 0.5(C3H4N2BF3) moiety is omitted from the

right-hand view. Colour code: C, white; B, pink; F, cyan; Fe, green; N, blue.
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A BF4‒ ion is encapsulated at the centre of the assembly,

whose F atoms each form a close contact to the C6 atom of a

different, π-acidic triazinyl ring (Figure 1). The F…C distances are 
2.604(4)-2.642(4) Å, which are short contacts for an anion…π 
interactions to a 1,3,5-triazine ring. 8 Another unusual feature is

the half-occupied (1H-pyrazole)→BF3 adduct in the lattice

(Figure 1), which may arise from pyrazole formed by partial

hydrolysis of L1 during the slow crystallization process; 10,26 there

was no detectable pyrazole impurity in the ligand used to

prepare the complex. While this is only the second observation

of a pyrazole→BF3 adduct, its dimensions are in excellent

agreement with the literature example¶.27

In addition to the encapsulated BF 4
‒ ion, each bridging

L1 ligand forms a second dipole...dipole interaction to an

exogenous species in the lattice which is not shown in Figure 1.

This is either an additional anion... interaction8 or, in one case,

a comparable n... contact to a part-occupied acetonitrile

molecule (Figure S11).28 Two of the terminal L1 ligands also

accept anion... interactions at their triazinyl rings. None of

these peripheral interactions leads to bridging between the

complex molecules in lattice. However, neighbouring cations do

interact through intermolecular ... interactions between

their pendant pyrazolyl rings (Figure S13).

While the strongest peaks are derived from [Fe( L1)2]2+, the

ion [Fe4(L1)8(BF4)6]2+ (m/z = 1225) is clearly visible in the

electrospray mass spectrum of that compound (Figure S14).

That formula corresponds to the stoichiometry of the anion... 
interactions observed in the crystal (Figure S11), although the

significance of that observation is unclear. Few other higher-

nuclearity species are present in the spectrum, which all contain

sodium and/or formate from the spectrometer calibrant and so

are artefacts of the measurement. Hence the [Fe 4(L1)8]8+

assembly exists in solution, possibly in equilibrium with

monomeric [Fe(L1)2]2+ but not with other large assemblies.

Magnetic susceptibility data confirm that [{Fe( L1)}4(-L1)4][BF4]8
is high-spin in the solid state between 5-300 K, and between

237-343 K in CD3CN solution (Figure S16).

The only previously reported complex of L1 is [Ag(-L1)]BF4,
a 1D coordination polymer.14 Silver complexes of L2-L4 also

proved tractable, and crystallised in different aggregation

states. The AgClO4 complex of L2 was crystallised from

nitromethane and acetonitrile, yielding the 1D coordination

polymers [Ag(-L2)]ClO4 and [Ag(NCMe)(-L2)]ClO4 respectively

(both monoclinic, P21/n). Both complexes are zig-zag chain

structures supported by bis-bidentate L2 ligands, with a longer

Ag...OClO3 contact of 2.643(4)-2.670(2) Å. The silver ion in

[Ag(-L2)]ClO4 has an intermediate five-coordinate geometry [
= 0.50],29 while the additional ligand in the acetonitrile adduct

gives that a distorted octahedral structure (Figure 2). That

geometry change leads to a concertina-like contraction of the

polymer chain, as evidenced by the dihedral angle between the

bridging ligands at each silver vertex (), which is 107.22(4)° for

[Ag(-L2)]ClO4, and 77.04(4)° for [Ag(NCMe)(-L2)]ClO4. The zig-

zag topology of these coordination polymers contrasts with

almost perfectly linear geometry adopted by [Ag(-L1)]BF4.14

The perchlorate ions in both compounds lie in the clefts of

the zig-zagging chains, forming an anion... contact to a triazinyl

C atom as well as the aforementioned Ag...O interaction. This is

a weak intra-chain interaction in [Ag(NCMe)(-L2)]ClO4, which

packs as discrete polymer chains in the lattice (Figure 2).

However, the anions in more open [Ag(-L2)]ClO4 instead form

a shorter inter-chain anion... contact, linking those chains into

two dimensions in the crystal (Figure S19).

Figure 2 Section of the coordination polymer [Ag(NCMe)(-L2)]ClO4. Atoms are drawn

with 50 % displacement ellipsoids and H atoms are omitted for clarity. Colour code: C,

white; Cl, yellow; Fe, green; N, blue; O, red. Symmetry codes: (i) 1/2‒x, ‒1/2+y, 1/2‒z;
(ii) x, 1+y, z; (iii) x, ‒1+y, z.

The acetonitrile ligand in the solvated complex is labile,

since the dried compound gave elemental analyses of

approximate formula [Ag(NCMe)0.25(L2)]ClO4. That may reflect

that desolvation of [Ag(NCMe)(-L2)]ClO4 can occur without

otherwise changing the connectivity of the material.

In contrast, AgClO4 adducts of more sterically crowded L3

and L4 yield molecular squares when crystallised from

nitromethane. Needle and cubic morphologies of [Ag 4(-
L3)4][ClO4]4 co-crystallised under these conditions, which were

respectively solvated (monoclinic, C2/c) and unsolvated

(tetragonal, P 21c) forms of the same cyclic tetramer. The

solvate [Ag4(-L4)4][ClO4]4·MeNO2 (monoclinic, C2/c) was also

crystallographically characterised, although that complex was

not obtained in analytical purity. The silver ions in these

metallacycles are four-coordinate, or [4+1]-coordinate with a

long Ag...OClO3 contact. Other differences between the

structures involve the degree of canting of the “molecular

square” assemblies, and the anion... interactions present.

[Ag4(-L3)4][ClO4]4 and [Ag4(-L4)4][ClO4]4·MeNO2 have

similar saddle-shaped conformations with exact, or

approximate, S4 symmetry (Figure 3, top and Figures S27-S30).

These [Ag4(-L)4]4+ hosts contain two disordered ClO 4
‒ ions,

each sandwiched between a pair of triazine rings by one or two

anion... and C‒H...O contacts. This molecular and

supramolecular geometry resembles those of previously

reported [Cu4(-L5)4]X4 (X = BF4‒ or PF6‒) molecular squares.19,20

However, solvated [Ag4(-L3)4][ClO4]4∙3.2MeNO2∙1.2H2O has a

more compact, canted geometry allowing it to bind just one

ClO4
‒ ion near centre of its cavity (Figure 3, bottom). This guest
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Figure 3 Comparison of themolecular square/anion assemblies in [Ag4(-L3)][ClO4]4 (top)

and [Ag4(-L3)][ClO4]4·xMeNO2·yH2O (bottom). All the anions in the top assembly are

disordered about crystallographic C2 axes (not shown), and H atoms are included to

highlight its C‒H...O interaction. Other details as for Figure 6. Symmetry codes:

(iv) 1‒y, x, 1‒z; (v) y, 1‒x, 1‒z; (vi) 1‒x, y, 3/2‒z.

anion is crystallographically ordered, and forms four anion... 
interactions and two Ag...O contacts to the cyclic host. The

stronger host:guest interaction may compensate energetically

for the conformational distortion of the host in this assembly.

This more intimate mode of anion binding was not observed in

the [Cu4(-L)4]4+ (L = L5-L7) system.19-21

Amolecular square with a larger anion was also crystallised,

namely [Ag4(-L3)4][SbF6]4∙MeNO2 (monoclinic, P21/n). The

host:guest interactions in this crystal resemble the solvent-free

perchlorate salt of that cation, with two SbF 6
‒ ions forming short

anion... contacts to opposite sides of the host cavity (Figure

S26). However, this [Ag4(-L3)4]4+ square adopts a moderately

canted conformation, midway between the two forms of its

ClO4
‒ salt. Moreover, unlike the structures with this mode of

ClO4
‒ anion association, the SbF6‒ ions are not disordered in the

host cavity. Both these differences may reflect the steric

properties of the larger SbF6‒ guest anions in that crystal.30 All

the Ag4 molecular squares form additional anion... contacts to

exogenous ClO4
‒ or SbF6‒ ions which, in some cases, bridge

between the complex cations in the lattice (Figure S31-S34).

Recrystallisation of [Ag4(-L3)4][ClO4]4 from acetonitrile

instead yielded mononuclear [Ag(NCMe)L3]ClO4, containing a

planar four-coordinate silver ion with a tridentate L3 ligand and

a slightly bent Ag‒NCMe interaction (N{triazinyl)‒Ag‒N{NCMe}

= 167.71(10)°; Figure S35). This is the only compound in this

study to show tridentate coordination of L1-L4. While

(approximately) square planar silver complexes are unusual, 31

comparable geometries are found in some [AgX(terpy)] or

[Ag(NCMe)(terpy)]X (terpy = 2,2’:6’,2’’-terpyridine; X ‒ = anion)

derivatives.32,33 The perchlorate ion does not form any

secondary bonding interactions in this structure. A product

analysing as [Ag(NCMe)L4]ClO4 was also isolated, but could not

be crystallographically characterised.

Solvent-free [Ag(-L2)]ClO4 was phase-pure by powder

diffraction, but the solvated silver complex crystals decompose

to amorphous powders through solvent loss upon exposure to

air. Electrospray mass spectra of all the silver complexes

showed peaks corresponding to [AgL] + and [AgL2]+ (L = L2-L4),

with no higher molecular weight species of >5 % abundance.

That is common in silver(I) assemblies of heterocyclic N-donor

ligands, which can be highly labile in solution. 14,21,33,34

Since coinage metal complexes of L5-L7 have already been

described,19-21 we instead investigated their iron chemistry.

Many compounds of type [Fe(NCE) 2(NN)2] (E = S or Se), where

NN is a diimine chelate ligand, exhibit thermal spin-crossover

switching properties.23,35 With that in mind, L5-L7were treated

with Fe[NCS]2 or Fe[NCSe]2, which were generated in situ in the

reactionmixtures. Two different product typeswere crystallised

from these reactions: mononuclear [Fe(NCS) 2(L5)2],

[Fe(NCSe)2(L5)2] and [Fe(NCSe)2(L6)2]; and the coordination

polymers [Fe(NCS)2(-L6)], [Fe(NCS)2(-L7)] and [Fe(NCSe)2(-
L7)]. Different products analysing as [Fe(NCS) 2(L5)2] and

[Fe(NCS)2(L5)] were prepared from appropriate ratios of those

metal:ligand precursors, although the latter material was not

obtained in single crystal form. Otherwise, the same complex

product was isolated from these reactions for a particular ligand

and metal reagent, regardless of the metal:ligand ratio used.

Mononuclear [Fe(NCE)2L2] and polymeric [Fe(NCE)2(-L)] (L = L5-
L7) all gave similar electrospray mass spectra, with strong peaks

assignable to [Fe(NCE)L2]+, [Fe2(NCE)3L2]+ and (for L5 only)

[FeL3]2+ species. Hence, we propose that solutions of all these

compounds contain mixtures of mononuclear and dinuclear (or

higher nuclearity) species, and that the relative solubilities of

the mononuclear and polymeric products determine which

structure type is isolated in each case.

The mononuclear complexes were characterized as

isostructural solvent-free [Fe(NCS)2(L5)2] and [Fe(NCSe)2(L6)2]

(triclinic, P ), and a series of isomorphous solvates

[Fe(NCS)2(L5)2]·MeOH and [Fe(NCSe)2(L5)2]·solv (solv = MeOH,

½EtOH and ½Me2CO; all monoclinic, P21/n). The molecular

geometry is similar in each case, with cis pseudohalide and

bidentate heterocyclic ligands (Figure 4). The solvent-free

complexes contain one near-linear [Fe‒N‒C = 170.7(3)-
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177.98(16)°] and one bent NCE‒ ligand [Fe‒N‒C = 141.10(15)-
158.8(3)°], and heterocyclic ligands that are not perpendicular

to each other [Ψ = 104.84(4)-109.94(7)°]. Both these aspects

might be expected to favour a high-spin state in those

compounds, other things being equal. 36,37 In contrast, the

solvated complexes have more similar distributions of Fe‒N‒C 
angles between 161.0(2)-169.06(18)°, and 93.18(4) ≤ Ψ ≤ 
99.27(4)° which is closer to the ideal value of 90°.

The solvent in the solvate crystals occupies a cavity close to

a crystallographic inversion centre, with the ethanol and

acetone half-molecules in those solvates being disordered

about that special position. The different stoichiometry of those

isomorphous crystals presumably reflects that the solvent

cavity is large enough to accommodate two molecules of

Figure 4 The asymmetric units of [Fe(NCS)2(L5)2]·MeOH (top) and [Fe(NCSe)2(L5)2]·MeOH

(bottom), showing the different hydrogen bonding in the two isomorphous crystals.

Atoms are drawn with 50 % displacement ellipsoids and C-bound H atoms are omitted

for clarity. Atom Se(7) in the selenocyanate complex is disordered over two positions.

Colour code: C, white; H, pale grey; Fe, green; N, blue; O, red; S, purple; Se, pink.

methanol, but only one molecule of ethanol or acetone.

Interestingly, the methanol molecule in [Fe(NCS) 2(L5)2]·MeOH

donates an O‒H...S interaction to a thiocyanate ligand, but the

solvent in [Fe(NCSe)2(L5)2]·MeOH and [Fe(NCSe)2(L5)2]·½EtOH

instead forms an O‒H...N hydrogen bond to an uncoordinated

L1 pyrimidyl N-atom (Figures 4, S36 and S37). That may reflect

the lower fractional negative charge on the Se atom in the

NCSe‒ ion, which makes it a weaker hydrogen bond acceptor. 38

The molecules in the solvent-free mononuclear complexes

associate into stacks through ...interactions between one

pendant pyrazolyl group and its symmetry equivalent,

generated by successive crystallographic inversion centres.

These stacks are linked into sheets in the (0 1) crystal plane by

a pairwise ... interaction between the second pendant

pyrazolyl group and its symmetry equivalent, via another

inversion centre. In contrast, the ... interactions in the

solvated crystals are grouped into tetrads, with each molecule

participating in two different tetrads oriented approximately

perpendicular to each other. This leads to layers of linked

molecules in (10 ) plane. Despite these differences, the

molecules in both lattices participate in three ... interactions,
forming the same 63 network topology of ...connections.39

The three crystalline [Fe(NCE)2(-L)] coordination polymers

are isomorphous (tetragonal, I41/a). The main difference

between them is that the L7 amino group in [Fe(NCE)2(-L7)] (E
= S, Se) forms intramolecular N‒H...N hydrogen bonds to two

different NCE‒ ligands, which are absent in [Fe(NCS) 2(-L6)]
(Figure 5). That is also reflected in bending of the pseudohalide

ligands, which is more pronounced in the L7 structures [Fe‒N‒C 
= 140.2(4)-141.4(4) and 153.0(5)-155.7(4)°] than in [Fe(NCS) 2(-
L6)] [Fe‒N‒C = 152.3(3) and 160.2(3)°]. Other aspects of their 
molecular structures, including the closest intramolecular

Fe...Fe distance [6.3435(2)-6.3590(7)°] and the disposition of

the heterocyclic ligands at each iron atom [Ψ = 88.25(8)-

88.81(12)°],35 show only small variation between the

compounds. The polymer chains undulate along a

crystallographic 41 screw axis parallel to the c direction (Figure

5), and pack via a four-fold interdigitation resembling the

‘terpyridine embrace’ packing motif which is often adopted by

complexes of terpyridine and related ligands (Figure S43). 40

Figure 5 The [Fe(NCSe)2(-L7)] coordination polymer chain. Atoms are drawn with 50 % displacement ellipsoids and C-bound H atoms are omitted for clarity. Colour code: C, white;

H, pale grey; Fe, green; N, blue; Se, pink. Symmetry codes: (vii) 1/4+y, 5/4‒x, 1/4+z; (viii) 5/4‒y, ‒1/4+x, ‒1/4+z.
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Despite their individual structural differences, all these

mononuclear compounds and coordination polymers are high-

spin at 120 K according to their metric parameters. That was

confirmed by magnetic susceptibility data, which showed the

compounds mostly remain high-spin between 5-500 K (Figures

S44 and S45). However, while they are high-spin when freshly

prepared, annealing the [Fe(NCSe) 2(L5)2]·solv materials

generates a new phase showing an abrupt, partial spin-

transition at T½ = 103 K. The transition reproducibly proceeds to

just over 50 % completeness and shows a 6 K thermal hysteresis

width, under the conditions of measurement (Figures 6 and

S46). Both these aspects may reflect the low temperature of the

transition, since cooperative spin transitions with T½ ≤ 100 K can 
suffer from slow kinetics, trapping a high-spin fraction of the

sample below the transition temperature. 41 Unfortunately the

[Fe(NCSe)2(L5)2]·solv crystals decompose during the annealing

process, and the SCO-active phase is not isostructural with

solvent-free, high-spin [Fe(NCS)2(L5)2] by powder diffraction

(Figure S47). Hence, the structural origin of the spin-transition

in [Fe(NCSe)2(L5)2] is presently unclear.

Iron complexes of L5-L7 with more weakly coordinating

anions crystallised poorly. Only two such compounds were

crystallographically characterised, which were 1D coordination

polymers with a zig-zag topology. While [Fe(OCMe 2)(OH2)(-
L6)][BF4]2·H2O has all cis-coordinated metal nodes,11

[Fe(OH2)2(-L5)][ClO4]2 (monoclinic, C2/c) has a more

complicated structure with alternating cis- and trans-iron

centres (Figure 7). There is extensive, disordered hydrogen

bonding between the aqua ligands and ClO 4
‒ ions, which links

the chains into sheets in the (100) plane. This material is also

Figure 6 Variable temperature magnetic susceptibility data from [Fe(NCSe)2(L7)2]·MeOH,

at a scan rate of 5 Kmin‒1. Black, freshly prepared material; dark grey, the same sample,

after exposure to air for 4 hrs; pale grey; a different sample, annealed at 370 K for 24 hrs.

high-spin, as would be expected from its weak-field aqua

ligands.

Conclusions

This study collects together three groups of products, obtained

during our further investigations of the coordination chemistry

of (potentially) ditopic 2,4-dipyrazolyl-1,3,5-triazine and 4,6-

dipyrazolylpyrimidine derivatives.10,11,13,14 First is the unique

cyclic tetramer [BF4{Fe(L1)}4(-L1)4][BF4]7, which was the

unexpected structure of the complex “[Fe(L1)2][BF4]2” (Figure 1).

Figure 7 The [Fe(OH2)2(-L5)][ClO4]2 coordination polymer chain. Atoms are drawn with 50 % displacement ellipsoids, except for the ClO4
‒ ions which are de-emphasised for clarity.

Only one orientation of the disordered anions is shown, and C-bound H atoms have been omitted. The aqua ligand atom H(20B) wasn’t located in the Fourier map and couldn’t be

included in the model; it may be disordered between different hydrogen bond acceptor groups (ESI†). Colour code: C, white; H, pale grey; Cl, yellow; Fe, green; N, blue; O, red.

Symmetry codes: (ix) 1‒x, y, 1/2‒z; (x) 1‒x, 2‒y, 1‒z.
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Other homoleptic iron(II) complexes of 2,4-dipyrazolyl-6-R-

1,3,5-triazines (R = an amino, alkoxy, sulfanyl or pyrazolyl

group)are mononuclear structures, 13 with the tridentate tris-

heterocycle coordination which is usually adopted by this ligand

type.10,12-14 The alternative preference of the 2,4-dipyrazolyl-

6H-1,3,5-triazines L1-L4 for a bis-bidentate coordination mode is

also apparent in their silver complexes described below.

The [{Fe(L1)}4(-L1)4]8+ cation was only isolated as its BF4
‒

salt, which could reflect the role of the encapsulated BF 4
‒ ion in

templating the metallacycle structure. The part-occupied

pyrazole→BF3 moiety in the lattice, which is a degradation

product of the L1 ligand, might also be required for

crystallisation of this compound. The [{Fe( L1)}4(-L1)4]8+

assembly exists in solution, as well as in the solid state, by

electrospray mass spectrometry.

Second are the silver complexes which include coordination

polymers (Figure 2), molecular squares (Figure 3) and one

mononuclear example. The metallacycles resemble the known

[M4(-L)4]4+ (M = Cu+ or Ag+; L = L5-L7 or a related ligand)

assemblies, in their connectivity and their preferred binding of

two anions on either side of their cavity. 19-21 However, a solvate

of [Ag4(-L3)4][ClO4]4 showed a new, different motif of binding

just one anion more intimately at the centre of the assembly,

through a larger number of second-sphere contacts. The [Ag 4(-
L3)4]4+ host molecule distorts its structure significantly to

accommodate this alternative mode of anion binding. All the L1-

L4 assemblies in this study form intra-cavity and peripheral

anion... interactions to their anion guests, which are typical for
triazinyl anion hosts.8

Lastly, iron complexes of the 4,6-dipyrazolylpyrimidines L5-

L7 are reported, including examples of mononuclear

[Fe(NCE)2L2] (E = S or Se) complexes (Figure 4) and 1D

coordination polymers [Fe(NCE)2(-L)] (Figure 5). These contain
mono- or bis-bidentate heterocyclic ligands; L5-L7 are

geometrically unsuited to tridentate coordination. While

complexes of type [Fe(NCE)2(NN)2] (NN = a bidentate N-

heterocyclic ligand) often exhibit thermal spin-crossover

switching properties,23,35 all the crystalline examples in this

work remain high-spin on cooling. That could imply the ligand

field exerted by L5-L7 is inherently weak, which would favour the

high-spin form, or it could be a sterically imposed quenching of

spin-crossover by the surrounding lattice. 42 The steric influence

of the methyl and amino substituents in L6 and L7, which are

close to the inner metal coordination sphere, might also favour

the longer Fe‒N bonds associated with the high-spin state of

those complexes.42

Intriguingly, a new phase showing a cooperative, low-

temperature spin transition was produced by annealing

solvated crystals of [Fe(NCSe)2(L5)2] (Figure 6). While this phase

could not be structurally characterised, it shows that iron(II)/ L5

complexes can indeed exhibit spin-crossover under some

circumstances. Our current work aims to develop that

observation, to produce new spin-crossover molecular

materials based on this ligand family.

Experimental

Ligands L1,14 L5,25 L6 and L7 20 were prepared by the literature

procedures. Synthetic procedures and characterisation data for

the new ligands L2-L4 are given in the ESI†. Other reagents and

solvents were purchased commercially and used as supplied.

CAUTION Although we have experienced no problems when

using the perchlorate salts in this study, metal-organic

perchlorates are potentially explosive and should be handled

with care in small quantities.

Synthesis of [(Fe(L1)4(-L1)4][BF4]8∙½PzBF3. A solution of L1

(0.060 g, 0.28 mmol) and Fe[BF4]2·6H2O (0.048 g, 0.14 mmol) in

MeCN (5 cm3) was stirred at room temperature until all the solid

had dissolved. Addition of diethyl ether to the filtered solution

afforded the product as a yellow powder. Orange single crystals

of the tetrameric complex were grown by slow evaporation of

an acetonitrile solution of the compound. Yield 0.067 g, 74 %.

Elemental analysis: found C, 33.0; H, 2.30; N, 29.3 %. Calcd for

Calcd for C72H56Fe4N56B8F32∙½C3H4N2BF3: C, 32.8; H, 2.17; N, 29.7

%. ESMS m/z 214.1 (81, [HL1]+), 236.1 (73, [Na(L1)]+), 241.1 (60,

[Fe(L1)2]2+), 288.1 (85, [Fe(L1)F]+), 449.1 (15, [Na(L1)2]+), 501.1

(100, [Fe(L1)2F]+), 569.1 (2, [Fe(L1)2BF4]+), 572.3 (5,

[Fe(L1)2(O2CH)2]+), 594.6 (4, [FeNa(L1)5(O2CH)]2+), 944.1 (3,

[Fe2Na(L1)7(BF4)3]2+), 1225.2 (5, [Fe4(L1)8(BF4)6]2+). 1H NMR

(CD3NO2) δ 11.0 (2H, Trz H6), 39.5 and 42.1 (both 4H, Pz H3 + H5),

70.4 (4H, Pz H4).

We have written the formula of this compound to include

the half-equivalent pyrazole→BF3 adduct (Figure 1). While the

microanalysis fit is slightly improved with that formulation, the

elemental compositions of the material including or lacking this

moiety are identical within the error of the measurement.

Synthesis of catena-[Ag(-L2)]ClO4. A mixture of AgClO4 (0.014

g, 0.08 mmol) and L2 (0.023 g, 0.08 mmol) in nitromethane (5

cm3) was stirred until all the solid had dissolved. The solution

was concentrated to ca half its original volume, then filtered.

Slow diffusion of diethyl ether vapour into the solution yielded

pale yellow crystals of the product. The solution was kept in the

dark during the crystallisation process. Yield 0.022 g, 56 %.

Elemental analysis: found C, 22.2; H, 0.96; N, 20.1 %. Calcd for

C9H5AgCl3N7O4: C, 22.1; H, 1.03; N, 20.0 %. ESMS m/z 389.8987

(calcd for [Ag(L2)]+ 387.9029), 670.8954 (calcd for [Ag(L2)2]+

668.9012).

Synthesis of catena-[Ag(NCMe)(-L2)]ClO4. The previous

reaction, carried out under the same conditions using

acetonitrile as the solvent, afforded this off-white crystalline

product. Yield 0.017 g, 40 %. The crystals decomposed to an off-

white powder upon drying in vacuo, implying loss of acetonitrile

from the material. That was confirmed by microanalysis, which

supported an approximate formula of [Ag(NCMe) 0.25(L2)]ClO4.

Elemental analysis: found C, 22.4; H, 1.38; N, 20.4 %. Calcd for

C9.5H5.75AgCl3N7.25O4: C, 22.8; H, 1.16; N, 20.3 %.
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Synthesis of [Ag4(-L3)4][ClO4]4. Method as for [Ag(-L2)]ClO4,

using L3 (0.021 g, 0.08 mmol). The product formed colourless

crystals from nitromethane/diethyl ether, in a mixture of

(solvated) needle and (solvent-free) cubic morphologies which

were both crystallographically characterised. The needle form

predominated in most crystallisation vials. Yield 0.024 g, 62 %.

Elemental analysis: found C, 32.8; H, 3.06; N, 20.7 %. Calcd for

C52H60Ag4Cl4N28O16: C, 32.8; H, 3.17; N, 20.6 %. ESMS m/z

376.0409 (calcd for [Ag(L3)]+ 376.0434), 645.1792 (calcd for

[Ag(L3)2]+ 645.1823).

Synthesis of [Ag(NCMe)(L3)]ClO4. The above reaction, carried

out under the same conditions using acetonitrile as the solvent,

yielded crystals of this mononuclear complex. Elemental

analysis: found C, 39.2; H, 3.71; N, 24.5 %. Calcd for

C15H18AgClN8: C, 39.7; H, 4.00; N, 24.7 %.

Synthesis of [Ag4(-L3)4][SbF6]4. Method as for [Ag(-L2)]ClO4,

using AgSbF6 (0.028 g, 0.08 mmol) and L3 (0.021 g, 0.08 mmol).

Slow diffusion of diethyl ether vapour into the supernatant at

‒20 °C gave the product as colourless needles. Yield 0.012 g, 24
%. Elemental analysis: found C, 25.7; H, 2.32; N, 16.2 %. Calcd

for C52H60Ag4F24N28Sb4: C, 25.5; H, 2.47; N, 16.0 %.

Synthesis of [Ag4(-L4)4][ClO4]4. Method as for [Ag(-L2)]ClO4,

using L4 (0.026 g, 0.08mmol). Slow diffusion of diethyl ether into

the resultant nitromethane solution yielded a white powder of

unknown composition, mixed with some colourless needles of

the nitromethane solvate of the title compound. Limited

characterisation was achieved from crystals isolated from the

mixture by a Pasteur separation, but the complex was not

obtained in analytical purity. Yield 0.008 g, 19 %. ESMS m/z

428.0700 (calcd for [Ag(L4)]+ 428.0747), 749.2408 (calcd for

[Ag(L4)2]+ 749.2449).

Synthesis of [Ag(NCMe)(L4)]ClO4. The above reaction, carried

out in acetonitrile yielded a product analysing as

[Ag(NCMe)L4]ClO4, which was not crystallographically

characterised. Yield 0.019 g, 42 %. Elemental analysis: found C,

40.3; H, 3.79; N, 19.5 %. Calcd for C 19H22AgClN8O4: C, 40.1; H,

3.89; N, 19.7 %.

Synthesis of [Fe(NCS)2(L
5)2]. Separate solutions of

Fe[ClO4]2∙6H2O (0.034 g, 0.094 mmol) and KNCS (0.018 g, 0.19

mmol) in methanol (2 x 3 cm3) were mixed, and stirred at room

temperature for 5 mins. The resultant suspension was

centrifuged, and a solution of L5 (0.040 g, 0.19 mmol) in

methanol (3 cm3) was then added. Slow evaporation of the

solvent from the filtered mixture led to red single crystals of the

product. Yield 0.048 g, 85 %. Elemental analysis: found C, 44.2;

H, 2.75; N, 32.7 %. Calcd for C22H16N14FeS2 C, 44.3; H, 2.70; N,

32.9 %. ESMS m/z 240.1 [Fe(L5)2]2+, 346.1 [Fe(L5)3]2+, 538.1

[Fe(L5)2(NCS)]+, 710.0 [Fe2(L5)2(NCS)3]+.

Synthesis of catena-[Fe(NCS)2(-L5)]. Method as for

[Fe(NCS)2(L5)2], using half the amount of L5 (0.020 g, 0.094

mmol). Slow evaporation of the solution yielded red crystals of

the product. Yield 0.019 g, 53 %. Elemental analysis: found C,

37.6; H, 2.23; N, 29.2 %. Calcd for C 12H8FeN8S2 C, 37.5; H 2.10;

N, 29.2 %.

Synthesis of catena-[Fe(NCS)2(-L6)]. Method as for

[Fe(NCS)2(L5)2], using L6 (0.021 g, 0.094 mmol). Slow

evaporation of the solution yielded red crystals of the product.

Yield 0.008 g, 21 %. Elemental analysis: found C, 39.3; H, 2.62;

N, 28.2 %. Calcd for C13H10N8FeS2: C, 39.2; H, 2.53; N, 28.1 %.

ESMS m/z 566.2 [Fe(L6)2(NCS)]+, 738.1 [Fe2(L6)2(NCS)3]+.

Synthesis of catena-[Fe(NCS)2(-L7)]. Method as for

[Fe(NCS)2(L5)2], using L7 (0.021 g, 0.094 mmol). The product was

a red crystalline solid. Yield 0.029 g, 78 %. Elemental analysis:

found C, 36.2; H, 2.21; N, 31.5 %. Calcd for C 12H9N9FeS2: C, 36.1;

H, 2.27; N, 31.6 %. ESMS m/z 568.2 [Fe(L7)2(NCS)]+, 740.1

[Fe2(L7)2(NCS)3]+.

Synthesis of [Fe(NCSe)2(L
5)2]. Separate solutions of

Fe[ClO4]2∙6H2O (0.024 g, 0.066 mmol) and KNCSe (0.019 g, 0.13

mmol) in methanol (2 x 3 cm3) were mixed, and stirred at room

temperature for 5 mins. The resultant suspension was

centrifuged, and a solution of L5 (0.029 g, 0.13 mmol) in

methanol (3 cm3) was then added. Slow evaporation of the

solvent from the filtered mixture led to yellow single crystals of

formula [Fe(NCSe)2(L1)2]∙MeOH, which analysed as the solvent-
free complex after drying in vacuo. Yield 0.048 g, 37 %.

Elemental analysis: found C, 38.4; H, 2.53; N, 28.3 %. Calcd for

C22H16N14FeSe2: C, 38.3; H, 2.34; N, 28.4 %. ESMS m/z 240.1

[Fe(L5)2]2+, 346.1 [Fe(L5)3]2+, 373.9 [Fe(L5)(NCSe)]+, 391.9

[Fe(L5)(NCSe)(H2O)]+.

The same procedure using ethanol or acetone as solvent

afforded the isomorphous crystalline solvates

[Fe(NCSe)2(L5)2]∙½EtOH and [Fe(NCSe)2(L5)2]∙½Me2CO.

Synthesis of [Fe(NCSe)2(L
6)2]. Method as for [Fe(NCSe)2(L5)2],

using L6 (0.030 g, 0.13 mmol). Slow evaporation of the solution

yielded yellow crystals of the product. Yield 0.026 g, 27 %.

Elemental analysis: found C, 40.0; H, 2.85; N, 27.1 %. Calcd for

C24H20N14FeSe2: C, 40.1; H, 2.81; N, 27.3 %. ESMS m/z 614.2

[Fe(L6)2(NCSe)]+, 881.9 [Fe2(L6)2(NCSe)3]+.

Synthesis of catena-[Fe(NCSe)2(-L7)]. Method as for

[Fe(NCSe)2(L5)2], using L7 (0.015 g, 0.066 mmol). Slow

evaporation of the solution yielded yellow crystals of the

product. Yield 0.021 g, 64 %. Elemental analysis: found C, 29.3;

H, 1.75; N, 25.4 %. Calcd for C12H9N9FeSe2: C, 29.2; H, 1.84; N,

25.6 %. ESMS m/z 616.2 [Fe(L7)2(NCSe)]+, 883.9

[Fe2(L7)2(NCSe)3]+.

Synthesis of catena-[Fe(OH2)2(-L5)][ClO4]2. A mixture of

Fe[ClO4]2∙6H2O (0.051 g, 0.14 mmol) and L5 (0.030 g, 0.14 mmol)

in nitromethane (4 cm3) was stirred until all the solid had

dissolved. The yellow solution was then filtered. Slow

evaporation of the solvent yielded yellow crystals of the

product, which were collected and analysed without further

purification. Yield 0.067 g, 94 %. Elemental analysis: found C,



9

23.6; H, 2.36; N, 16.6 %. Calcd for C 10H12N6FeO10Cl2 C, 23.9; H,

2.40; N, 16.7 %.

A second coordination polymer [Fe(OCMe 2)(OH2)(-
L6)][BF4]2·H2O was also crystallised during this study, and has

been described elsewhere.11

Single Crystal Structure Analyses

Diffraction data for [Fe(NCS)2(-L7)] were recorded at station

I19 of the Diamond synchrotron (λ = 0.6889 Å). All other

crystallographic data weremeasured with an Agilent Supernova

dual-source diffractometer using monochromated Cu- Kα (λ =

1.5418 Å) or Mo-Kα (λ = 0.7107 Å) radiation. The diffractometer

was fitted with an Oxford Cryostream low-temperature device.

All the structures were solved by direct methods (SHELXS9743),

and developed by full least-squares refinement on F2

(SHELXL9743). Crystallographic figures were prepared using

XSEED,44 and octahedral coordination volumes (VOh) were

calculated with Olex2.45

Experimental details for the structure are listed in Tables S1

and S2, while details of the crystallographic refinements are also

given in the ESI†.

Other measurements

Elemental microanalyses were performed by the

microanalytical services at the University of Leeds School of

Chemistry, or the London Metropolitan University School of

Human Sciences. Electrospray mass spectra were recorded on a

Bruker MicroTOF-q instrument, from chloroform solution

(organic compounds) or nitromethane solution (metal

complexes). Any sodium- and formate-containing species in the

mass spectra originate from the sodium formate calibrant used.

Diamagnetic NMR spectra employed a Bruker DPX300

spectrometer operating at 300.1 MHz ( 1H) or 75.5 MHz (13C),

while paramagnetic NMR spectra used a Bruker Ascend400

(400.1 MHz) spectrometer. X-ray powder diffraction patterns

were measured using a Bruker D2 Phaser diffractometer.

Solid state magnetic susceptibility measurements were

performed on a Quantum Design SQUID/VSM magnetometer,

with an applied field of 5000 G and a scan rate of 5 Kmin ‒1. A

diamagnetic correction for the sample was estimated from

Pascal’s constants;46 a diamagnetic correction for the sample

holder was also applied.
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