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Targeted structural modification of spin crossover complexes: pyridine vs 
pyrazine

Humphrey L. C. Feltham, Matthew G. Cowan†, Jonathan A. Kitchen‡, Guy N. L. Jameson¶ and Sally Brooker*

Department of Chemistry, MacDiarmid Institute for Advanced Materials and Nanotechnology, University of Otago, Dunedin, New Zealand

ABSTRACT
2-(Aminomethyl)pyrazine has been prepared in five steps from 2-pyrazine carboxylic acid. From 
this key amine, two new bis-terdentate triazole-based ligands which feature pendant pyrazine 
groups, PZMAT and PZMPT (4-amino- and 4-pyrrolyl-3,5-bis{[(2-pyrazylmethyl)amino]methyl}-4H-
1,2,4-triazole, respectively), and two dinuclear complexes of them, [FeII

2(PZMAT)2](BF4)4∙MeOH∙2H2O 
(1∙MeOH∙2H2O) and [FeII

2(PZMPT)2](BF4)4∙3H2O (2∙3H2O), have been prepared. A structure 
determination at 100 K on 2∙3.5MeCN confirmed that the ligands adopt the expected binding mode, 
providing all twelve donors to the two iron(II) centres and two N1,N2-triazole bridges between them. 
Both undergo gradual incomplete spin transitions: at room temperature 1∙MeOH∙2H2O and 2∙3H2O 
are approximately two-thirds to three-quarters [HS-HS], dropping to mostly ‘[HS-LS]’ at 50  K. The 
structure determination and Mössbauer spectroscopy of 2 qualitatively support this. These findings 
are consistent with the pendant pyrazines providing a somewhat higher field strength than the 
pendant pyridines do in the analogous PMRT complexes.

Introduction

Spin crossover (SCO) is a phenomenon observed in some 
complexes of d4 to d7 transition metal ions whereby an 
external perturbation can switch the metal ion between 
the high-spin (HS) or low-spin (LS) states (1). The transition 
is usually accompanied by changes in the structural, opti-
cal, vibrational and magnetic properties of the complex. 
This has made SCO-active materials interesting candidates 
for use in displays and sensors, as well as in applications 
requiring binary ‘on/off’-type functionality, such as molec-
ular data storage (2).

The majority of SCO-active complexes are of iron(II), and 
most are either monometallic or polymeric (3). Dinuclear 
complexes are less common (4), but are particularly appeal-
ing owing to the possibility of accessing multiple states 
in a single molecule, i.e. three-state switching between 
[HS-HS], ‘[HS-LS]’, and [LS-LS] states. The family of dinuclear 
iron(II) complexes of the bis-terdentate PMRT ligands 
(Figure 1, box) have been shown to give SCO behaviour (5–
10), highlights of which include the first structurally (9) and 
Mössbauer spectroscopically (10) characterised localised 
[HS-LS] complex, [FeII

2(PMAT)2](BF4)4∙DMF (T½ = 224 K), and 
an intriguing example of scan rate dependent thermal 
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a pair of pyridine and pyrazine analogues were studied, 
include the pyridine bptH and pyrazine bpztH ligands 
(Figure 1), reported by Tong et al. (17). The resulting 
[FeII(L)2(AgCN)2]n (L  =  bpt− or bpzt−) complexes adopt 
one-dimensional chain structures, with the pyridine-con-
taining analogue remaining HS between 4 and 300  K 
whereas the pyrazine-containing analogue undergoes 
SCO (with T½↓ = 286 and T½↑ = 292 K), consistent with 
pyrazine imparting a stronger ligand field than pyridine. 
However, in [FeII(bpzt)2(AgCN)2]n the non-coordinated 
pyrazine nitrogen atom of bpzt− interacts with the silver 
ions of adjacent chains, an interaction that cannot be pres-
ent in [FeII(bpt)2(AgCN)2]n, so clearly the packing effects are 
not identical for this pair of complexes.

Moving to related, but neutral, triazole ligands which 
bind in a monotopic manner, the pyridine-containing 
complex [FeII(p-mdpt)2(NCS)2] (Figure 1) undergoes SCO 
with T½↓ = 217 and T½↑ = 220 K (27). When one of the 
two pyridine rings of p-mdpt is replaced by pyrazine, 
giving the ligand tolpzpy (Figure 1), one polymorph of 
the resulting complex [FeII(tolpzpy)2(NCS)2] (Figure 1) 
showed a spin transition with T½ = 145 K, but it is unclear 
whether the pyridine or pyrazine nitrogen atom is bound 
to iron(II) (28). A different polymorph, where the iron(II) 
was shown to be bound to the pyridine ring, was HS at 
all temperatures. When the pyridine ring of tolpzpy is 
replaced with a phenyl ring to ensure that the iron(II) is 
bound via the pyrazine nitrogen atom (21), the resulting 
complex [FeII(tolpzph)2(NCS)2] (Figure 1) exhibited SCO 
with T½  =  210  K, which is almost identical to when the 
iron(II) is pyridine-bound in [FeII(p-mdpt)2(NCS)2]. So, 
whilst p-mdpt and tolpzph are not direct analogues, 
as p-mdpt has a second pyridine ring in the C5 position 
whereas tolpzph has a phenyl ring, in these complexes 
the T½ is almost unchanged on substituting pyridine for 
pyrazine.

Other studies have investigated the effect of replacing 
between one and three of the pyridine rings in terpyridine 
(terpy, Figure 1) with pyrazine (L1 to L3, Figure 1). All of the 
resulting [FeII(L)2](BF4)2 complexes remained LS no mat-
ter how many pyridine rings were substituted for pyrazine 
(18). Similar findings were obtained for the related pair of 
iron(II) complexes of the pyridine-ligand L5 vs. pyrazine 
analogue py-pzpypz (Figure 1) (20), and for the pair of tris 
complexes, [FeII(L)3](BF4)2, of the bidentate pyrazine L7 and 
pyridine L6 ligands (24, 29), all of which are LS.

In contrast, SCO-active iron(II) complexes of tridentate 
ligands related to terpy, 2,6-di(pyrazol-1-yl)pyridine (bpp, 
Figure 1) and 2,6-di(pyrazol-1-yl)pyrazine (bppz, Figure 1), 
have been widely investigated (22, 30), along with those 
of substituted derivatives containing additional groups off 
of the pyrazole (23) or pyridine/pyrazine rings (22, 30). In 
some of the pairs of complexes the pyrazine analogue gives 

hysteresis observed for [FeII
2(PMPhtBuT)2](BF4)4∙3.5H2O 

(6). However, not all PMRT complexes are SCO-active; 
[FeII

2(PMPT)2](BF4)4∙H2O remains [HS-HS] down to 4 K (5).
SCO has also been observed for dinuclear complexes 

of closely-related analogues of the PMRT ligands in which 
either (a) the 1,2,4-triazole ring is replaced by either a thi-
adazole (11) or oxadiazole (12) ring, or (b) the secondary 
amines are replaced by thioethers (PSRT) (13). Iron(II) com-
plexes of ligands closely related to PMRT ligands, but con-
taining a pyrazole ring instead of a 1,2,4-triazole ring, are 
known but are HS down to 4 K (14).

Herein we report another type of analogue of the 
PMRT ligand family, PZMRT (Figure 1), which fea-
tures pyrazine rings in place of the pyridine rings (15). 
Pyrazine is a stronger π-acceptor, but weaker σ-donor, 
than pyridine (16). Typically one would anticipate the 
increase in π-acceptor character to dominate, result-
ing in a stronger crystal field on the iron(II) centre and 
stabilisation of the LS state, increasing the T½ value. 
Whilst this is sometimes the case (17–20), it is not always 
observed (Table S1) (19, 21–25). Two possible reasons 
for this immediately come to mind: either the decrease 
in σ-donor character has more than offset the increase 
in π-acceptor character, or crystal packing interactions 
have obscured the electronic effects. Table S1 (SI) shows 
some examples of the effect of pyridine vs. pyrazine 
substitutions on the spin state of iron(II) to illustrate 
these points.

3,5-Disubstituted-1,2,4-triazole ligands related to the 
PMRT (5–10) family, and even more closely to the Rdpt 
family (19, 26) (Figure 1), in which iron(II) complexes of 

Figure 1.  (Colour online) Selected ligands used in pyridine vs. 
pyrazine ligand field comparisons in the literature in the context 
of modulating SCO behaviour of iron(II), as well as the PMRT vs. 
PzMRT systems (box) compared herein (see Scheme 1).
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a stronger ligand field than the pyridine, but in other pairs the 
reverse is observed. For example, pyridine-based [FeII(bpp)2]
(ClO4)2 is HS between 5 and 300 K, whereas the pyrazine 
analogue [FeII(bppz)2](ClO4)2 exhibits SCO with a T½ of 201 K, 
so clearly the LS state is better stabilised by the pyrazine ring 
(stronger ligand field) in the bppz case (22). However, for 
the analogous BF−

4
 salts, [FeII(bpp)](BF4)2 undergoes SCO at 

T½ = 261 K, whereas [FeII(bppz)](BF4)2 displays a transition 
at T½ = 223 K, the opposite trend to that seen for the ClO−

4
 

salt (22). Interestingly, solution-phase measurements on 
the BF−

4
 complexes (in which the effect of crystal packing is 

removed) show the reverse effect from that seen in the solid 
state, with the pyrazine complex [FeII(bppz)](BF4)2 having a 
slightly higher T½ than for the analogous pyridine complex 
[FeII(bpp)](BF4)2 (Table S1) (23, 31).

Another pair of tridentate ligands, related to bidentate 
L7/L6, but in which the outer pyrazole nitrogen atom pos-
sesses a methyl-2-pyridine substituent, picpypz and picpypz 
(Figure 1) (32), have also been explored as part of a pyridine 
vs. pyrazine comparison of SCO-active iron(II) complexes. 
Specifically, pyrazine [FeII(picpzpz)](BF4)2∙MeOH displays a 
two-step transition with T½

1 = 197 K and T½
2 = 91 K, whereas 

pyridine [FeII(picpypz)](BF4)2∙MeOH displays a gradual SCO 
centred at roughly 225 K (32), consistent with pyridine pro-
viding a stronger ligand field than pyrazine, although clearly 
other factors are contributing as the transition is single step 
and gradual rather than abrupt and two-step.

Another study looked at the effect of pyridine vs. 
pyrazine in the pair of tetradentate ligands BPMEN and 
BZPMEN (Figure 1) (33). The spin transitions of complexes of 
the type [FeII(L)2(O3SCF3)2] (where L = BZPMEN or BPMEN) 
were analysed by the Evan’s NMR method in acetonitrile-d6. 
The pyrazine complex [FeII(BZPMEN)2(O3SCF3)2] displayed 
a higher T½ (292 vs. 264 K) than the analogous pyridine 
complex [FeII(BPMEN)2(O3SCF3)2], consistent with pyrazine 
providing the stronger ligand field. Solid-state magnetic 
measurements were not reported.

Here we probe the effect on the iron(II) spin states of 
replacing both of the pyridine rings in two examples of 
bis-terdentate PMRT ligands with pyrazine rings to give 
the analogous bis-terdentate PZMRT ligands (Figure 1).

Results and discussion

Synthesis of ligands

The synthesis of the ligands PZMAT and PZMPT (Scheme 
1) is based on the analogous synthesis of PMAT (7) and 
PMPT (5), except using 2-(aminomethyl)pyrazine instead 
of commercially available 2-(aminomethyl)pyridine. The 
2-(aminomethyl)pyrazine was obtained in five steps. First, 
picolinic acid was converted to methyl picolinate hydro-
chloride in 92% yield using thionyl chloride and methanol 
(avoiding the use of sulphuric acid (34)) at room temper-
ature (as is done for related conversions (35)), and in a 
similar fashion to a reported procedure (36). The hydro-
chloride salt is not prone to decomposition like the free 
base, so is convenient for storage. In the second step, 
methyl picolinate hydrochloride is converted to the free 
base, methyl picolinate, in 94% yield using potassium 
carbonate. The third step is reduction of the ester with 
sodium borohydride in methanol at room temperature, 
similar to published procedures at reflux (37) but under 
milder conditions and in higher yield (71%). This reduc-
tion has also been reported with lithium borohydride in 
water (38), although the yield was not specified in that 
case. In the fourth step, a Mitsunobu reaction (using DIAD 
and triphenylphosphine in dry THF) is employed to con-
vert the alcohol directly to the phthalimide in 75% yield 
(previously the phthalimide has been obtained by first 
isolating 2-(chloromethyl)pyrazine (39, 40)). Finally, in the 
fifth step, the phthalimide group is converted to the amine 
using hydrazine hydrate in ethanol (40), yielding 2-(ami-
nomethyl)pyrazine as a highly hygroscopic pale yellow oil 

Scheme 1. (Colour online) Preparation of the new pyrazine armed ligands PZMAT (R = NH2) and PZMPT (R = pyrrole), and the complexes 
[FeII

2(PZMRT)2](BF4)4 and [FeII
2(PMRT)2](BF4)4. The literature ligands PMAT and PMPT contain pyridine, not pyrazine, rings and are formed 

from commercially available 2-(aminomethyl)pyridine.
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4   ﻿ H. L. C. FELTHAM ET AL.

(BF4)4∙3H2O (2∙3H2O) were obtained by the reaction of 
FeII(BF4)2∙6H2O with an equimolar quantity of PZMAT or 
PZMPT, respectively, in methanol using Schlenk tech-
niques (Scheme 1). It should be noted that all subsequent 
analyses, including magnetic studies, were performed on 
these powder samples.

Crystal structure

Despite numerous attempts, crystals of 1 were not 
obtained. However, a few single crystals of 2∙3.5MeCN, suit-
able for X-ray diffraction, were grown by slow diffusion of 
diethyl vapour into a solution of 2∙3H2O in acetonitrile. The 
complex crystallised in the triclinic space-group P-1 with 
the asymmetric unit composed of two half-complexes, four 
tetrafluoroborate anions and three and a half acetonitrile 
molecules, with the remainder of each complex generated 
by inversion (Figure 2 and S1, Table 1 and S2, SI).

The two independent complexes are very similar to 
one another [Table 1, Fe(1) vs. Fe(2)]. In both cases the 
[FeII

2(PZMPT)2]4+ cation comprises two iron(II) centres coor-
dinated in a cis-axial (13) fashion by two PZMPT ligands. 
Overall this is very similar to that of the pyridyl-armed ana-
logue [FeII

2(PMPT)2](BF4)4∙4DMF (5). The iron(II) centres in 
2∙3.5MeCN at 100 K have shorter Fe–N bonds and smaller 
Σ values (41) compared to related [HS-HS] [FeII

2(PMRT)2]
(BF4)2 complexes, but longer than for the related local-
ised [LS-HS] complex (Table 1) (5–10). Indeed the average 
Fe–N in 2∙3.5MeCN lies between that seen for LS and HS 
iron(II) in related ligands, and consistent with an average 
occupancy of 2:1 HS:LS at each iron(II) site. Given that no 
[FeII(PMRT)2](BF4)2 complex has been observed in the fully 
[LS-LS] state, it is likely that this is a consequence of a dis-
ordered 1:2 mixture of [HS-HS] and ‘[HS-LS]’ throughout 
the crystal lattice.

Analysis of the packing interactions reveals hydrogen 
bonds between three of the unique secondary amine pro-
tons and the fluorine atoms of nearby tetrafluoroborate 
counter anions (N–H∙∙∙F = 2.891–3.168 Å, ∠N–H∙∙∙F = 151.4–
163.7°), with the fourth amine proton forming a weak bifur-
cated hydrogen bond to the nitrogen atom of a lattice 

in 74% yield. In the past this conversion was performed 
using sodium hydroxide (39), but this requires laborious 
extraction of the highly-water soluble amine from water 
into organic solvents, so the hydrazine hydrate route is 
far superior.

With this interesting amine in hand, the ligands 
PZMAT and PZMPT were prepared by refluxing it with 
either 3,5-bis(chloromethyl)-4-amino-4H-1,2,4-triazole or 
3,5-bis(chloromethyl)-4-pyrrole-4H-1,2,4-triazole, respec-
tively, in acetonitrile (Scheme 1). As with the pyridine 
ligand analogues PMAT (7) and PMPT (5), the PZMRT lig-
ands were not purified prior to complexation.

Synthesis of complexes

Analytically pure powders of [FeII
2(PZMAT)2]

(BF4)4∙MeOH∙2H2O (1∙MeOH∙2H2O) and [FeII
2(PZMPT)2]

Figure 2.  (Colour online) Perspective view of the one of the 
two unique complexes in the crystal structure of [FeII

2(PZMPT)2]
(BF4)4∙3.5MeCN (2∙3.5MeCN). For clarity, hydrogen atoms and 
solvent molecules have been omitted.

Table 1. Comparison of selected structural parameters of [FeII
2(PZMPT)2](BF4)4∙3.5MeCN (2∙3.5MeCN) (two half-complexes in the asym-

metric unit) with [FeII
2(PMPT)2](BF4)4∙4DMF and [FeII

2(PMAT)2](BF4)4∙DMF (in both its  and localised  states).
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Whilst the analogous pyridyl-containing complexes 
[FeII

2(PMAT)2](BF4)4∙DMF and [FeII
2(PMPT)2](BF4)4∙H2O 

(Table 2) are both fully [HS-HS] at room temperature, both 
1∙MeOH∙2H2O and 2∙3H2O are already partially LS, consist-
ent with pyrazine providing a somewhat stronger ligand field 
than pyridine. However, both pyrazine samples are pow-
ders, and undergo very gradual SCO, whereas crystals of 
[FeII

2(PMAT)2](BF4)4∙DMF undergo an abrupt ‘half’ SCO from 
[HS-HS] to a localised [HS-LS] state (i.e. one HS and one LS 
centre within the same molecule) with T½ = 224 K (7–10), 
and a powder sample of [FeII

2(PMPT)2](BF4)4∙H2O remains 
[HS-HS] at all temperatures studied (5).

The Mössbauer spectrum of solvatomorph 2·H2O at 
4.4 K (Figure 4 and Table S3, SI) shows two signals; a wider 

acetonitrile molecule (N–H∙∙∙N  =  3.287, ∠N–H∙∙∙N  =  132.9°) 
and a non-coordinated pyrazine nitrogen atom (N–
H∙∙∙N = 3.484 Å, ∠N–H∙∙∙N = 138.1°). The other three unique 
non-coordinated pyrazine nitrogen atoms are involved 
in non-classical hydrogen bonds with the protons on the 
sp3 carbon atoms of lattice acetonitrile molecules (C–
H∙∙∙N = 2.960–3.292 Å, ∠C–H∙∙∙N = 132.94–130.55°). There are 
also anion–π interactions (42) (F11∙∙∙centroid of pyrazine 
ring = 3.118 Å). In contrast, in the structure of [FeII

2(PMPT)2]
(BF4)4∙4DMF all four secondary amine protons are hydro-
gen bonding to fluorine atoms of counter anions, and the 
solvent DMF molecules interact with the complex cation 
via O–H∙∙∙π interactions (5) rather than via the non-coor-
dinated pyrazine nitrogen atoms. Nevertheless, anion–π 
interactions are observed in both cases.

Magnetic and Mössbauer study

The magnetic properties of 1∙MeOH∙2H2O and 2∙3H2O 
were measured between 300 and 4  K to check for the 
presence of SCO (Figure 3 and Table 2). At room tem-
perature, the χT product per iron(II) for 1∙MeOH∙2H2O is 
2.32  cm3∙K∙mol−1 (4.31 B.M.) and for 2∙3H2O it is slightly 
higher, 2.58 cm3∙K∙mol−1 (4.55 B.M.). Assuming a χT product 
of 3.51 cm3∙K∙mol−1 for HS iron(II) (43), these correspond 
to about two-thirds to three-quarters of the iron(II) ions 
being in the high-spin state. As the temperature is low-
ered to 50 K, there is an incomplete and gradual SCO, as 
evidenced by a decrease in the χT product to 1.57 and 
1.77 cm3∙K∙mol−1 per iron(II) for 1∙MeOH∙2H2O and 2∙3H2O, 
respectively. Both of these values are in the range expected 
for half of the iron(II) ions being in the HS state, i.e. a ‘[HS-
LS]’ state, at 50 K.

Figure 3.  (Colour online) Temperature dependence of the χT 
product for 1∙MeOH∙2H2O (blue points) and 2∙3H2O (red points) 
between 300 and 4 K, collected in the sweep mode at 5 K∙min-1.

Figure 4.  (Colour online) The Mössbauer spectrum of 2∙H2O at 
4.4 K (top) and 293 K (bottom). The solid coloured lines are a fit, 
and correspond to HS (red) and LS (blue) iron(II).

Table 2.  Comparison of the χT product per Fe (cm3∙K∙mol−1) for 
pyrazine complexes 1∙MeOH∙2H2O and 2∙3H2O (powders) with 
the pyridine-containing analogues [FeII

2(PMAT)2](BF4)4∙DMF and 
[FeII

2(PMPT)2](BF4)4∙H2O (crystalline).
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6   ﻿ H. L. C. FELTHAM ET AL.

has been previously reported (9). All other materials 
were purchased from commercial suppliers and used 
as received. Elemental analysis was carried out by the 
Campbell Microanalytical Laboratory at the University 
of Otago. 1H NMR spectra were recorded on a 400 MHz 
Varian 400MR spectrometer at 298 K. Chemical shifts are 
referenced to residual solvent peaks (CDCl3 at 7.26 ppm).

Magnetic data were recorded over the range 4–300 K 
using a Quantum Design PPMS Susceptometer equipped 
with a vibrating sample mount or a Quantum Design 
SQUID Magnetometer under an applied field of 0.1 Tesla 
at the Robinson Research Institute, Lower Hutt, New 
Zealand. 57Fe Mössbauer spectroscopy were recorded on 
a Mössbauer spectrometer from SEE Co. equipped with 
a closed cycle refrigerator system from Janis Research 
Co. and SHI. Data were collected in constant acceleration 
mode in transmission geometry with an applied field 
of 47 mT parallel to the γ-rays. The zero velocity of the 
Mössbauer spectra refers to the centroid of the room tem-
perature spectrum of a 25 μm metallic iron foil. Analysis 
of the spectra was conducted using the WMOSS program 
(SEE Co., formerly WEB Research Co. Edina, MN).

Single crystal X-ray diffraction data for all complexes 
were collected on a Bruker Kappa Apex II area detector 
diffractometer at 91  K. In all cases graphite monochro-
mated Mo-Kα radiation (λ = 0.71073 Å) was used. All data 
sets were corrected for absorption using SCALE (44). The 
structures were solved using SHELXS-97 (45). All structures 
were refined against F2 using all data by full matrix least 
squares techniques with SHELXL-97 (45). Crystallographic 
data for the structure of 2∙3.5MeCN has been deposited 
with the Cambridge Crystallographic Data Centre, CCDC 
1552217. Further refinement details are available in the ESI.

Synthesis

Methyl 2-pyrazinecarboxylate hydrochloride: 2-Pyrazinecar 
boxylic acid (75 g, 0.605 mol) was suspended in metha-
nol (500 mL) and thionylchloride (44.0 mL, 0.605 mol) was 
slowly added with stirring. The suspension was stirred for 
two days before being filtered and the solid suspended 
in diethyl ether (750 mL). The suspension was filtered and 
the solid washed with diethyl ether to yield crude product 
as a flowing white powder (97 g, 92%). Found: C 41.95, H 
4.05, N 16.86. Calc. for C6H6N2O2∙HCl: C, 41.91, H, 4.05, N, 
16.05. 1H NMR (300 MHz, CDCl3): δ (ppm) 9.34 (d, J = 1.5 
Hz, 1H, H-3), 8.79 (d, J = 2.7 Hz, 1H, H-1), 8.75–8.74 (m, 1H, 
H-2), 4.07 (s, 3H, OCH3).

Methyl 2-pyrazinecarboxylate: To a stirred suspension 
of methyl 2-pyrazinecarboxylate hydrochloride (49.6  g, 
0.284 mol) in dichloromethane (300 mL) was added potas-
sium carbonate (48.6 g, 0.352 mol) and the suspension was 
stirred for five hours, during which time the suspended 

doublet at isomer shift δ  =  1.08 with quadrupole split-
ting ∆EQ = 2.90 mm∙s−1 corresponding to HS iron(II), and 
a narrow doublet at δ  =  0.47 with quadrupole splitting 
∆EQ  =  0.25  mm∙s−1 corresponding to LS iron(II). There is 
an additional broad background signal which is probably 
due to some oxidation that these complexes are prone to. 
The relative intensity of the HS:LS peaks, 2:1, corresponds 
to a χT product of approximately 2.3 cm3∙K∙mol−1, which 
is somewhat higher than the value derived from the mag-
netic data at 50 K (1.77 cm3∙K∙mol−1).

At 293 K, the isomer shifts (0.94 for HS, 0.50 mm∙s−1 LS) 
and quadrupole splittings (2.34 for HS; 0.62 mm∙s−1 for LS) 
are relatively unchanged from those at 4.4 K. However, the 
relative intensity of the peaks has changed to 3:1 HS:LS, 
which corresponds χT≈2.6  cm3∙K∙mol−1. This is in very 
good agreement with that obtained from the magnetic 
measurements (2.58 cm3∙K∙mol−1). Whilst the parameters 
are very similar to those found in the Mössbauer spec-
tra of [FeII

2(PMAT)2](BF4)4∙DMF (10) and [FeII
2(PMPhtBuT)2]

(BF4)4∙3.5H2O (6), the present data cannot distinguish 
between a delocalised [HS-LS] state or a mixture of [HS-
HS] and [LS-LS] states at 4.4 K for 2∙H2O.

Conclusion

The pyrazine analogues, [FeII
2(PZMAT)2](BF4)4∙MeOH∙2H2O 

(1∙MeOH·2H2O) and [FeII
2(PZMPT)2](BF4)4∙3H2O (2∙3H2O), of 

the previously reported pyridine complexes [FeII
2(PMAT)2]

(BF4)4∙DMF and [FeII
2(PMRT)2](BF4)4∙H2O, have been pre-

pared and characterised. The structure determination 
on 2∙3.5MeCN confirmed the expected binding mode, 
with two bis-terdentate ligands providing all 12 donors 
to the two iron(II) centres as well as two triazole bridges 
between them. In contrast to the pyridine analogues, 
neither pyrazine complex is fully [HS-HS] at room tem-
perature, consistent with pyrazine providing a stronger 
ligand field than pyridine. Also consistent with this is that 
whilst [FeII

2(PMRT)2](BF4)4∙H2O remains [HS-HS], both 
1∙MeOH·2H2O and 2∙3H2O show very gradual SCO, to 
approximately ‘[HS-LS]’ at 50 K. However, these compari-
sons must be taken on board with caution, as the solvent 
content varies, as does the crystalline vs. powder nature of 
these samples, factors which are known to have the poten-
tial to confound. These systems have proved to be oxida-
tion sensitive, so our focus is now on more robust systems 
with which we can examine the relative field strengths of 
pyridine and pyrazine in more detail.

Experimental

General remarks

The synthesis of 3,5-bis(chloromethyl)-4-amino-1,2,4-tri-
azole and 3,5-bis(chloromethyl)-4-pyrrole-1,2,4-triazole 
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further purification (0.05 g, ca. 74%). Found: C, 52.70; H, 
6.60; N, 36.43. Calculated for C5H7N3O·⅓H2O: C, 52.43; H, 
6.69; N, 36.69. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.54 (d, 
J = 1.5 Hz, 1H, H-3), 8.46 (dd, J = 1.5, 2.7 Hz, 1H, H-2), 8.40 
(d, J1,2 = 2.7 Hz, 1H, H-1), 3.96 (s, 2H, CH2).

3,5-Bis{[(2-pyrazylmethyl)amino]methyl}-4-amino-4H-
1,2,4-triazole (PZMAT): 2-(aminomethyl)pyrazine (0.5  g, 
4.58  mmol) and 3,5-bis(chloromethyl)-4-amino-1,2,4-tri-
azole (0.331 g, 1.53 mmol) were dissolved in acetonitrile 
(40 mL). To this was added K2CO3 (1.05 g, 7.64 mmol) and 
the resulting suspension heated at reflux for four hours. 
At this point the suspension was filtered and the filtrate 
taken to dryness. The residue was dissolved in dichlo-
romethane (10 mL) and the white solid (residual Na2CO3) 
filtered off. The filtrate was taken to dryness, yielding crude 
3,5-bis{[(2-pyrazylmethyl)amino]methyl}-4-amino-4H-
1,2,4-triazole (PZMAT) as a red oil. The ligand was used as 
is, without further purification.

3,5-Bis{[(2-pyrazylmethyl)amino]methyl}-4-pyrrole-4H-
1,2,4-triazole (PZMPT): Prepared in an analogous fashion to 
PZMAT, except using 3,5-bis(chloromethyl)-4-pyrrole-1,2,4-
triazole (0.293 g, 1.53 mmol), with the same quantities of 
other reagents and solvents, yielding red oil. The ligand 
was used as is, without further purification.

[FeII
2(PZMAT)2](BF4)4∙MeOH∙2H2O (1∙MeOH∙2H2O): 

3,5-bis{[(2-pyrazylmethyl)amino]methyl}-4-amino-4H-
1,2,4-triazole (0.216  g, 0.69  mmol) was dissolved in 
MeOH (5  mL) and the solution thoroughly degassed 
by consecutive vacuum/argon purges. To MeOH (5  mL) 
degassed by consecutive vacuum/argon purges was 
added FeII(BF4)2∙6H2O (0.222 g, 0.69 mmol) and the solu-
tion transferred via cannula to the PZMAT solution. The 
resulting brown suspension was stirred for a further 
five minutes before being filtered under argon yield-
ing [FeII

2(PzMAT)2](BF4)4·2H2O·MeOH as brown powder 
(0.190  g, 49%). Found: C, 29.29; H, 3.36; N, 23.76. Calc. 
for Fe2C28H36N20B4F16·2H2O·MeOH: C, 29.53; H, 3.76; N, 
23.75. ESI-MS (MeCN): found  =  327.1789, calculated for 
[(C14H18N10)H]+ = 327.1794.

[FeII
2(PZMPT)2](BF4)4∙3H2O (2∙3H2O): Prepared in analo-

gous fashion to [FeII
2(PZMAT)2](BF4)4∙MeOH∙2H2O, except 

using PZMPT (0.240 g, 0.71 mmol), with the same quan-
tities of other reagents and solvents, yielding orange 
powder (0.292 g, 83%). Found: C, 33.90; H, 3.56; N, 21.75. 
Calc. for Fe2C36H40N20B4F16·3H2O: C, 34.16; H, 3.66; N, 
22.13. ESI-MS (MeCN): found  =  377.1996, calculated for 
[(C18H20N10)H]+ = 377.1951.
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solid became flocculent. The suspension was then filtered 
and the filtrate evaporated to dryness under reduced 
pressure at 40  °C to yield methyl 2-pyrazinecarboxylate 
as colourless oil which rapidly crystallised into an off-white 
solid at room temperature (37.0 g, 94%). Found: C, 51.94; 
H, 4.55; N, 20.55. Calc. for C6H6N2O2: C, 52.17; H, 4.38; N, 
20.28. 1H NMR (300 MHz, CDCl3): δ (ppm) 9.33 (d, J = 1.0 
Hz, 1H, H-3), 8.79 (d, J = 2 Hz, 1H, H-1), 8.74–8.73 (m, 1H, 
H-2), 4.06 (s, 3H, OCH3).

2-Pyrazinemethanol: A stirred solution of methyl 2-pyra-
zinecarboxylate (4.94 g, 35.8 mmol) in methanol (350 mL) 
was slowly added sodium borohydride (5.410 g, 143 mmol) 
in 1 g portions over 10 min. Caution: The solution became 
yellow and evolved heat and gas, add the sodium boro-
hydride cautiously. The solution was stirred overnight 
at room temperature. H2O (20  mL) was added and the 
reaction was shaken vigorously. The suspension was then 
evaporated to dryness under reduced pressure to an oily 
yellow powder. Ethyl acetate (350 mL) was then added and 
the resulting suspension was stirred vigorously overnight. 
The suspension was filtered and evaporated to dryness 
under vacuum to give the crude product as a yellow oil 
which was used without further purification (2.80 g, ca. 
71%). 1H NMR (300 MHz, CDCl3): δ (ppm) 8.64 (br, 1H, H-3), 
8.53 (m, 1H, H-2), 8.50 (m, 1H, H-1), 4.84 (s, 2H, CH2).

2-Pyrazinemethylphthalimide: Triphenylphosphine 
(7.80 g, 29.7 mmol) and phthalimide (4.50 g, 30.6 mmol) 
were added to a solution of crude 2-(hydroxylmethyl)pyra-
zine (2.80 g, 25.5 mmol) in dry tetrahydrofuran (200 mL). 
The stirred solution was then cooled in an ice bath before 
diisopropyl azodicarboxylate (5.90  g, 30.4  mmol) was 
slowly added over 5 min. The solution was stirred for two 
days at room temperature and taken to dryness under 
reduced pressure and the resulting yellow oil was sus-
pended in ethanol (20 mL) before again being taken to 
dryness under reduced pressure, producing a thick yellow 
slurry. The slurry was dissolved in hot ethanol (~200 mL) 
and left to cool and evaporate to ~50  mL overnight at 
room temperature. The resulting solid was filtered off to 
give the desired product as an analytically pure slightly 
yellow solid (3.82 g, 75%). Found: C, 65.14; H, 3.89; N, 17.52. 
Calc. for C13H9N3O2: C, 65.27; H, 3.79; N, 17.56. 1H NMR (300 
MHz, CDCl3): δ (ppm) 8.66 (s, 1H, H-3), 8.48 (s, 2H, H-2 + 
H-1), 7.89–7.92 (m, 2H, phth-H), 7.77–7.74 (m, 2H, phth-H), 
5.06 (s, 2H, CH2).

2-(Aminomethyl)pyrazine: 2-Pyrazinemethylphthalimide 
(0.15 g, 0.63 mmol) was suspended in ethanol (10 mL) and 
hydrazine hydrate (80% w/w%, 1.5 mL, 3.1 mmol) added 
before the suspension was heated to reflux for two hours. 
The suspension was then cooled to room temperature 
then further cooled in the fridge. The suspension was 
filtered and the filtrate taken to dryness yielding 2-(ami-
nomethyl)pyrazine as a yellow oil that was used without 
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