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The syntheses of 2,6-di(pyrid-2-yl)pyrazine (LY), 2,6-di(pyrazinyl)pyridine (L?), 2,2:6',2'" -terpyrazine
(L3), 2,6-di(pyrimidin-4-yl)pyridine (L%, 2,6-di(1,2,4-triazin-3-yl)pyridine (L%), 4-hydroxy-2,6-
di(pyrazinyl)pyridine (L®) and 4-hydroxy-2,6-di(pyrimidin-2-yl)pyridine (L") are described. Homoleptic
iron(I1) and cobalt(l1) complexes of these ligands have been prepared and, in four cases, structurally
characterised. Theiron complexes are al low-spin. However, while the cobalt complexes of the pyrazine-
rich ligands L?, L3 and L® are all predominantly low-spin in the solid state, the other cobalt complexes are
essentially high-spin between 5-300 K. The voltammetric M(I11)/(11) (M = Fe or Co) oxidations and
metal- or ligand-based reductions all become more anodic as the nitrogen content of the ligands increases,
which correlates well with Lever's additive electrochemical parameters for the heterocyclic donor groups

in each complex.

I ntroduction

2,2":6',2""-Terpyridine (terpy) and its derivatives form one of the
most important ligand classes in transition metal coordination
chemistry.*® Complexes of terpy itself can have important
functionality, including fluorescence™*® and spin-crossover.’
However, terpy derivatives bearing a variety of substituents can
aso be readily synthesised,*® which has allowed terpy binding
sites to be incorporated into many types of molecular and
nanochemical device,*®° supramolecular arrays®*'%!* and metal-
containing polymers***2 and dendrimers.>®

Complexes of other, analogous tris-azine derivatives have
aso proved important, especialy in supramolecular chemistry
and photochemical devices. The incorporation of additional
hydrogen-bond acceptor sites into the terpy skeleton can be a
useful approach to constructing hydrogen-bonded host:guest
complexes.’®® Moreover, nitrogen rich tris-azines are better 7
acceptors than terpy itself, which can lead to their complexes
showing enhanced fluorescence.™ Finally, derivatives of 2,6-bis-
(1,2,4-triazinyl)pyridine have proven to be promising candidates
for the solvent extraction of actinide elements.®® Importantly,
however, these tris-azine ligands and complexes have nearly
always been prepared with periphera substituents, most often at
the 4-position of the central pyridyl (or other azinyl) ring.X+*®
That may reflect that common syntheses of tris-azines, such as
the Kréhnke or Chichibabin reactions, only work well for
products that are substituted at the central heterocyclic ring.*®

We describe here the complex chemistry of a series of tris-
azine terpyridine analogues L-L7 (Scheme 1), concentrating on
the parent tris-heterocycles lacking any peripheral substituents.
Some of these ligands have been synthesised before'™*° but we
are unaware of any previous reports of their coordination
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Scheme 1 Ligands used in this work, and the abbreviations used for their

so iron(I1) (1a-1g) and cobalt(ll) (2a-2g) complexes.
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chemistry. Our motivation for this study was two-fold. First, was
to investigate the spin- states of their iron and cobalt complexes,
as part of our long-standing interest?>?! in the crystal engineering
of spin-crossover materials?*?® Sats of [Co(terpy),]>* and
[Co(terpyOH),]?* are a well-established class of spin-crossover
compound,” while iron(I1) complexes of some terpy analogue
ligands have also been important in spin-crossover research.?24%
Second, was to find new functional complexes suitable for doping
into a spin-crossover lattice, to produce multifunctional
switchable materials. 2%

Results and Discussion

Ligands L*-L® (Scheme 1) were prepared by variations of
literature methods. For L*-L? this involved Stille coupling of 2,6-
dibromopyridine or 2,6-dichloropyrazine with the relevant
(tributylstannyl)azine precursor.’’ Attempts to prepare 2,6-
di(pyrimidin-2-yl)pyridine® and 2,6-di(pyrimidin-2-yl)pyrazine
by the same Stille coupling route gave only small quantities of
impure products, however. Ligands L and L° were constructed in
two steps from 2,6-diacetylpyridine and 2,6-dicyanopyridine
respectively, using standard procedures for the construction of
pyrimidine and 1,24-triazine rings from those precursor
types.®*° Notably, we were only able to obtain L® in ca. 80 %
purity by this method,’® which made it difficult to obtain its
complexes in pure form. The new 4-hydroxypyridyl derivatives
L® and L7 were obtained by adapting the published procedure for
terpyOH (Scheme 1) using pyrazinylcarboxylate and
pyrimidin-2-ylcarboxylate esters as starting materials.

The complexes [FeL,][BF,], (1a-1g) and [CoL,][BF,], (2a-
2g; Scheme 1) were prepared by treatment of Fe[BF,]»-6H,0 or
Co[BF,,6H,0 with 2 equiv of the relevant ligand.
Recrystallisation of the resultant crude materials from MeNO,/
Et,O yielded dark purple (1a-1g) and red (2a-2g) microcrystalline
products in good NMR purity, although several of the compounds
retained lattice water or solvent by elemental microanalysis.
Unlike the other complexes, pure samples of 1€ and 2e were only
obtained after several recrystallisations, which may reflect their
higher solution lability (see below) and the impure nature of the
LS ligand used. Since pure 1e and 2e were only available in mg
amounts, they were not characterised to the same extent as the
other complexes. The complex sdlts of terpy and terpyOH were
also prepared, for comparison with these new compounds.

Single crysta X-ray structures were determined of
nitromethane solvates of 1a and 1d, and of unsolvated 2b and 2d.
Interestingly the crystals of 1d and 2d are not isostructural,
despite having been produced under the same conditions. The
expected six-coordinate metal complex centre was observed in
each case (Figs. 1 and 2). None of the compounds is isostructural
with [M(terpy)s][BF4l, (M?* = Co*, Cu®* or Ru?"), which all
adopt the layered “terpyridine embrace” lattice type® in the space
group Cc.2%% However, 1a-MeNO, and 2b both adopt different
versions of the terpyridine embrace structure, in P2,/c and P42;c
respectively. The other two structures adopt different crystal
packing modes, with no intermolecular 77 interactions between
the complex cations. The metric parameters imply that 1a and 1d
are low-spin at 150 K (Table 1), which is consistent with their
susceptibility and NMR data (see below). The Fe-N distances
inlb aretypical of values seen in [Fe(terpy),]®* derivatives,

Fig. 1 Views of the [Fe(LY)]*" cation in 1b-MeNO; (top), [Fe(L*)]?" cation

60 in 1d-3MeNO, (center), and the [Co(L?)]* cation in 2a (bottom). All H
atoms have been omitted for clarity, and thermal ellipsoids are at the 50%
probability level. Symmetry codes: (i) —x, -y, z; (i) y, =X, =z; (iii) =y, X, —
z. Colour code: C, white; Co or Fe, green; N, blue.

e but those in 1d are 0.018(5)-0.041(5) A longer (Table 1). That
may reflect the reduced basicity of the pyrimidinyl N donors in
L* compared to the distal pyridyl groupsin terpy and in L.



Table 1 Selected bond distances and anglesin the crystal structures of the
iron complexes in this work (A, 9). See Fig. 1 for the atom numbering
schemes employed, and ref. 21 for a discussion of the distortion indices X
and ® which are characteristic for the spin-states of the complexes.

la-MeNO, 1d-3MeNO;,
Fe(1)-N(2) 1.879(4) 1.920(3)
Fe(1)-N(9) 1.998(4) 2.016(2)
Fe(1)-N(15) 1.989(4) 2.013(3)
Fe(1)-N(20) 1.887(4) 1.915(3)
Fe(1)-N(27) 1.998(4) 2.015(3)
Fe(1)-N(33) 1.992(4) 2.023(3)
N(2)-Fe(1)-N(9) 80.57(15) 80.84(11)
N(2)-Fe(1)-N(15) 80.70(15) 80.71(11)
N(2)—-Fe(1)-N(20) 179.31(16) 177.87(10)
N(2)-Fe(1)-N(27) 99.86(15) 98.35(11)
N(2)-Fe(1)-N(33) 99.30(15) 100.27(10)
N(9)—Fe(1)-N(15) 161.09(15) 161.55(11)
N(9)—Fe(1)-N(20) 100.12(15) 97.27(11)
N(9)-Fe(1)-N(27) 92.61(14) 92.71(9)
N(9)-Fe(1)-N(33) 90.57(14) 91.06(11)
N(15)-Fe(1)-N(20) 98.60(15) 101.18(10)
N(15)-Fe(1)-N(27) 93.12(14) 80.91(10)
Hggg—ag—mgg gg-‘ﬁﬁg gggggﬁ; Fig. 2. View of the [Co(L%)]** cation in 2d, emphasising its twisted
a - : : coordination geometry. Intermolecular steric contacts of 3.0-3.1 A that
N(20)-Fe(1)-N(33) 80.69(15) 80.69(11) 20 may give rise to these structural distortions are aso shown. Only one
N(27)-Fe(1)-N(33) 160.84(14) 161.36(11) orientation of the disordered BF,~ ion is included. The atom numbering
82.2(5 80.2(4 scheme for this structure is the same as for the [Fe(L%)]*" cation in Fig. 1,
g 26'4( ) 26;5( ) with Fe(1) replaced by Co(1). Colour code: C, white; B, pink; F, cyan:

Co, green; N, blue.
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magnetic susceptibility data for both compounds, which show

Table 2 Selected bond distances and angles in the crystal structures of the they are almost fully low-spin (2b) and high-spin (2(.1) a that
cobalt complexes in this work (A, ©). See Fig. 1 for the atom numbering temperature (see below). The molecular structure of 2d is notably

10 schemes employed [the numbering for 2d is the same as for 1d, but with distorted, with the L* ligand N(2)-C(19) being strongly bent; the

Fe(1) replaced by Co(1)]. Symmetry codes: (i) =, -, 2z (ii) y, =X, —2. % dihedral angle between the least squares planes of the pyrimidyl

2b 2d rings in this ligand is 19.65(10)° (Fig. 2). A less distorted, but

Co(1)-N(2) 1.932(4) Co(1)-N(2) 2.0659(15) comparable, conformation is also shown by the other ligand in

Co(1)-N(7) 2.099(3) Co(1)-N(9) 2.1666(15) the molecule. This distortion appears to reflect the positioning of
Co(1)-N(15) 2.1482(15) an anion in the lattice, which isin van der Waals contact with the
Co(1)-N(20) 2.0563(15) ’

Co(1)-N(27) 2.1749(16) % Pyrimidyl ring C(14)-C(19) and displaces it from coplanarity with
Co(1)-N(33) 2.1928(15) its pyridyl substituent. A similar intermolecular van der Waals
contact is aso present between the other pyrimidyl ring in this
ligand C(8)-C(14), and a neighbouring complex molecule (Fig.

&

N(2-Co(1)-N(7)  79.85(8) N(2)-Co(1)-N(9) 75.77(6)
N(2-Co(1)-N(15)  76.10(6)

N(2)-Co(1)-N(2") 180 N(2)-Co(1)-N(20) 171.27(5) 2). The distorted molecular structure in 2d may be responsible for
N(2-Co(1)-N(7")  100.12(8) N(2)-Co(1)-N(27) 110.33(6) 40 itsremaining high-spin at low temperatures (see below), since the
N(2)-Co(1)-N(33)  96.43(6) suppression of spin-crossover by such conformational distortions

N(7)-Co(1)-N(7)  159.76(16)  N(9)-Co(1)-N(15)  148.82(6)

H¥ . 21,35
’ N(9)-Co(1)-N(20) 98.94(6) has been seen beforg iniron chemistry.
N(7)-Co()-N(7)  91.77(3) N(9)-Co(1)-N(27) 88.88(6) X-ray powder diffraction measurements were undertaken on
N(9)-Co(1)-N(33) 94.83(6) the cobalt complexes (ESIT), to aid interpretion of their magnetic

N(15)-Co(1)-N(20) ~ 110.52(6) . susceptibility data (see below). Solid 2b has good crystallinity,

N(15)-Co(1)-N(27 88.45(6 o . .
NElsg—cgglg—NE?sg 101 4(2(25) and is isostructural with the single crystals of that compound.

N(20)-Co(1)-N(27)  76.15(6) Bulk samples of the other cobalt compounds contain differing
N(20)-Co(1)-N(33)  76.91(6) proportions of crystalline and amorphous material, with the
N(27)-Co(1)-N(33)  153.05(6) hydroxylated complexes 2f and 2g being predominantly
5 88.102) 5 13022) 50 amorphpus. Where the peaks were sufficiently resolved, the
P 296 P 403 crystalline components of those samples all appeared to be a

single phaseg; for 2d, the crystalline fraction is again a good match
for the single crystal phase of that complex (ESIT).

All the iron complexes are diamagnetic at room temperature,

The Co-N distances, and the distortion indices = and ®,% s and yield diamagnetic *H NMR spectrain CDsNO, solution. That

15 indicate that 2b and 2d are predominantly low-spin and high-spin demonstrates they are low-spin under ambient conditions, in

at 150 K, respectively (Table 2).%® That is consistent with the common with most other iron(ll) complexes of terpy and its




derivatives.13**37 The NMR spectra of the cobalt complexes are
paramagnetic, and contain one contact shifted C, or m-symmetric
ligand environment as expected. However, while most of the
complexes retain their integrity in solution, 1e and 2e are more
s solution labile on the basis of their ES mass spectra, which
predominantly contain peaks from free L° and its sodium
complex. The *H NMR spectrum of 2e aso exhibits much
smaller contact shifts than for the other cobalt complexes, which
may indicate a rapid chemical exchange between free and
10 coordinated L®,

Solid [Co(terpy),][BF4].* and [Co(terpyOH),][BF.],* both
exhibit typically gradua thermal spin-crossover transitions,
whose midpoaints lie close to room temperature. The spin-state
properties of 2a-2d, 2f and 2g were therefore investigated

1s through variable temperature magnetic moments (Fig. 3). The
behaviour of 2a, 2d and 2g is very similar. All three compounds
are predominantly, or fully, high-spin a room temperature and
remain so on cooling. The observed decrease in yuT for those
compounds at lower temperatures is mostly caused by zero field

0 splitting  (ZFS), which is large for high-spin cobalt(ll)
complexes.® Although their lower ywT values imply that a
fraction (<20 %) of the cobalt sites in 2a and 2d may be
undergoing gradual thermal spin-crossover at lower temperatures,
that cannot be reliably deconvoluted from ZFS effects in these

25 data. In contrast 2b, 2¢ and 2f are low-spin at low temperatures,
although 2f retains a residua high-spin fraction of ca. 10 %. A
gradual increase in T for 2b and 2f above 200 K and 100 K,
respectively, probably reflects the onset of gradual spin-crossover
on warming.” Unusually, the data for 2f contain a small anomaly

30 hear 265 K, which shows therma hysteresis when scanned in
warming and cooling mode (Fig. 3). The detailed origin of this
anomaly could not be elucidated, given the mostly amorphous
nature of solid 2f (ESIT). However, a small number of other
cobalt(ll) complexes, including [Co(terpyOH),][ CF3SO5],-H,0,

35 exhibit comparable features in their susceptibility data which are
associated with a structural phase transition.”®
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Fig. 3. Variable temperature magnetic susceptibility data for the new
cobalt complexesin thiswork: 2a (@), 2b (#), 2c (®), 2d (O), 2f (0) and

40 29 (@). All the data were obtained using both cooling and warming
temperature ramps.

The solid cobalt complexes al show isotropic (g = 2.11-2.12)
or axial (g;~ 2.23, g, ~ 2.13) signals near 120 K by X-band EPR
45 Spectroscopy, that are typical of S = Y2 [Co(terpy).]**-type centres
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(ESIT).3% Hence 2a-2g al contain a measurable low-spin
population at that temperature, although the susceptibility data
imply that this should only be a minor fraction of some of the
compounds (Fig. 3). The best resolved spectra are for 2d and 2g,
whose S = Y2 centres are diluted within the predominantly high-
spin materials. Warming the samples usually caused significant
broadening of these EPR peaks, to the extent that some of the
compounds are EPR-silent at room temperature (ESIT). Such
strong line-broadening on warming is consistent with partial, or
complete, spin-crossover involving these S = /2 cobalt sites.®%
The exceptions to the above generalisation are 2c and 2d, whose
powder EPR spectra retain their narrow linewidths at room
temperature (ESIT). That implies the low-spin fraction of those
samples remains low-spin on warming. That is consistent with the
susceptibility data for 2c, which is low-spin between 5-300 K
(Fig. 3). For 2d, this behaviour implies that the low-spin fraction
may occupy a separate, minor contaminent phase of that
predominantly high-spin material.

Taken together, the susceptibility and EPR data show that
solid 2a and 2g are predominantly high-spin, but with small
fractions of the samples undergoing spin-crossover on cooling;
2d is essentially high-spin but with a minor low-spin population,
possibly in a separate phase of that materia; 2c is low-spin; and,
2b and 2f are fully or predominantly low-spin at low-temperature,
but show the onset of spin-crossover on warming. Apparent
inconsistencies between the susceptibility and EPR data,
including the temperature-invariant low-spin content of 2d and
the residual high-spin fraction of 2f below 100 K, may reflect the
presence of both crystalline and amorphous material in those
sampels which may show different spin-state properties. In that
respect they resemble salts of [Co(terpy),]>", whose spin-state
behaviour is very sensitive to the presence of solid phases with
different degrees of hydration for example.*?

The UV/vis spectra of the complexesin MeCN are similar in
form to those of [Fe(terpy),]>" and [Co(terpy),]®* derivatives
(ESIT).**2 All the spectra show the expected MLCT absorptions
in the range 450-590 nm. Notably, the MLCT maxima of the
hydroxylated complexes are significantly broader than for the
other compounds, which probably reflects hydrogen bonding
between those complexes and the solvent. Although their
extinction coefficients differ somewhat, the MLCT A, values
for [Fe(terpy)s][BF4],, [Fe(terpyOH),][BF4, and la-lc are
almost identical within experimental error, but those of the other
iron complexes show more variation. The same is true for the
corresponding cobalt compounds. Attempts to explain this trend
are complicated, however, because the MLCT envelopes clearly
contain at least two distinct absorptions.

Cyclic voltammograms of the complexes in MeCN/0.1 M
NBuU,BF, at 298 K show more significant variations (Table 3).
The M(I11)/M(11) couples are fully or partly chemically reversible
(except for 2g, which isirreversible), and fal in the range +0.54
<E, <+1.36 V vs. ferrocene/ferrocenium for M = Fe, and —-0.22
< Ey, <+0.49 V for M = Co. All the new compounds 1a-1g and
2a-2g are more difficult to oxidise than the corresponding
[M(terpy),]>* complex, and the variation in oxidation potential
within the iron and cobalt series is broadly similar (ESIT). In
particular, the most nitrogen-rich complexes 1c and 1le, and 2c
and 2¢, have the highest oxidation potentials; and, hydroxylation



Table 3 Cyclic voltammetry data for the complexes in this work (MeCN/0.1 M NBu4BF,, 298 K). Potentials are quoted at a scan rate 100 mV s, vs. an
internal ferrocene/ferrocenium standard. Processes are chemically reversible unless otherwise stated. See the text for the definitions of 2E, and 2pK,.
The data for [M (terpy),][BFa],, [M(terpyOH),][BF.], (M? = Fe** and Co*) closely resemble those reported previously for those compounds.*

SE. pK, M/ M>ND/(1) Ligand-based reductions
Ev. V E., V

[Fe(terpy)2][BF4]2 1.50 31.2 +0.71 - -1.66,-1.81-1.99
[Fe(terpyOH),][BF4], 1.42 27.2 +0.54 - -1.76°,-1.99 -2.25
la 1.66 21.6 +0.95 - -1.30° -1.43° -2.13,-2.23
1b 1.82 12.0 +1.07° - -1.25-1.42-1.90,-2.16
1c 1.98 24 +1.36° - -0.98-1.07.-1.73,-1.96°
1d 1.66 14.8 +0.98 - -1.25,-1.41 -1.86,-2.07
le - 3.2 +1.20° - -1.10°
1f 1.74 8.0 +0.90° - -1.09"°
1g 1.58 10.8 +0.75° - -1.37°, -1.59"
[Co(terpy),][BF4]2 1.50 31.2 -0.13 -1.17 —2.04
[Co(terpyOH),][BF ]2 1.42 27.2 -0.22 -1.41° -1.95°
2a 1.66 21.6 +0.12 -0.81 -1.65,-1.95%, -2.17°
2b 1.82 12.0 +0.22 -0.81° -1.63-1.90% -2.19°
2c 1.98 24 +0.49 -0.49 -1.32-1.71,-1.93°
2d 1.66 14.8 +0.25 -0.86 -159-1.91,-2.12°
2e - 3.2 +0.18° -0.76" -
2f 1.74 8.0 +0.12° - -1.11° -1.92°, —2.06°
29 1.58 10.8 +0.17¢ - ~1.24° -1.76° -2.11°

Partly chemically reversible, E;, value quoted. ®Irreversible process, Ep. value quoted. ‘Irreversible process, Ep, value quoted

W _20 _15 -10 -05 00 05 10 15

20 -15 -10 -05 0.5 0 ) E/V vs. FclFc*
E/V vs. Fc/Fc Fig. 5. Representative cyclic voltammograms of two cobalt complexesin

A cfl
Fig. 4. Representative cyclic voltammograms of two iron complexes in tzhég vé;)rk’ 2a (top) and 2d (bottom) (MeCN/0.L M NBU{BF, 100 mV <,

this work, 1c (top) and 1d (bottom) (MeCN/0.1 M NBu,BF,, 100 mV s,
10 298 K). %

complexes in solution (see above). Otherwise, the data indicate
of the ligands in [M (terpyOH),]?* and 2f makes E,, more cathodic that hydroxylation of the ligand pyridyl donors substantialy

compared to their unhydroxylated congeners, by ca. 0.15 V for M reduces the kinetic stability of the reduced complexes. .
= Feand 0.10 V when M = Co, 445 Spectroscopic and theoretical studies have proven that the first

2 two reductions shown by [Fe(terpy),]>* are ligand-based, yielding

[Fe(terpy)(terpy™)]* and [Fe(terpy™),]°.* If the same is true for
These reductions are al fully, or partly, chemically reversible for 1a-1g, then increasing the nitrogen content in the coordinated
the complexes of terpy and L-L%. However, the complexes of ligand heterocycles makes them significantly easier to reduce, by

terpyOH and L®-L7 all show an irreversible first reduction. For 1e up to 0.6 V based on the first reduction potentia. That is
2 and 2, that is consistent with the higher lability of those 35 consistent with the increased electron deficiency of heterocycles

containing multiple heteroatoms.

15 In addition to these oxidations, the complexes show up to four
reductive processes within the solvent window (Figs. 4 and 5).



The first reduction of [Co(terpy),]** is ca. 0.5 V more anodic
than for its iron analogue (Table 3), and has been ascribed to a
cobalt(ll)/(l)  process**  The first reductions of
[Co(terpyOH),][BF4], and 2a-2e are similarly less negative than

s for the corresponding iron compounds, and are therefore also
assigned to cobalt(l1)/(1) processes in the Table athough that
assignment should be treated as tentative. The second and third
reductions for 2a-2d, presumably [CoL,]*/[Co(L)(L)]° and
[Co(L)(L™)]%[Co(L™),]", are also consistently more negative than

10 for the corresponding iron-based ligand reductions by 0.34-0.38
V, and 0.50-0.64 V, respectively (Table 3). That is consistent
with the effects of increased back donation from the electron-rich
cobat(l) ion into the ligand #-system. In contrast, the first,
irreversible reduction potentials for 2f and 2g are much closer to

15 those of 1f and 1g, and so are more likely to correspond to ligand-
based reductions.

There is a good correlation within the iron and cobalt series
between their oxidation potentials and 2E_, the sum of Lever's
additive E_ electrochemical parameters®*®® for the parent

20 heterocycles present in the ligands (Table 3 and ESIT). These
were calculated using the E; vaues for pyridine (0.25), 4-
hydroxypyridine (estimated at 0.21, ESIT), pyrimidine (0.29) and
pyrazine (0.33).5° No E, parameter for 1,2 4-triazine is available,
so 1e and 2e were not included in the analysis. Reasonable

25 correlations of E vs. JE, are also observed for the first reductions
shown by both series of complexes®® although there is more
scatter in those plots than for the oxidation potentials (ESIT).

There is dso a weaker relationship between the oxidations
and first reductions, and 2pK, (Table 3 and ESIT). This isthe sum

% of the basic pK;s of the different ligand donor groups in each
molecule: pyridine (pK, = 5.2), 4-hydroxypyridine (3.2),
pyrimidine (1.1), pyrazine (0.4) and 1,2,4-triazine (-1.8).>! Since
M-L z-bonding in divalent first-row transition metal complexes
is weak, the electron-richness of the complexes should correlate

3 With the o-basicity of the coordinated heterocycles. While thereis
more scatter on the E vs. 2pK, plots than for the XE, correlations,
this is significantly more pronounced for the cobalt reduction
waves than for the other processes examined (ESIt). That
tentatively supports the above suggestion, that some of the

40 reductions in the cobalt series may be metal centred, and others
ligand-centred.

Table 4 The Fe(l11)/(11) half-potentials for the different protonation states
45 of the iron/4-hydroxypyridyl complexes in this study (ESIT). Details as
for Table 3.

[Fe(LOH);]* [Fe(LO)LOH)"  [Fe(LO)]°
[Fe(terpyOH),][BF];  +0.54 +0.38 012
1f +0.90° = =

1g +0.75° +0.48° +0.08°

*Partly chemically reversible, Ey; value quoted. Irreversible process, Ep,
value quoted. “No peaks observed due to precipitation of the complex.

50 The voltammograms of the hydroxylated iron complexes
were also measured in the presence of 1 or 2 equiv of NBu,OH,
to examine the effects of ligand deprotonation on their oxidation
potentials. The results for [Fe(terpyOH),][BF,], and 1g were
broadly consistent, in that complete deprotonation of the

ss compounds shifted the iron(l11)/(I1) couple to more negative

potential by 0.66+0.01 V (Table 4, ESIT). Comparable
measurements from 1f were not possible, because the complex
precipitated upon addition of base.

Conclusions

s Theiron(I1) and cobalt(l) complexes of L*-L’ generally resemble
[Fe(terpy),]?" and [Co(terpy),]®* in their electronic structures, by
magnetic susceptibility, UV/vis and (for the cobalt compounds)
EPR spectroscopic data. The spin-state behaviour of the cobalt
complexes is not always well defined, which may be because the

es majority of the solid compounds are mixtures of crystalline and
amorphous material. However, one observation that can be made
is that the pyrazine-rich complexes 2b, 2c¢ and 2f are dll
predominantly, or fully, low-spin state in the solid state. That is
counterintuitive, since the low basic pK, of a pyrazinyl group

70 implies it should exert a weaker ligand field on a coordinated
metal ion (see above). However, it is consistent with previous
observations that pyrazine-containing ligands also favour the
low-spin state in iron(l1) complexes.®® The pyrimidinyl donorsin
2d and 2f do not have a comparable effect on the cobalt centre,

75 Since those complexes are high-spin.

Increasing the nitrogen content of the ligands generally shifts
the metal oxidation, and metal- or ligand-based reduction,
potentials of their complexes to more positive values. Thisisin
line with predictions made on the basis of Lever's E, parameters

=0 for the donor groups present in each complex.*

The particularly weak dative covalent bonding capability of
triazinyl donors in L® explains the greater lability of 1€ and 2e in
solution compared to the other complexes. Thisis evident in their
ES mass spectra, in the NMR spectrum of 2e, and in the poor

s voltammetric reversibility of their oxidation and reduction
processes. It is interesting, however, that the oxidation potentials
of 1le and 2e are both ca. 0.4 V more positive than for analogous
complexes of an L° derivative bearing ethyl substitutents at the
triazine rings.”® Clearly the electronic structure of the triazine

w0 ringsin L® is very sensitive to substitution.

Previous work has demonstrated that incorporation of diazine
or triazine heterocyclic donors into the [Ru(terpy),]?* framework
significantly enhances its fluorescence lifetime.®* Preliminary
data have shown that the ruthenium(l1) complexes of L-L7 aso

s show stronger fluorescent emission than [Ru(terpy),]?* in solution
at room temperature. We are currently studying this in more
detail, and will report these results separately.

Experimental

Unless otherwise stated, all reactions were carried out in air using

10 as-supplied AR-grade solvents. The syntheses of L*-L® followed
literature methods, " but with modified work-ups that led to
improved yields or avoided the use of column chromatography.
The complexes [M(terpy),][BFJ], and [M(terpyOH),][BF4], (M**
= Fe®* % and Co® ) were aso prepared by the literature

1s methods.  Other reagents and solvents were purchased
commercialy and used as supplied.

Synthesis  of  2,6-di(pyrid-2-yl)pyrazine (LY. 2,6
Dichloropyrazine (1.36 g 369 mmol) and 2-
uo (tributylstannyl)pyridine (0.23 g, 1.54 mmol) were added to a
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Schlenk tube containing a 10% catalyst loading of [Pd(PPhs),]
(0.32 g) in dry toluene (25 cm®) under N,. The black solution was
heated to reflux for 48 h, cooled to room temperature and 150
cm® of dichloromethane added before filtration. The black filtrate
was separated with ammonium hydroxide (100 cm®) and the
organic layer further washed with ammonium hydroxide (3 x 50
cm®), dried with magnesium sulphate and filtered. The volatiles
were removed in vacuo and TLC allowed the collection of the
pure product using a silica gel column (eluent: ethyl acetate, Ry
value <0.5, streaking at al concentrations tested). Yield 0.14 g,
39 %. ESMS m/z235.1 [HLY]*. *H NMR (CDCls) & 7.40 (dd, 4.7
and 7.1 Hz, 2H, Py H%), 7.90 (pseudo-t, 7.7 Hz, 2H, Py H%), 8.55
(d, 8.1 Hz, 2H, Py H%), 8.76 (d, 4.4 Hz, 2H, Py H°), 9.68 (s, 2H,
Pyz H¥®). 5C NMR (CDCl5) § 121.5 (2C, Py C°), 124.4 (2C, Py
C3), 137.0 (2C, Py C%, 142.8 (2C, Pyz C¥®), 149.5 (2C, Py C°),
149.5 (2C, Pyz C¥%), 154.4 (2C, Py C?).

Synthesis of 2,6-di(pyrazinyl)pyridine (L?. A Schlenk tube
was charged with 2,6-dibromopyridine (0.35 g, 1.48 mmoal), 2-
(tributylstannyl)pyrazine (1.09 g, 2.96 mmol), [Pd(PPhs),] (0.14
g) and dry toluene (25 cm®) under N, and heated to reflux for 16
h. Water (25 cm®) was added to the cooled mixture, and the
organic layer was extracted with CH,Cl, (3 x 30 cm®). The
resultant solution was dried with magnesium sulphate, filtered
and evaporated to dryness. The solid residue was suspended in
pentane (50 cm®) and filtered, yielding the product as a colourless
solid. Yield 0.15 g, 42%. Found: C, 65.9; H, 3.80; N, 29.2 %.
Calcd for Ci3HgNs: C, 66.4; H, 3.86; N, 29.8 %. ESMS mvz 236.1
[HL3*, 258.1 [NaL?]". 'H NMR (CDCl3) & 8.04 (t, 7.7 Hz, 1H,
Py H%, 8.49 (d, 7.7 Hz, 2H, Py H%¥®), 8.66 (m, 4H, Pyz H® + HE),
9.85 (d, 0.9 Hz, 2H, Pyz H*).3C NMR (CDCl5) & = 122.1 (2C, Py
C%), 138.3 (1C, Py C%, 143.5, 143.6 and 144.8 (all 2C, Pyz C® +
C® + C8), 150.8 (2C, Pyz C?), 153.9 (2C, Py C?°).

Synthesis of 2,2':6',2"-terpyrazine (L%. A solution of
dichloropyrazine (0.18 g, 1.20 mmol) in dry toluene (20 cm®) was
added to a Schlenk tube containing 2-(tributylstannyl)pyrazine
(0.96 g, 2.59 mmol) and [Pd(PPhs),] (0.084 g) under N, and the
reaction mixture left to reflux for 24h. After cooling, 20 cm® of
water was added to the black solution, and the mixture was
extracted with CH,Cl, (3 x 25 cm®). The solution was dried with
MgSO,, which was filtered and washed with 2,22-
trifluoroethanol (40 cm®). The combined organic fractions were
then evaporated to dryness. The yellow solid was suspended in
pentane, filtered and washed with additiona pentane and
chloroform to leave a colourless solid. Yield 0.14 g, 48 %.
Found: C, 56.5; H, 3.15; N, 32.9 %. Calcd for C;,HgNg-H,0: C,
56.7; H, 3.96; N, 33.1 %. ESMSm/z 237.1 [HL]*, 259.1 [NaL®]*.
H NMR (CDCls) & 8.04 (t, 7.7 Hz, 1H, Py H%, 8.49 (d, 7.7 Hz,
2H, Py H¥), 8.66 (m, 4H, Pyz H® + H®), 9.85 (d, 0.9 Hz, 2H, Pyz
H3). 'H NMR (CDCl3) & 8.70 (s, 4H, distal Pyz H® + H°), 9.66
and 9.76 (both s, 2H, central Pyz H*® and distal Pyz H%). The
compound was too insoluble for a *C NMR spectrum to be
recorded.

Synthesis of 2,6-di(pyrimidin-4-yl)pyridine (L“). A solution of
2,6-diacetylpyridine (239 g, 146 mmol) in N,N-
dimethylformamide dimethyl acetal (7.0 g, 58.7 mmol) was
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heated to 120°C for 18 hrs. Concentration of the black mixture to
half volume and crystallisation from THF/MeCN vyielded 2.40 g
(60 %) of 2,6-big(N,N-dimethylamino)-1-oxoprop-2-en-1-
yl]pyridine that was pure by H NMR spectroscopy.®
Formamidine acetate (1.54 g, 14.5 mmol) was added to a flask
charged with 2,6-big[(N,N-dimethylamino)-1-oxoprop-2-en-1-
yl]pyridine (0.79 g, 2.89 mmol) and boiling ethanol (50 cm®). A
previously prepared solution of sodium (0.70 g, 30.3 mmol) in
ethanol (20 cm®) was then added dropwise over a period of 0.5 h.
Reflux was maintained for 16 hrs, after which the dark purple
solution was cooled and the ethanol removed in vacuo. The
residue was dissolved in CH,Cl, and filtered. Column
chromatography on neutral alumina (eluent ethyl acetate-hexane,
4:1), followed by recrystalisations from toluene, alowed
isolation of the pure product as a colourless solid. Yield 0.27 g,
39 %. Found: C, 63.3; H, 3.65; N, 28.0 %. Cacd for
Ci3HgN5¥2H,0: C, 63.9; H, 4.13; N, 28.7 %. ESMS m/z 236.1
[HL**, 258.1 [NaL¥". '"H NMR (CDCl3) & 8.09 (t, 7.8 Hz, 1H,
Py H%, 855 (dd, 1.6 and 5.2 Hz, 2H, Pym H®), 8.66 (d, 7.8 Hz,
2H, Py H¥), 8.95 (d, 5.2 Hz, 2H, Pym H®), 9.35 (d, 1.2 Hz, 2H,
Pym H?). *C NMR (CDCl3) § 117.5 (2C, Pym C°), 123.4 (2C, Py
C%), 138.6 (1C, Py C%, 150.3 (2C, Py C%%), 153.7 (2C, Pym C%,
158.1 and 158.9 (both 2C, 2C, Pym C? + C5).

Synthesis of 2,6-di(1,2,4-triazin-3-yl)pyridine (L°). Hydrazine
monohydrate (5 cm®) was added to a flask containing 2,6-
dicyanopyridine (0.98 g, 7.6 mmol) in ethanol (15 cm®). The
resultant yellow suspension was heated to 55 °C for 4 hrs. After
cooling, H,O was added and the mixture was separated with
Et,O. The resultant precipitate was filtered, washed with Et,O
and dried in vacuo. The off-white solid dicarbamidrazone (1.0 g,
5.3 mmol) was then added to a gtirring suspension of tri-glyoxal
dihydrate (0.73 g, 3.5 mmol) in methanol (50 cm®) under N,. The
mixture was stirred at room temperature for 3 hrs, then refluxed
for a further 2 hrs. After cooling, the suspension was filtered and
the bright yellow solid obtained dried in vacuo. The product is ca.
80 % pure by *H NMR, but attempts to purify bulk samples by
column chromatography or recrystallisation were unsuccessful
owing to its poor solubility in useful solvents (mg amounts can be
purified by sublimation, with substantial decomposition’®). ESMS
m'z 2381 [M+H]*, 260.1 [M+Na]*, 4752 [2M+H]*, 497
[2M+Na]*. *H NMR ({CD3},S0) & 8.33 (t, 7.7 Hz, 1H, Py HY,
8.66 (d, 7.7 Hz, 2H, Py H*®), 9.08 (d, 2.4 Hz, 2H, Tz H®), 9.55 (d,
2.4 Hz, 2H, Tz H%). 3C NMR ({CD4},S0) & 125.6 (2C, Py C*°),
138.9 (1C, Py C%, 149.7 and 150.4 (both 2C, Tz C° + C?), 153.2
(2C, Py C%%) 162.7 (2C, Tz CY).

Synthesis of 2,6-di(pyrazinyl)pyrid-4-one (L%). To a sodium
hydride suspension (60% dispersion in minera cil, 1.7 g) in 1,2-
dimethoxyethane (50 cm® under N, was added methyl-2-
pyrazine carboxylate (3.4 g, 24.6 mmol) and acetone (0.52 g, 9.0
mmol) which caused immediate effervescence. After stirring for
30 mins, the dark red solution was refluxed at 110°C for 6 hrs,
cooled to room temperature and the volatiles removed in vacuo.
Water (100 cm®) was added dropwise to the residue yielding a
red/orange suspension. Following filtration through celite, the
solution was neutralised with dilute hydrochloric acid which
afforded a light orange precipitate. The solid 1,5



di(pyrazinyl)pentane-1,3,5-trione was collected by filtration and
dried in vacuo. Yield 0.53 g, 22 %. Found: C, 57.0; H, 3.65; N,
19.5 %. Calcd for CiaHoN4Os: C, 57.8; H, 3.73; N, 20.7 %.
ESMS miz 271.1 [M+H]*, 293.1 [M+Na]*, 563.2 [2M+Na]*. H
NMR (CDCls) 8 6.79 (s, 4H, CH,), 8.63 (dd, 0.8 and 2.5 Hz, 2H,
Pyz H®), 8.71 (d, 2.5 Hz, 2H, Pyz H%), 9.28 (d, 0.8 Hz, 2H, Pyz
H3).

1,5-Bis(2’ -pyrazinyl)pentane-1,3,5-trione (0.50 g, 1.85 mmol)
was added to ammonium acetate (1.14 g, 14.8 mmol) in ethanol
(20 cm®), and the mixture was refluxed for 6 hrs. The dark orange
solution was cooled to room temperature and concentrated to half
volume. The resultant precipitate was collected, and washed with
diethyl ether (20 cm®) and ethanol (5 cm®) to yield an off-white
solid. Yield 0.41 g, 82 %. Found: C, 60.7; H, 3.55; N, 26.5 %.
1s Caled for Cy3HgNsO-2H,0: C, 60.0; H, 3.87; N, 26.9 %. ESMS
miz 2521 [HL®*, 274.1 [NaL®*, 503.2 [H(L®),]*, 525.2
[Na(L®),]*. *H NMR ({ CD3},S0) & 7.85 (s, 2H, Py H¥®), 8.76 (m,
4H, Pyz H® & H®), 9.80 (d, 0.9 Hz, 2H, Pyz H%), 11.31 (br s, 1H,
NH). C NMR ({CD4},S0) & 109.1 (2C, Py C¥), 1429 (2C,
Pyz C%), 143.9 (2C, Pyz C°), 145.2 (2C, Pyz C°), 149.8 (2C, Pyz
C?), 155.1 (2C, Py C¥%), 166.2 (1C, Py C*).
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Synthesis of 2,6-di(pyrimid-2-yl)pyrid-4-one (L7). Under an
atmosphere of N,, a suspension of NaH (60% dispersion in
2 mineral oil, 1.58 @) in glyme (40 cm®) was stirred for 10 minutes
before methyl pyrimidine-2-carboxylate (2.6 g, 19.1 mmol) and
acetone (0.46 g, 7.8 mmol) were added, producing a cream
coloured suspension. This was stirred for 1 hr h a room
temperature, causing a colour change to yellow. The mixture was
2 refluxed at 120°C for 4 h, causing the evolution of H, and a
gradual darkening to a red-brown colour. After cooling, the
volatiles were removed in vacuo and H,O (40 cm®) carefully
added to the solid residue. The resultant orange precipitate was
collected, washed with water and dried in vacuo. This material
s was identified as 1,5-di(pyrimid-2-yl)pentane-1,3,5-trione by
mass spectrometry, but is too insoluble for its NMR spectra to be
recorded. Yield 0.94 g, 44 %. ESMS m/z293.1 [M + Na]*, 563.1
[2M + Na]*.
1,5-Di(pyrimid-2-yl)pentane-1,3,5-trione (0.78 g, 2.9 mmol)
40 and ammonium acetate (2.25 g, 29.2 mmol) were dissolved in dry
ethanol (40 cm®), and refluxed under N, for 5 hrs. The cooled
solution was concentrated to haf its origina volume, yielding a
yellow solid that was collected by filtration. This was
recrystallised from ethanol, and the resultant precipitate triturated
4 in hot acetone to yield a pale yellow powder that was collected
and dried. Yield 0.19 g, 27 %. Found: C, 60.7; H, 3.55; N, 26.5
%. Calcd for Cy3HgNsO-Y2H,0: C 60.0; H 3.87; N 26.9 %. ESMS
miz 2521 [HL'", 2741 [NaL’]*, 503.2 [H(L"),]*, 525.2
[Na(L™),]*. *H NMR ({ CD3},S0) & 7.85 (s, 2H, Py H¥®), 8.76 (m,
s0 4H, Pyz H® & H®), 9.80 (d, 0.9 Hz, 2H, Pyz H%), 11.31 (br s, 1H,
NH). *H NMR ({CD3},S0): 7.37 (br s, 2H, Py H¥®), 7.69 (t, 3.3
Hz, 2H, Pym H®), 9.06 (d, 4.3 Hz, 4H, Pym H* + H®), 11.41 (br s,
1H, NH). The compound was too insoluble for a *C NMR
spectrum to be recorded.

Synthesis of the iron(l1) and cobalt(l1) complexes (1a-1g and
2a-2g). The following method, which describes the synthesis of
1a, was followed for all these compounds using the appropriate

ligand and meta salt. A mixture of Fe[BF,],-6H,0 (0.044 g, 13
s mmol) and L! (0.058 g, 0.25 mmol) in MeNO, (20 cm®) was
stirred at room temperature, until al the solid had dissolved. The
resultant dark purple solution was concentrated in vacuo to ca. 5
cm®, and filtered. Slow diffusion of diethyl ether vapor into the
filtered solution yielded dark purple microcrystals of 1a. Yields
es for the complexes ranged from 70 to 94 %, with al the iron
complexes being deep purple solids while the cobalt compounds
had a red-orange colouration.
UV /vis and EPR spectroscopy data are given in the ESIt.
For [Fe(LY),][BF4], (1a). Found: C, 48.2; H, 2.80; 15.8 %.
70 Caled. for CogHoBoFgFeNg C, 48.2; H, 2.89; N, 16.1 %. ESMS
m/z 262.1 [Fe(LY),]?", 611.1 [Fe(LY)A(BF,)]". *H NMR (CD3NO,)
5 7.16 (t, 4.3 Hz, 4H, H%), 7.21 (d, 3.8 Hz, 4H, Py H®), 8.00
(pseudo-t, 5.1 Hz, 4H, Py H%), 8.72 (d, 6.9 Hz, 4H, Py H°), 10.14
(s, 4H, Pyz H¥). 3C NMR (CD3NO,) § 126.0 (4C, Py C°), 129.4
7 (4C, Py C), 140.8 (4C, Py C%), 144.3 (4C, Pyz C¥®), 154.5 (4C,
Py C%), 157.1 and 157.3 (both 4C, Py C2 and Pyz C?®).

For [Fe(L2),][BF4], (1b). Found: C, 44.6; H, 2.55; N, 19.7 %.
Calcd. for CygH1gBoFgFeN;q: C, 44.5; H, 2.59; N, 20.0 %. ESMS
m'z 263.1 [Fe(L?);]%, 526.1 [Fe(L?),]", 545.1 [Fe(L?),F]*. H

g0 NMR (CD3NG,) 6 7.35 (dd, 0.9 and 3.2 Hz, 4H, Pyz H®), 8.26 (d,
3.2 Hz, 4H, Pyz H), 8.86 (t, 8.1 Hz, 2H, Py H%, 9.12 (d, 8.1 Hz,
4H, Py H*®), 9.61 (d, 0.9 Hz, 4H, Pyz H®). *C NMR (CD3NO,) &
126.3 (4C, Py C%°), 141.2 (2C, Py C%), 145.2 (4C, Pyz C°), 149.1
(4C, Pyz C3), 149.7 (4C, Pyz C°), 154.7 (4C, Py C%®), 160.1 (4C,

s Pyz C?).

For [Fe(L®),][BF4],-2H,0 (1c). Found: C, 38.8; H, 2.55; N,
22.2 %. Caled. for CoyH16BoFsFeN;,2H,0 C, 39.1; H, 2.73; N,
22.8 %. ESMS miz 264.0 [Fe(L3),]%*, 311.0 [Fe(L})F]*, 528.1
[Fe(L®),]*, 547.1 [Fe(L®),F]*. *H NMR (CD3NO,) & 7.36 (dd, 1.1

o and 3.2, Hz, 4H, distal Pyz H®), 8.30 (d, 3.2 Hz, 4H, distal Pyz
H®), 9.78 (d, 1.1 Hz, 4H, distal Pyz H®), 10.27 (s, 4H, central Pyz
H%). ®C NMR (CDsNO,) 5 145.6 (central Pyz C%¥%), 146.1

(distal Pyz C°), 149.9 and 150.1 (both 4C, distal Pyz C® + C°),

152.8 and 155.6 (both 4C, central Pyz C?® and distal Pyz C?).

For [Fe(L*),]l[BF..H,0O (1d). Found: C, 43.4; H, 2.70; N,
18.7 %. Calcd. for ChgHigBoFgFeNy-H,0: C, 43.5; H, 2.81; N,
19.5 %. ESMS mvz 263.1 [Fe(L*);]?". 'H NMR (CD3;NO,) & 7.77
(d, 1.3 Hz, 4H, Pym H?), 8.52 (dd, 1.3 and 5.1 Hz, 4H, Pym H®),
8.85 (d, 5.1 Hz, 4H, Pym H®), 8.94 (t, 8.1 Hz, 2H, Py H%, 9.29
10 (d, 8.1 Hz, 4H, Py H¥®). 3C NMR (MeNO,-ds) § 120.5 (4C, Pym
C%), 129.1 (4C, Py C%%), 140.9 (2C, Py C%), 154.7 (4C, Py C?5),
161.5 and 162.8 (both 4C, Pym C? + C%), 166.0 (4C, Pym C*).

For [Fe(L%),][BF4],-2H,0 (1€). Found: C, 36.0; H, 2.40; N,
25.8 %. Calcd. for CyyHyB,FgFeN,42H,0: C, 35.7; H, 2.45; N,
265 %. ESMS m/z 2381 [HL®*, 260.1 [NaL®]*, 265.0
[Fe(L®),]%", 497 [Na(L®),]", 617.1 [Fe(L%),(BF)]*. H NMR
(CD3NO,) 6 8.87 (t, 7.6 Hz, 4H, Py H?), 8.89 and 8.93 (both d,
2.1Hz, 4H, Tz H® + H), 9.13 (d, 7.6 Hz, 4H, Pyz H¥®). BC NMR
(MeNO,-ds) 5 128.2 (4C, Py C¥°), 140.6 (2C, Py C*, 150.8 and
151.8 (both 4C, Tz C° + C°), 156.6 (2C, Py C?®) 166.1 (2C, Tz
cd.

For [Fe(L®),][BF4], (1f). Found: C, 43.0; H, 2.35; N, 18.2 %.
Calcd. for CygHigBoFaFeNy Oy C, 42.7; H, 2.48; N, 19.1 %.
ESMS mvz 279.0 [Fe(L%),]%, 557.1 [Fe(L®,-H]*. 'H NMR
us (CD3NO,) & 7.43 (d, 3.1 Hz, 4H, Pyz H®), 8.26 (d, 3.1 Hz, 4H,

Pyz H%), 857 (s, 4H, Py H¥), 948 (s, 4H, Pyz H%. The
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compound was too insoluble for a *C NMR spectrum to be
recorded.

For [Fe(L"),][BF,],¥sacetone (1g). This compound was
recrystallised from acetone/diethyl ether. Found: C, 42.2; H, 2.90;

s N, 17.1 %. Calcd. for CogH1gB,FgFeN 100,74 C3He0): C, 43.4; H,
2.78; N, 18.4 %. ESMS m/z 252.1 [HL']*, 279.0 [Fe(L"),]?,
557.1 [Fe(L")~H]". 'H NMR (CDsNO,) & 7.24 (t, 49 Hz, 4H,
Pym H%, 8.00 (br s, 4H, s, 4H, Pym H%), 8.76 (s, 4H, Py H¥®),
8.83 (d, 4.2 Hz, 4H, Pym H®). The compound was too insoluble

1 for a¥*C NMR spectrum to be recorded.

For [Co(LY),][BF4], (2a). Found: C, 47.2; H, 2.80; N, 15.8 %.
Calcd. for CygHz0B,CoFgNg: C, 47.4; H, 2.84; N, 15.8 %. ESMS:
m'z 2636 [Co(LY),]*, 614.2 [Co(LY)»(BF)]". H NMR
(CD3NOy): § 10.2 (4H, Py H?), 33.2 and 34.8 (both 4H, Py H3®

15 and Pyz H%), 50.4 (4H, Pyz H®), 91.3 (v br, 4H, Pyz H®).

For [Co(L3),][BF4], (2b). Found: C, 44.3; H, 2.40; N, 19.6 %.
Calcd. for CogH1gB,CoFgNyo: C, 44.4; H, 2.58; N, 19.9 %. ESMS:
m'z 236.1 ([HL?]"), 264.6 [Co(L?),]*". 'H NMR (CD3NO,): &
22.4 (2H, Py H), 32.8 (8H, Pyz H® and Py H¥®), 45.7 (4H, Pyz

20 H%), 82.6 (v br, 4H, Pyz H°).

For [Co(L3),][BF4]. (2c). Found: C, 38.8; H, 2.55; N, 22.4 %.
Calcd. for CyyH16B,CoFgN1,2H,0: C, 38.9; H, 2.72; N, 22.7 %.
ESMS: m/iz 2655 [Co(L%,]*, 314.0 [Co(L%F]*, 550.1
[Co(L%),F]", 618.1 [Co(L%),BF,]*. '"H NMR (CD3NO,): 5 24.2

2 (4H, central Pyz H¥®), 33.1 (4H, distal Pyz H®), 43.7 (4H, distal
Pyz H%), 81.5 (v br, 4H, distal Pyz HE).

For [Co(L*);][BF4], (2d). Found: C, 44.4; H, 2.60; N, 19.6 %.
Calcd. for CogH1gB,CoFgNyo: C, 44.4; H, 2.58; N, 19.9 %. ESMS:
m/'z 236.1 ([HLY"), 258.1 [Na(L?),]", 264.1 [Co(L*,]*". *H NMR

2 (CD3NO,): & 11.2 (4H, Pym H®), 23.6 (2H, Py H*), 65.1 and 75.1
(both 4H, Py H*® and Pym H®), 70.0 (v br, 4H, Pym H?).

For [Co(L%),][BF4]. (2€). Found: C, 35.5; H, 2.25; N, 25.9 %.
Calcd. for CyyHy4B,FgFeN4-2H,0: C, 35.7; H, 2.45; N, 26.5 %.
ESMS mvz 238.1 [HL®]", 260.1 [NaL%]*, 497.1 [Na(L%),]". H

s NMR (CD3NO,) 8 9.1 (2H, Py H%, 10.0 and 12.3 (both 4H, Py
H¥ and Tz H%), 19.1 (4H, Tz HS).

For [Co(L®),][BF4], (2f). Found: C, 40.8; H, 2.55; N, 18.2 %.

Caled. for CygHygB,CoFgN10,2H,0: C, 40.5; H, 2.88; N, 18.2
%. ESMS: m/z 252.1 [HL®]*, 280.1 [Co(L®),]*", 559.1 [Co(L %)~

w H]". 'H NMR (CD3NOy): & 33.7 (4H, Pyz H%), 59.7 and 64.8
(both 4H, Py H¥® and Pyz H®), 97.3 (v br, 4H, Pyz H®).

For [Co(L"),][BF,],¥2acetone (2g). This compound was
recrystallised from acetone/diethyl ether. Found: C, 43.1; H, 3.00;
N, 17.9 %. Calcd. for CygH15B,CoFgN190,4(C3HgO): C, 43.2; H,

s 2.77; N, 18.3 %. ESMS: m/z 280.5 [Co(L"),]?*, 560.1 [Co(L")~
H]*. *H NMR (CD3NO,): & 9.6 (4H, Pym H%), 25.7 (4H, Pym
H®), 83.2 (4H, Pym H®). No pesk assignable to Py H¥® was
observed.

Single crystal X-ray structure deter minations

so All the single crystals in this work were grown by slow diffusion
of diethyl ether vapour into nitromethane solutions of the
compounds. Diffraction data were measured using a Bruker X8
Apex diffractometer fitted with an Oxford Cryostream low
temperature device, using graphite-monochromated Mo-K,
s radiation (. = 0.71073 A) generated by a rotating anode.
Experimental details of the structure determinations in this study
are given in Table 5. All the structures were solved by direct
methods (SHELXS97*%), and developed by full least-squares
refinement on F? (SHELXL97*). Crystallographic figures were
s prepared using X-SEED, > which incorporates POVRAY.%®
See http://dx.doi.org/10.1039/b000000x/ for crystallographic
filesin .cif format.

X-ray structure determination of [Fe(LY),][BF],MeNO,
&s (la-MeNO,). Crystas of this compound only showed significant
diffraction below 26 = 50°. The complex dication, two anions and
solvent molecule all occupy general crystallographic positions.
Both BF, ions are disordered, each over two equally occupied
sites labelled ‘A" and 'B'. The refined restraints B—F = 1.38(2) and
w F..F = 2.25(2) A were applied to these residues. The two O
atoms of the nitromethane molecule were also disordered over
two equally occupied orientations, which were modelled without
restraints. Only the fully-occupied non-H atoms were refined

75 Table 5 Experimental details for the single crystal structure determinationsin this study.

1la-MeNO, 1d-3MeNO, 2b 2d
Molecular formula CooH23BoFsFeEN O, CooHo/BoFgFeEN 1305 CaeH1sBoCoFgN1g CosH1sB2CoFgN1g
M, 759.03 883.11 703.05 703.05
Crystal class monoclinic monoclinic tetragonal monoclinic
Space group P2i/c P2i/c P42,c P2i/c
a(h) 8.8102(4) 11.506(2) 8.7106(11) 18.672(4)
b (A) 8.8297(4) 14.577(3) - 10.146(2)
c(A) 39.8492(18) 23.349(4) 19.178(2) 15.074(3)
B () 90.181(2) 96.533(9) - 98.816(9)
V (A3 3099.9(2) 3890.7(12) 1455.1(3) 2821.9(9)
z 4 4 2 4
p (Mo-K,) (mm™) 0.581 0.485 0.679 0.700
T (K) 150(2) 150(2) 150(2) 150(2)
Measured reflections 64966 116433 29757 54457
Independent reflections 5504 11369 2176 8904
Rint 0.050 0.086 0.063 0.082
Ry, | > 25(1)° 0.072 0.073 0.061 0.048
WR;, al data” 0.171 0.234 0.133 0.153
Goodness of fit 1113 1.043 1132 1.000
Flack parameter - - 0.48(4) -

R=3[|IFol =l Fl1/=IF] PR =[EwW(FZ - Fd) | SwF]¥2
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anisotropically, to maintain an observed data:parameter ratio of
>10:1, while H atoms were placed in calculated positions and
refined using ariding model. The highest residual Fourier peak of
+1.4 e. A= lies within one of the disordered anions.

X-ray structure determination of [Fe(L%),][BF4],-3MeNO,
(1d-3M eNO,). The asymmetric unit contains one formula unit of

the compound, with each residue lying on a genera
crystallographic position. One of the BF,~ ions in the asymmetric
unit, and two of the three nitromethane molecules, are disordered.
The disordered anion was refined over two orientations, with
refined occupancies of 0.56:0.44. The refined restraints B-F =
1.39(2) and F...F = 2.27(2) A were applied to this residue. One
disordered solvent molecule was modelled over two sites with
refined occupancies of 0.69:0.31, while the other was refined
over three orientations with fixed occupancies of 0.50, 0.25 and
0.25. The quarter-occupied sites in the latter residue shared a
common haf-occupied N atom. The disordered solvent was
refined using the fixed restraints C-N = 1.45(2), N-O = 1.22(2),
0..0 = 2.09(2) and C...0 = 2.30(2) A. All non-H atoms with
occupancy >0.5 were refined anisotropicaly, and all H atoms
were placed in calculated positions and refined using a riding
model. The highest residual Fourier peak of +1.2 e A= is 0.8 A
from the iron atom.

X-ray structure determination of [Co(L?),][BF.], (2b). This
structure was originaly solved in P1, then transformed up to
P4 2;c using the ADSYMM routine in PLATON.%” The crystal was
refined as a racemic twin. The asymmetric unit contains ¥ of a
complex dication, with Co(1) occupying the crystallographic S,
site [0, 0, 0] and N(2) and N(5) lying on the C, axis [0, 0, Z]; and,
half a BF,~ anion spanning the C, axis [0, %, Z]. This half-anion
was refined subject to the refined restraints B-F = 1.41(2) and
F..F = 2.30(2) A. All non-H atoms were refined anisotropically,
and all H atoms were placed in calculated positions and refined
using ariding model.

X-ray structure determination of [Co(L*),][BF4], (2d). Each
residue in this asymmetric unit lies on a genera crystallographic
site. One of the BF, ionsis disordered over two equally occupied
orientations. This was modelled using the refined restraints B—F =
1.39(2) and F...F = 2.27(2) A. All non-H atoms in the model were
refined anisotropically, and H atoms were placed in calculated
positions and refined using a riding model.

Other measurements

Elemental microanalyses were performed by the University of
Leeds School of Chemistry microanalytical service. Infra-red
spectra were obtained as nujol mulls pressed between NaCl
windows between 600-4,000 cm™, using a Nicolet Avatar 360
spectrophotometer. Electrospray mass spectra (ES MS) were
obtained on a Waters ZQ4000 spectrometer, from MeCN feed
solutions. All mass peaks have the correct isotopic
distributions for the proposed assignments. UV/vis/NIR
spectra were run on a Perkin Elmer Lambda900
spectrophotometer using 1 cm quartz cells. X-band EPR
spectra were obtained using a Bruker EMX spectrometer fitted
with an ER4119HS resonator and ER4131VT cryostat. EPR
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spectra were simulated using Bruker SmFonia. X-ray powder
diffraction measurements employed a Bruker D8
diffractometer, using Cu-K, radiation. Samples were
measured from 5 < 20 < 50° in 0.0331° increments, using
fixed slits. Powder pattern simulations were performed suing
the Lazy Pulverix routine in X-SEED.%®

Magnetic susceptibility measurements were performed on a
Quantum Design SQUID magnetometer, in an applied field of
1000 G. A diamagnetic correction for the sample was
estimated from Pascal’s constants;*® a diamagnetic correction
for the sample holder was also applied to the data. The
variable temperature data were also validated by comparison
with room temperature magnetic moments, measured
independently on a Sherwood Scientific susceptibility
balance.

Electrochemical measurements were carried out using an
Autolab PGSTAT20 voltammetric analyser, under an argon
atmosphere, in predried CH;CN containing 0.1 M ["Bu,N]BF,
as supporting electrolyte. Voltammetry experiments used a Pt
disk working electrode, a Pt rod counter electrode and an
Ag/AQCl reference electrode. All potentials quoted are
referenced to an internal ferrocene/ferrocenium standard and
were obtained at a scan rate (v) of 100 mV s The
ferrocene/ferrocenium couple under these conditions was
observed at +0.38 < E,, < 0.42 V vs. Ag/AgCl. Experiments
involving the addition of base employed stoichiometric
amounts of NBu,OH (1.0 M solution in MeOH).
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Figure S1. Partial packing diagram for 1a-MeNO,. The view is perpendicular to the (100) crystal plane, and only one orientation of the
disordered anion and solvent residues is shown. Displacement ellipsoids are at the 50 % probability level except for the BF,~ ions and
nirtomethane mol ecules, which have been de-emphasised for clarity. Colour code: C, white; H, grey; B, pink; F, cyan; Fe, green; N, blue; O,
red.



Figure S2. Partial packing diagram for 1d-3MeNO,. The view is perpendicular to the (100) crystal plane, and only one orientation of the
disordered anion and solvent residues is shown. Displacement ellipsoids are at the 50 % probability level except for the BF,~ ions and
nirtomethane mol ecules, which have been de-emphasised for clarity. Colour code: C, white; H, grey; B, pink; F, cyan; Fe, green; N, blue; O,
red.



Figure S3. Partial packing diagram for 2b. The view is perpendicular to the (100) crystal plane, and only one of the two BF,; environmentsin
each anion site is shown. Displacement ellipsoids are at the 50 % probability level except for the BF4~ ions which have been de-emphasised for
clarity. Colour code: C, white; H, grey; B, pink; Co, green; F, cyan; N, blue.



Figure $4. Partial packing diagram for 2d. The view is perpendicular to the (010) crystal plane, and only one orientation of the disordered
anion is shown. Displacement ellipsoids are at the 50 % probability level except for the BF4~ ions which have been de-emphasised for clarity.
Colour code: C, white; H, grey; B, pink; Co, green; F, cyan; N, blue.



Table S1. Metric parameters for intermolecular 7- interactionsin crystal structures in this work
(A, ). Symmetry codes: (i) x, v, z; (i) x, —1+y, z (i) =X, 1-y, z.

Dihedral Interplanar Horizontal
angle spacing offset
la-MeNO,
[C(8)-C(13)]...[C(14))-C(19)] 7.1(2) 3.345(15) 1.80
[C(26)-C(31)]...[C(32")-C(37")] 1.95(18) 3.452(16) 2.07
2b B 7
[C(6)-C(11)]...[C(6")-C(11™M)] 1.01(14) 3.567(14) 1.18

5

10

There are no intermolecular 7~z interactions in the structures of 1d-3MeNO, and 2d.
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Figure S5. Selected X-ray powder diffraction data from cobalt complexesin this work. Simulations
based on the single crystal X-ray structures of 2b and 2d are shown in red.



Table S2. X-band powder EPR parameters for the cobalt compounds in thiswork (Figs. S1 and S2).
The quoted g and A values are the results of simulations, and hyperfine couplings are to *°Co

(1 =7/2). iso = isotropic; br = broad; w = weak.

120+5K 180K 290K

[Co(terpy),|[BF Y |axid; gj=2.22 iso; g=212 -

g. = 2.12
[Co(terpyOH),][BF,], |iso; g=211 iso; g=212 =
[Co(LY),][BF4, (2a) |axidl; g =2.22° iso; g=212 -

g. = 2.12
[Co(L)),][BF4, (2b) |iso; g=211 iso; g=212 brwiso; g=214
[Co(L%),][BF4, (2¢) |iso; g=2.11 iso; g=211° iso; g=215
[Co(L),][BF42(2d) |axid; gj=2.23,A;=98G axid; gy=2.20,A;=88G waxia; g;=218,A;=87G

gL=213 9¢=213 gL=213
[Co(L%),][BF4, (2e) |iso; g= 2.12° iso; g= 2,12 wiso; g= 2.11°
[Co(L®),][BF4], (2f) iso; g=212 iso; g=212 brwiso; g=214

[Co(L®),][BF.], (2g) |axid; g;=2.23,A;=100G briso;g=212"

g. = 2.12

®EPR-silent. "Some evidence for hyperfine coupling is apparent in the parallel region of this spectrum,
s but the lines were too broad to simulate accurately.

The best resolved |ow-temprature spectra are shown by 2d and 2g, which aso have the smallest low-
spin populations at 120 K (Table S1). Thus, those two samples have the most magnetically dilute S =
/> cobalt centres, at atemperature where dipolar relaxation by the remainder S = %- cobalt sitesis

weak.

10



[Co(terpy),lBF 1,
(115 K)

I

[Co(terpyOH),][BF 1,

2d (121 K)
(115 K)

.
<

2a (122 K) 2e (115 K)
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Figure S6. Powder X-band EPR spectra of the cobalt(l1) complexesin thiswork, at around 120 K. The
spectrum of [Co(terpy)2][BF4]2 is taken from ref. [4].



2500 3000 3500
H/IG

Figure S7. Experimenta (black) and simulated (red) X-band powder EPR spectrum of 2g at 120 K.
s Simulation parameters: g = 2.23, g, = 2.13, A{*°Co} = 100 G.
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Figure S8. Variable temperature powder X-band EPR datafor 2d and 2g.

The narrow linewidth and high resolution of the spectrum of 2d at 290 K contrasts with most of the

s other compounds in thiswork. A similar lack of line-broadening is also shown by 2c at higher
temperatures, athough its spectrum is not so well resolved (Fig. S1). Solid 2c and 2d are
predominantly low-spin, and high-spin, respectively at room temperature (Table S1, and Fig. 3 of the

main paper).
The behaviour of 2g at higher temperaturesistypical of the other seven complexes studied.
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Table S3 UV/vis data for the complexes in this work (MeCN, 298 K). Spectrafor 1€ and 2e were not
measured, because of the difficulty in obtaining pure samples of those compounds. The data for
[M(terpy)2][BF4]> (M* = Fe** and Co*") closely resemble the spectra reported for salts of those
compounds in other solvents.!>®

Amaxs NM (&max, 10° dm* mol™ cm™)

[Fe(terpy)2][BF4]2
[Fe(terpyOH),][BF4]2

la
1b

1c

1d

1f

19

[Co(terpy)2][BFa]2
[Co(terpyOH)2][BF4]2
2a

2b

2c

2d

2f

29

220 (sh), 273 (41.6), 280 (37.5), 319 (51.1), 504 (sh), 552 (11.1), 590 (sh)

243 (54.5), 272 (52.0), 281 (sh), 315 (45.0), 362 (5.1), 515 (sh),
553 (11.6)

249 (sh), 278 (28.8), 328 (31.3), 345 (sh), 552 (7.9), 590 (sh)
230 (36.4), 246 (sh), 285 (34.9), 330 (18.2), 350 (sh), 552 (3.1), 590 (sh)

221 (36.5), 227 (sh), 243 (30.9), 282 (47.1), 339 (34.0), 360 (23.5),
462 (1.8), 545 (7.9), 580 (sh)

220 (34.8), 263 (sh), 272 (26.1), 278 (sh), 315 (32.9), 319 (sh),
574 (5.7), 610 (sh)

218 (21.6), 238 (24.9), 245 (sh), 283 (28.3), 323 (sh), 355 (sh), 483 (sh),
586 (2.7), 655 (sh)

252 (54.6), 292 (sh), 305 (10.8), 397 (4.8), 545 (6.1)

225 (sh), 273 (30.2), 280 (31.1), 317 (33.8), 506 (1.0), 551 (sh)
228 (58.4), 275 (34.8), 303 (sh), 379 (7.2), 454 (0.7)

280 (24.2), 337 (21.2), 348 (sh), 509 (1.1)

288 (52.7), 332 (31.8), 511 (1.1)

225 (33.5), 285 (41.4), 346 (19.6), 474 (sh), 510 (0.8), 558 (sh)
263 (sh), 280 (sh), 315 (44.6), 521 (0.4)

232 (27.8), 285 (18.0), 312 (sh), 386 (3.8), 499 (1.0)

232 (40.6), 251 (52.7), 379 (4.7), 480 (0.8)




Normalised absorbance

A, nm

Figure S9. UV/vis spectra (MeCN, 298 K) of [Fe(terpy)2][BF4]» (black), 1a (green), 1b (red), 1c
(purple) and 1d (cyan). These data are tabulated in the main paper.

Normalised absorbance

300 400 500 600 700
A, M

Figure S10. UV /vis spectra (MeCN, 298 K) of [Fe(terpyOH),][BF4]. (black), 1f (blue) and 1g (grey).
These data are tabulated in the main paper.

10



E !V vs. Fo/Fc'

E/Vvs. Fo/Fc'

14 15 16 17 18 19 20
OE,

Figure S11. Correlations between Ey, and E, 1! for the oxidation (top) and first reduction (bottom)

processes shown by the complexes: (e) iron oxidation; (0) cobalt oxidation; (m) iron reduction; (0)

cobalt reduction. Ep; or Ep. peak potentials are plotted for irreversible processes, but this has only a
s small effect on the scatter in the graphs. These data are listed in Table 3 of the main article.

The E_ value for 4-hydroxypyridine employed in this analysis (0.21) is an estimated one, based on the
published value of 4-(dimethylamino)pyridine (E, = —0.19®)) and the op Hammett parameters for
dimethylamino and hydroxy substituents, which are known to correlate with Ey, in [M(terpy).]**
derivatives (M?" = Fe**, Co®* and Ru?*).l¥ The complexes 1e and 2e are omitted from these graphs,

v because no E, valuefor 1,2,4-triazineis available.



E/V vs. Fc/Fc

E/V vs. Fc/Fc'
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Figure S12. Correlations between E., and 2pK, for the oxidation (top) and first reduction (bottom)
processes shown by the complexes. (@) iron oxidation; (o) cobalt oxidation; (m) iron reduction;

(o and m) cobalt reduction. Ep, or Ep. peak potentials are plotted for irreversible processes, but this has

s only asmall effect on the scatter in the graphs. These data are listed in Table 3 of the main article.

The graphs are plotted to the same vertical scale asin Fig. S6, to aid comparison.

There is more scatter on the cobalt reduction plot than for the other processesin the Figure. The grey

data points are the cobalt complexes of the hydroxylated ligands terpyOH, L® and L’ which all show

lower than expected E values compared to the other complexesin that series. That tentatively supports
1 the suggestion in the main article that, among the cobalt reductions, the white data points are metal -

based reductions while the grey data points may be ligand-based.
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E/V vs. Fc/Fc'
Figure S13. The Fe(111)/(11) couple in the cyclic voltammograms of the same solution of
[Fe(terpyOH),][BF,]2 in the presence of O (black), 1 (red) and 2 (purple) equiv NBusOH (MeCN/0.1
M NBusBF4, 298 K). These data are listed in Table 4 of the main article.
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