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Abstract

The isomeric complexes [Fe(1-bpp),]** and [Fe(3-bpp).1** (1-bpp = 2,6-di[pyrazol-1-
yl]pyridine; 3-bpp = 2,6-di[ 1 H-pyrazol-3-yl]pyridine) and their derivatives are some of the
most widely investigated complexes in spin-crossover research. This article addresses two
unique aspects of their spin-state chemistry. First, is an unusual structural distortion in the
high-spin form that can inhibit spin-crossover in the solid state. A new analysis of these
structures using continuous shape measures has explained this distortion in terms of its effect
on the metal coordination geometry, and has shown that the most highly distorted structures
are a consequence of crystal packing effects. Second, solution studies have quantified the
influence of second-sphere hydrogen bonding on spin-crossover in [Fe(3-bpp),]**, which
responds to the presence of different anions and solvents (especially water). Previously
unpublished data from the unsymmetric isomer [Fe(l,3—bpp)2]2+ (1,3-bpp = 2-[pyrazol-1-yl]-
6-[1H-pyrazol-3-yl]pyridine) are presented for comparison. Modifications to the structure of

[Fe(3-bpp)2]**, intended to augment these supramolecular effects, are also described.
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Highlights:

e High-spin [Fe(l—bpp)2]2+ derivatives often adopt highly distorted six-coordinate
geometries in the crystal, that can strongly affect their spin-state properties.

e This corresponds to a Bailar twist distortion, modified by the narrow ligand bite angle.
The most distorted stereochemistries are imposed by crystal packing effects.

e The solution phase spin-equilibrium in [Fe(3-bpp),]** is unusually sensitive to changes to
the solvent and anions, and is particularly responsive to water.

e Addition of hydrogen bonding or hydrophobic pyrazole substituents onto [Fe(3—bpp)2]2+

stabilizes its high-spin state.



1. Introduction

The complexes [Fe(l—bpp)2]2+ and [Fe(3—bpp)2]2+ (1-bpp = 2,6-di[pyrazol-1-yl]pyridine; 3-
bpp = 2,6-di[ 1 H-pyrazol-3-yl]pyridine; Scheme 1), and their derivatives [1-3], are both
widely used in spin-crossover research [4-7]. Their popularity reflects different and
complementary aspects of their chemistry. On one hand, synthetic methods are available to
derivatise the 1-bpp ligand at every position of the ligand skeleton [1], allowing a wide
variety of substituted [Fe(1-bpp),]** derivatives to be prepared. Substituents at the pyrazolyl
C3 positions have a strong influence on the spin-state of the iron center, on steric and
electronic grounds [8]. Conversely, substituents at the pyridyl C4 sites have no steric impact
on the metal ion, which allows functional substituents to be appended to the [Fe(1-bpp),]**
center while retaining spin-crossover activity. Thus, multifunctional derivatives of [Fe(1-
bpp)2]2+ bearing peripheral metal-binding domains [9] or conducting [10], fluorescent [11],
photoswitchable [12], radical [13], redox active [10, 14] and surface tether substituents [15]
have all been reported. None of the other commonly used spin-crossover centers affords this
degree of variety in its synthetic chemistry.

<Insert Scheme 1 here>

The synthetic chemistry of 3-bpp is less well developed, although some [Fe(3-bpp),]**
derivatives bearing substituents at the pyrazolyl N1 and C5 positions have recently been
reported [3, 16-19]. Rather, the unique properties of [Fe(3-bpp),]** stem from its hydrogen-
bonding capabilities. The complex has Lewis acidic N—H groups adjacent to four of its six
metal donor N atoms, and changes to the hydrogen bonding of these groups are efficiently
transmitted to the iron center and have a strong impact on its spin state. This makes solid
salts of [Fe(3—bpp)2]2+ particularly sensitive to the anions and solvent present in the material,

especially to the degree of hydration. Moreover, [Fe(3—bpp)2]2+ can be recrystallised from



water, which makes it easy to precipitate salts of that complex with different anions. Thus,
more salts of [Fe(3—bpp)2]2+ have been investigated for their spin-state properties than for any
other cationic complex [1, 3]. Both these aspects may contribute to the high incidence of
cooperative spin-crossover and novel structural chemistry in salts of [Fe(3—bpp)2]2+ and its
derivatives [17-20]. The aqueous stability of [Fe(3—bpp)2]2+ is unusual, and contrasts with

[Fe(l—bpp)2]2+ which hydrolyses spontaneously in water. This question is addressed below.

Despite these advantages, both classes of complex also have a significant drawback for spin-
crossover research, which is that their high-spin complexes are prone to adopt an unusual
angular structural distortion in the solid state [2, 3]. The distortion is characterized by two
structural components (Scheme 2): a decrease in the trans-N—Fe—N angle (¢) from its ideal
value of 180°; and, a twisting of the two tridentate ligands from the perpendicular, so the
dihedral angle between them (6) is < 90°. The ¢ and 6 distortions occur independently of
each other in different compounds, and can adopt values in the range 149 < ¢ < 180° and 59
< 60<90° (Figs. 1 and 2). This type of geometry is exhibited by a number of complexes of
high-spin & and d° ions with meridional tris-imine ligands, like 2,2°:6°,2°-terpyridine [21].
However, it is particularly common in the [Fe(l—bpp)2]2+ system [11, 12, 22-26], while some
examples of [Fe(3-bpp),]** derivatives exhibiting the distortion have also been published [16,
27]. A DF calculation identified the Jahn-Teller effect as the origin of the distortion, and
noted it is favored by a narrow intra-ligand bite angle [22]. That explains its prevalence in
[Fe(1-bpp),]** chemistry, because the intra-ligand cis-N—Fe—N angle in a high-spin [Fe(1-
bpp)2]1** or [Fe(3-bpp),]** complex is typically 72-73°.

<Insert Scheme 2 and Figs. 1 and 2 here>



Since the Jahn-Teller distortion is only a property of the orbitally degenerate high-spin state,
distorted complexes must rearrange to an undistorted low-spin structure if they are to
undergo spin-crossover. If the distorted—undistorted rearrangement is too large for a rigid
solid lattice to accommodate, the compound remains trapped in its high-spin state at all
temperatures [7]. This has led a number of complexes, that might otherwise be expected to be
spin-crossover active, to lose their functionality in the solid state. A survey of [Fe(l—bpp)z]2+
complexes five years ago concluded that high-spin compounds with ¢ < 172° and/or 6 < 76°
should not exhibit spin-crossover on cooling [2]. A small number of outliers have been
discovered since then, which are spin-crossover active despite having more distorted high-
spin structures (Fig. 2) [26]. Notably most of these are abrupt, hysteretic spin transitions
which may reflect the distorted—undistorted structure changes involved. Be that as it may, it
is still the case that the great majority of Jahn-Teller distorted [Fe(bpp)2]2+ complexes do not
exhibit spin-crossover (Fig. 2). Importantly, complexes that are distorted in the solid state can
still undergo spin-crossover in solution, probably because of rapid interconversion between

distorted and undistorted geometries in their labile high-spin states.

This article addresses two questions relevant to [Fe(l—bpp)2]2+ and [Fe(3—bpp)2]2+ in spin-
crossover research. First, is a new analysis of the Jahn-Teller distortion in [Fe(l—bpp)2]2+
complexes using shape measure indices, that quantifies the relationship between the
distortion and the coordination geometry of the iron(Il) ions. Second, is a description of
recent work that addresses the unique supramolecular chemistry of [Fe(3—bpp)2]2+ centres
through solution phase measurements. As part of this discussion, the solution and solid state
properties of the unsymmetric isomer [Fe(1,3-bpp),]** (1,3-bpp = 2-[pyrazol-1-yl]-6-[ LH-

pyrazol-3-yl]pyridine; Scheme 1) are also described for the first time.



2. Stereochemistry of the Jahn Teller Distortion in [Fe(l-bpp)2]2+ Derivatives

Since we first reported it in 2002 [22], we (and others) have quantified the Jahn-Teller
distortion in crystalline, high-spin [Fe(l—bpp)z]2+ complexes using indices describing the
disposition of the tridentate ligands in the molecule (Scheme 2) [2]. These parameters (¢

and 0) are relevant to the spin-state properties of the compounds, which are strongly affected
by the shape of the complex molecules and their nearest neighbor interactions in the crystal
lattice [7]. However we present here a new structural analysis of the distortion, and the
structural changes that occur during spin-crossover, in terms of its effect on the metal ion
coordination geometry. Since the coordination geometry is an important factor determining ¢
and 6, and thus the overall shape of the molecule, this discussion provides new insight into

the variable and unpredictable spin-state behavior of [Fe(1-bpp),]** complexes.

2.1 Introduction to Shape Measures

We have applied the Continuous Shape Measures methodology [28-30] using the SHAPE 2.1
program [31] to analyse stereochemical trends associated with spin-crossover transitions, and
to address structural variations presented by compounds of this family in their high-spin or
low-spin states [32]. A shape measure of a set of atoms, such as a metal ion and its first
coordination sphere, is the size-weighted sum of the squares of the distances between each
atom and the corresponding vertex of the relevant ideal polyhedron [29]. This sum is
minimized with respect to translations, rotations and a change of scale of one set of points
(e.g. the atomic coordinates), and with respect to all possible pairings of the two sets of
coordinates. By definition, a zero value of a shape measure indicates a coordination sphere

exactly coincident with the reference polyhedron, and non-zero values provide a quantitative



calibration of how much that structure deviates from the reference polyhedron [29]. The
symbols S(OC-6) and S(TPR-6) will designate the shape measures of the FeNg coordination
sphere relative to the octahedron and the trigonal prism, respectively, in the following

discussion.

This technique is often useful for analyzing a particular structure by calculating its shape
measures relative to two different reference polyhedra, conveniently plotted in a "shape map"
[33, 34]. This visualizes whether that structure lies along the minimal distortion path for the
interconversion of the two polyhedra. For six-coordinate metal ions, the minimal distortion
pathway between the octahedron and the trigonal prism is usually considered [34], which
corresponds to the Bailar trigonal twist [35]. A quantitative evaluation of how close (or how
far) the structure is from the minimal distortion path is provided by the path deviation
function, quoted as a percentage of the deviation relative to the total length of the path [33,

36].

2.2 Analysis of Crystallographic Data

The following analysis concerns the coordination spheres of iron atoms in their low-spin and
high-spin states, regardless of whether or not they undergo spin crossover; whether a low
spin state has been trapped by fast cooling; or a high spin state has been induced at low
temperature by irradiation (the LIESST effect [37]). This includes examples of two
crystallographically independent iron centers with different spin states in the same crystal.
Structures that are not in a pure spin-state at the temperature of measurement, and structures

measured within a spin-crossover hysteresis loop, are disregarded in most of the discussion.



High-spin and low-spin complexes in Figs. 3-6 are identified by upward and downward

oriented triangles, respectively [38].

An earlier analysis of the effect of spin-crossover on the coordination geometries of
transition ions observed that the longer metal—ligand distances of the high spin state induce
smaller bite angles of bidentate ligands, which in turn favors a Bailar twist distortion of the
octahedron towards a trigonal bipyramidal geometry [32]. [Fe(1-bpp),]** complexes behave
as expected in this regard, with a good correlation between the average Fe—N bond length
and the ligand bite angle. More specifically, [Fe(1-bpp),]** complexes belong to a family
where two tridentate ligands span perpendicular meridional (mer) coordination sites of an
octahedron. The two equivalent bite angles in each ligand enforce a deviation of the intra-
ligand trans-N—Fe—N axes from linearity, imposing D,4 symmetry via a double axial
distortion of the octahedron which is calibrated by the clamp angle ¢ (Scheme 3) [34]. Such
a distortion is enhanced in the high spin configuration due to its smaller ligand bite angle,
which in turn leads to a reduction in ¢ (Scheme 3). As expected, a good correlation is also
observed between ¢ and the Fe—N distance, with the low- and high-spin configurations
presenting distinct values of the two parameters (Fig. 3). Data points with the lowest values
of ¢ deviate somewhat from the general trend, and are discussed in more detail below.

<Insert Scheme 3 and Fig. 3 here>

Conversion of an octahedral MXg unit to a trigonal prism via the Bailar twist pathway results
in contraction of the trans-X—M—X bond angles, from 180° (octahedron) to 135.6° (trigonal
prism) [34]. Moreover, the angle between the planes formed by the two sets of mer-MX3
groups changes from 90° in the octahedron to 60° in the trigonal prism. Thus, a Bailar twist

distortion should lead to decreased values of ¢ and 6 (Scheme 2) for high spin [Fe(l—bpp)2]2+
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complexes, as is often observed (Fig. 2). Notably, however, there is no apparent correlation
of ¢ or 6, which vary widely in the high-spin state, with the average Fe—N distance and
clamp angle ¢. This emphasizes that the Jahn-Teller distortion cannot be described purely in

terms of the Bailar twist mechanism.

Since a number of geometrical parameters must be considered to compare the spin-states of
[Fe(l—bpp)2]2+ derivatives, that do not all correlate with each other, we analyzed the
geometries of their FeNg coordination spheres through a shape map that simultaneously
reflects changes in all these parameters. The geometric paths for the Bailar twist and the
double axial distortion (¢) of the octahedron are represented in Fig. 4, as a shape map relative
to the octahedron and the trigonal prism. Plotting the shape measures of the coordination
polyhedra of the compounds affords a wider perspective on the stereochemical consequences
of spin crossover. The low- and high-spin molecules occupy well-separated regions on the
map, the former exhibiting less distorted octahedra and the latter being more distorted due to
an increased double axial distortion. Within each group, however, the structures deviate
from the double axial pathway in directions that are roughly parallel to the Bailar twist. It is
thus clear that the complexes adopt varying degrees of both the Bailar twist and the clamp
distortion in both spin states. A histogram of their path deviation functions relative to the
Bailar twist demonstrates that the high-spin complexes deviate more than the low-spin ones
from that path (Fig. 5), and show a wider spread of values for the deviation index.

<Insert Figs. 4 and 5 here>

The dependence of the octahedral shape measure on the Fe—N bond length and the clamp
angle @ are quite similar (Fig. 6). There is again a clear separation of the high-spin and low-

spin complexes, although both spin states follow the same trends for Fe—=N <2.15 A and ¢ >
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146°. However, at larger distances and smaller ¢ values, more severe distortions of the
coordination octahedron result, which are essentially independent of the Fe—N distance and
show a strong dependence on ¢. Our previous analysis on complexes with ill-defined
coordination numbers [39] implies that the largest deviations from the octahedral geometry
could be associated with incipient, additional coordination of donor atoms from counterions
or neighboring molecules. Therefore, we surveyed all the high-spin structures for contacts
from donor atoms (O, N, F, S, I or P) to iron that are up to 0.3 A longer than the sum of Van
der Waals radii (41 independent molecular structures of this type were found). All the
molecules whose OC-6 shape measure is larger than expected, based on its Fe—N distances
and ¢ angle, are involved in such short additional Van der Waals contacts (Fig. 6).

<Insert Fig. 6 here>

A shape analysis of the augmented FeNgX,, coordination spheres in the above compounds
shows that most of them are approaching a monocapped or bicapped trigonal prism, for one
(n=1) or two (n = 2) short contacts respectively. There is a good correlation between the
Fe...X contact distance and the shape measure of the iron augmented coordination sphere
relative to a capped trigonal prism (Fig. 7). Only five compounds deviate significantly from
this trend. Two (isostructural) compounds show an expanded coordination polyhedron closer
to a capped octahedron than a capped trigonal prism; in two others the iron atom seems to
feel the stabilizing effect of the distortion at somewhat longer Fe...X distances, since the
FeNg core is relatively close to the trigonal prism ideal; and the fifth one is better described
as a snub disphenoid than a capped trigonal prism, which reflects the chelating nature of two
contacting O atoms from a neighboring ligand nitro substituent. Inspection of the structures

closest to the trigonal prism indicates that full conversion to that polyhedron would lead to
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the coordination topology shown in Fig. 8, where each tridentate ligand occupies three
vertices of a different square face of the prism.

<Insert Figs. 7 and 8 here>

Although ¢ and 6 (Scheme 2) do not correlate with the expansion of the iron coordination
sphere, the greatest deviations of these parameters from their ideal octahedral values do also
correlate reasonably with the intermolecular Fe--- X distance. Hence, the largest Bailar
distortions and the associated decreases in ¢ and 6 are both stabilized by the incipient
coordination of extra donor atoms. The correlation between ¢ and Fe--- X is particularly
clear, and has only six outliers. Three of these correspond to larger X atoms (S or I)
compared to those following the main trend (X = N, O or F), while the other three are
structures presenting two Fe---X contacts at about the same distance, thus favoring a larger
distortion than the single contact observed in the rest of compounds. These plots are shown

in the Supporting Information.

2.3 Summary

To conclude, the distorted coordination geometries observed in high-spin [Fe(bpp)»]**
complexes are a combination of a typical Bailar twist towards a trigonal prismatic structure
(Fig. 8) [34]; and the double axial distortion enforced by the ligand bite angle, which
becomes more severe at longer Fe—N bond distances (¢ in Scheme 3) [32]. When ¢ > 146°
there is a regular relationship between ¢ and the distortion of the coordination geometry
away from an ideal octahedron. When ¢ is smaller, the coordination geometry deviates more

strongly towards capped or bicapped trigonal prismatic, depending on the presence or

absence of short intermolecular contacts to the iron center (Figs. 6 and 7). The most strongly
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distorted structures all exhibit such intermolecular contacts, in face-capping positions relative
to the inner coordination polyhedron, and their coordination geometry correlates strongly
with the length of these contacts (Fig. 8). Hence, while a wide range of Jahn-Teller distortion
structures is accessible to high-spin [Fe(l—bpp)2]2+ complexes (Fig. 2), the observation of a

specific distortion in a particular compound is a reflection of its crystal packing.

The significant angular distortions of the high-spin [Fe(1-bpp)»]** coordination sphere are
therefore a geometric consequence of the Fe—N bond elongation, combined with the
constraints of the mer-tridentate ligand. The ensuing Bailar twist, that converts a triangular
face of the octahedron into a square face of a trigonal prism, facilitates the interaction of
counterions or solvent molecules with the metal ion, thus stabilizing the highly twisted
geometries. Consistent with that conclusion, analogous complexes with monodentate N-
heterocyclic ligands are all nearly perfect octahedra [S(OC-6) < 0.44], even in the high spin
state, since the Fe—N elongation does not imply an angular distortion of the octahedron in
this case [32]. Finally, a preliminary survey of the [Fe(3—bpp)2]2+ family of complexes also
gave results consistent with this conclusion, including some examples of extended

coordination spheres in the high spin state.

3. Supramolecular Chemistry of [Fe(3-bpp)2]2+ and its Derivatives

3.1 Background

With inspiration from Shores’ and Hooley’s recent work on spin-transitions in solution
triggered by host:guest binding [40, 41], we decided to examine the supramolecular
chemistry of [Fe(3—bpp)2]2+ in more depth. The chemistry of [Fe(3—bpp)2]2+ was originally

developed by Goodwin et al. during the 1990s [1, 42-44], who noted the strong correlation
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between the spin states of of solid [Fe(3—bpp)2]2+ salts and the presence of lattice water,
which stabilizes the low-spin form of the complex [42, 43, 45]. They also published solution
phase magnetic data for three different salts [Fe(3-bpp)2]X, (X =BF, ,PFs and 1),
concluding that “all three salts show essentially the same behavior” [43]. However, we noted
that the iodide salt undergoes spin-crossover in solution at ca. 10 K higher temperature than
the other salts, according to their published data. Although the difference is small, that is the
trend expected if there is significant N—H...I hydrogen bonding between the cation and
anions in solution [40]. Both these aspects implied that the spin state of [Fe(3-bpp),]** may

be very sensitive to changes to its second coordination sphere.

3.2 Solvent Dependence
The easiest way to probe this question was to determine the spin-crossover equilibrium of
[Fe(3—bpp)2]2+ in different solvents. Evans method measurements yielded the following trend
in Ty, for six deuterated solvents (Fig. 9) [46]:

CD3NO; (T, = 244 K) = CD3CN (244) = (CD3),CO (247) < CD5;0D (255) =

(CD3),NCDO (257) << D0 (317)

That trend correlates with measures of solvent donacity including the Gutman donor number
Dy [47] and Kamlet and Taft’s 8 parameter [48], which shows that more strongly donating
solvents stabilize the low-spin state of the complex. The solvent-dependence shown by
[Fe(3—bpp)2]2+ is stronger than for any other published compound [49, 50], and the 60-70 K
increase of 71, in water compared to the organic solvents is especially striking. For
comparison, [Fe(tacn)2]2+ (tacn = 1,4,7-triazacyclononane) which has six hydrogen bond-
donor N—H functions in each molecule, exhibits 71, = 318 K in CD;CN and 343 K in D,O

which is only 25 K higher in water [50].
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<Insert Figure 9 here>

Further insight was gained from measurements of [Fe(3—bpp)2]2+ in acetone:water solvent
mixtures. These showed that 7, increases with the mole fraction of water present, as
expected. However the relationship was non-linear, with a plateau region at intermediate
solvent compositions where 71, was almost independent of the water content [46]. The
measured enthalpy of spin-crossover also increased with increasing water content, from AH =
25 kJmol ' in pure (CD3),CO to 39 kJmol ! in 0.91:0.09 D,0:(CD3),CO, before dropping
again to 20 kJmol ' in pure D,O. These data can be interpreted as a competition between the
stabilization of the low-spin state by hydrogen bonding to D,0; and, hydrolysis of the labile
high-spin form which is more prevalent at higher D,O concentrations (the hydrolysis is a pre-
equilibrium to the spin-crossover event, which leads to an increased AH value for the
combined process [51]). These results were confirmed by room temperature UV/vis spectra,
which showed a perfect correlation between the low-spin MLCT &, and the low-spin

fraction of the sample at 298 K according to the susceptibility measurements [46].

These results explain the unusual stability of [Fe(3-bpp),]** in aqueous solution, since
hydrogen bonding between the complex and that solvent increases 71, above room
temperature. Thus ca. 65 % of the sample is in its low-spin state under ambient conditions,
which is kinetically inert to hydrolysis. This stability only occurs in pure water, however; in
acetone:water mixtures 7y, is lower and the majority of the sample adopts the high-spin state
at room temperature, which is much more sensitive to ligand displacement and substitution.
These observations have recently been confirmed by Harris et al., who investigated [Fe(3-

bpp)2]2+ as a temperature-dependent probe for MRI measurements [52].
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3.3  Anion dependence

Following this study, we measured six different salts of [Fe(3-bpp),]X, (X = BPhs , BF, ,
CF;SO; , NCS , NO;3 and Br ) in a fixed 0.1:0.9 D,0:(CD3),CO solvent composition, in
which all of these salts were soluble to some degree [53]. While the thiocyanate salt showed
clear evidence of ligand redistribution reactions in solution, the results with the other anions
confirmed Goodwin’s original data, with a perfect correlation between T, and Lungwitz and
Spange's 8 parameter which is proportional to the hydrogen bond donor strength of the
anion (Fig. 10) [54]. This was confirmed by titration of Br into [Fe(3-bpp).][BPhy4],, which
afforded an approximately linear relationship between 71, and the bromide concentration. The
increase in T, caused by addition of 2 equivalents of Br is only 15 K. However, because T,
is close to room temperature, this small change in 7y, leads to a 0.35 cm’mol 'K reduction in
amT at 293 K in the presence of Br , which is comparable to the room temperature response
to halide ions in Shores’ systems [40]. In any case, the observation of any influence of
different anions on 7%, in such a competitive aqueous solvent mixture implies that ion pairing
and hydrogen bonding in [Fe(3—bpp)2]2+ salts is notably strong [55].

<Insert Figure 10 here>

3.4  Number of hydrogen bond donors

Susceptibility data for [Fe(3-bpp).][BF4], and [Fe(1-bpp).][BF4], in (CD3),CO are
superimposable, implying that hydrogen bonding to this weakly interacting solvent has a
negligible effect on the spin state of [Fe(3-bpp),]**. Interestingly, however, [Fe(1,3-
bpp)21[BF4], (Scheme 1) undergoes spin-crossover with a slightly higher midpoint

temperature under the same conditions, showing 7, = 254+1 K in (CD3),CO (Fig. 11) [38].

17



The difference reflects a reduced AH and AS of spin-crossover for [Fe(1,3—bpp)2]2+, which
are both ca. 15 % lower than for the symmetric complexes according to van’t Hoff plots
(Table 1). We suggest this may be caused by a less ordered solvent sheath about the
unsymmetric [Fe(1,3-bpp),]** cation, which would then undergo a smaller rearrangement
during its spin-crossover equilibrium. The small stabilization of the low-spin state in [Fe(1,3-
bpp)21[BF4], is consistent with its solid state properties, since the crystalline compound is
low-spin at room temperature and below [38].

<Insert Figure 11 and Table 1 here>

As mentioned previously, salts of [Fe(l—bpp)2]2+ decompose immediately in water,
precipitating the colorless free ligand. In contrast, [Fe(1,3-bpp),][BFu], retains its brown
coloration when added to water, implying it is also water-stable. However, this could not be
quantified by Evans method because of the poor solubility of [Fe(1,3-bpp),]** salts in

aqueous solution.

3.5 Enhancing the Hydrogen Bonding Capabilities of [Fe(3-bpp)2]2+

In the light of these encouraging results, we sought to modify [Fe(3—bpp)2]2+ to improve its
hydrogen bonding properties, and maximize the influence of host:guest interactions on its
spin state. We pursued this by introducing additional hydrogen bond-donor groups adjacent
to the pyrazolyl NH functions in 3-bpp (L' and L°R; Scheme 4); by placing hydrophobic
substituents in the same positions, to enhance N—H...X hydrogen bonding to X counterions
(L3R, L4Me); and a combination of the two (L4NH2). We have had previous success using
both those strategies to promote supramolecular assembly structures in other metal

complexes of NH pyrazoles [56] and pyrazolyl chelate ligands [57]. The ligands L'R are
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noteworthy, as the first unsymmetrically substituted derivatives of the 3-bpp ligand type [1]
(1-bpp derivatives with an unsymmetric distribution of pyrazole substituents are easier to
obtain [58]).

<Insert Scheme 4 here>

The most interesting compounds we have studied thus far, from the point of view of spin-
crossover, are the salts of the simplest ligand derivative [Fe(L3Me)2]Y2 (Y =BF,; and
ClOy4 ). Both salts afford anhydrous crystals when freshly prepared, which rapidly convert to
isostructural dihydrate phases on exposure to air. The dihydrate materials contain a mixture
of high-spin and low-spin complex cations, which are hydrogen bonded to the Y anions and
the lattice water respectively. That is consistent with the aforementioned stabilization of the
low-spin state of [Fe(3—bpp)2]2+ salts by hydrogen bonding to water. Annealing both

[Fe(L3 Me),]Y>-2H,0 compounds in vacuo at 350 K affords new [Fe(L3 Me),]Y, anhydrous
materials, that are again isostructural but are distinct from the original crystals. The annealed
BF, salt undergoes a sequence of three phase changes on cooling, culminating in an abrupt
spin-transition around 205 K with a pronounced hysteresis loop (AT, = 37-65 K depending
on the history of the sample) [17]. In contrast the C1O, salt only exhibits the first of the
above crystallographic phase changes after annealing, and remains high-spin between 3-350
K; evidently the second phase change in the BF, salt is required to activate it towards spin-
crossover [59]. Since most of these transitions were monitored in situ by X-ray powder
diffraction, the structural detail underlying this unprecedented phase behaviour is unclear at
the time of writing. However, the structures of the precursor phases imply that disorder of the
Y anions between hydrogen bonding sites on different cations may occur in the annealed

materials, and could play an important role in their structural complexity [59].
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Salts of [Fe(L'),]**, [Fe(L*Bu),]*", [Fe(L’1Bu),]** and [Fe(L*Me),]** were all
crystallographically characterized, and show extensive N-H...Y hydrogen bonding to the
Y counterions and or solvent as expected (Fig. 12) [60]. Some of the compounds form
unusual hydrogen bond network topologies, including [Fe(Ll)z] [C104]»:2(C,H5),0-CH3NO,
(an eight-connected fluorite {flu} topology) and [Fe(L3tBu)2] [BF4]»-xCF3CH,OH-y(Cs;H7),0
(a helical self-penetrating network derived from the (10,3)-a {srs} net) [63]. However in the
solid state they are all either high-spin, or show very poorly defined spin-crossover on
cooling [60]. Solutions of [Fe(L"),]**, [Fe(L*Bu),]**, [Fe(L’/Bu),]**, [Fe(L*Me),]** and
[Fe(L4NH2)2]2Jr are high-spin in (CD3),CO at room temperature, but all of them except
[Fe(thBu)z]zJr exhibit the onset of spin-crossover on cooling (Fig. 13). The T, values for
[Fe(L"2)** (ca. 190 K) and [Fe(L*Me),]** (218 K) are within the liquid range of the solvent,
but for the other complexes it is significantly lower. Stabilization of the high-spin state in
[Fe(3—bpp)2]2+ derivatives by electron-donating amino and alkyl substituents is unexpected at
first glance, and is the opposite trend to analogous complexes from the [Fe(l—bpp)2]2+ series,
substituted at the pyrazolyl C4 sites [64]. A theoretical study to address this anomaly is in
progress at the time of writing.

<Insert Figures 12 and 13 here>

Since [Fe(L"),][ClO4], hydrolyzes in aqueous solution, any stabilization of its low-spin state
by hydrogen bonding in water is insufficient to raise 71, above room temperature (which
would require an increase in T}, almost twice as large as observed in [Fe(3-bpp),]*). It is also
unique among the compounds in this article in being sensitive to aerobic oxidation [60]. That
can be attributed to reduction of the Fe(II/III) potential by the donating amino substituents,
combined with the acidity of the L' N—H functions (which may be deprotonated following

oxidation of the iron center [65]).
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4. Conclusion

This report has described two different studies, which each advance our understanding of the
spin-states of [Fe(l—bpp)2]2+, [Fe(3—bpp)2]2+ and their derivatives. First, is a new survey of the
crystal structures of [Fe(l—bpp)2]2+ complexes, published during the last twelve years (and
including some unpublished examples from the Halcrow group [38]). The analysis has
rationalized the unusual coordination geometries exhibited by many of these compounds
(Figs. 1 and 2), which arise from a tension between two factors: the typical Bailar twist
(octahedron—trigonal prism) distortion that is often found in six-coordinate complexes; and,
the narrow clamp angle of the 1-bpp ligand (Scheme 3), which causes the geometries to
deviate from the ideal Bailar twist pathway. The most distorted coordination geometries
correlate strongly with the presence of additional intermolecular contacts from anions or
neighboring ligand substituents to the iron center. Therefore, while the electronic origin of
the high-spin distortion is the Jahn-Teller effect, the wide variety of distorted structures that
have been observed in this series of compounds is controlled by crystal packing effects. This
conclusion will be of great value for interpreting the stereochemistries of [Fe(1-bpp),]** and
[Fe(3-bpp),]** compounds [2, 3], as well as other complexes showing this type of Jahn-Teller
distortion [21]. The degree of distortion in a high-spin [Fe(1-bpp),]** complex salt correlates
with the cooperativity of its spin-transition, as well as determining whether it undergoes spin-
crossover in the first place [2]. Hence, this new understanding of the distortion also has wider

implications for the crystal engineering of new spin-transition materials [7].

Second, we have described recent work that addresses how hydrogen bonding to the NH

groups in [Fe(3—bpp)2]2+ controls its spin-crossover properties. The temperature of the spin-
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crossover equilibrium for [Fe(3—bpp)2]2+ in solution increases measurably in more donating
organic solvents, and is especially sensitive to the presence of water [46]. Spin-crossover
measurements of [Fe(3—bpp)2]2+ can also detect the presence of different counter-anions, even
in a relatively polar water:acetone solvent mixture [53]. The only comparable literature study
is on [Fe(tacn)2]2+, which is less sensitive to its local environment than [Fe(3—bpp)2]2+ despite
having more NH groups per molecule [50]. We explain this from the increased acidity of the
pyrazolyl NH groups in [Fe(3-bpp),]**, compared to the secondary amino NH groups in
[Fe(tacn),]** (the acidic pK, values for uncoordinated 1H-pyrazole and secondary amine NH
groups are ca. 14 [66] and 35 [67], respectively). For this reason, the NH groups in [Fe(3-
bpp)»]** are more polarizable than in [Fe(tacn),]**, and its hydrogen bonds will be stronger.
The importance of the second coordination sphere in these measurements was illustrated by
the unsymmetric analogue [Fe(1,3—bpp)2]2+, which undergoes spin-crossover at a higher
temperature than the symmetric complexes [Fe(l—bpp)2]2+ and [Fe(3—bpp)2]2+ in (CD3),CO

solution (Table 1).

Attempts to augment the supramolecular response of spin-crossover in [Fe(3—bpp)z]2+ by
modification of the 3-bpp ligand have led to some interesting solid state structures [60] and
crystallographic phase behavior [17, 59], but have not yet led to supramolecular spin-state
switching in solution. Our current challenge is to design new modifications to the [Fe(3-
bpp),]** framework that enhance its hydrogen bonding capabilities, while keeping its spin-

state equilibrium close to room temperature.
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Table 1. Spin-crossover parameters for the isomeric complexes [Fe(1-bpp).]1[BF4].,
[Fe(3-bpp)2][BF4]» and [Fe(1,3-bpp)z][BF.4]» in (CD3),CO solution.

Ty, K AH, kImol ' | AS, Jmol 'K! | Ref
[Fe(1-bpp)2][BE4]» 248(1) 24.102) 101(1) [22]
[Fe(3-bpp),][BF.4l» 247(1) 24.8(2) 100(1) [46]
[Fe(1,3-bpp)2][BF4]» 254(1) 22.002) 86(1) This work
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[Fe(1,3-bpp)1**

Scheme 1. The prototypical examples of the classes of complex referred to in this work.

N—N
7
N‘N””'- /‘ \
[ A Fe5"*—N
N o =
NNy N-N

Scheme 2. The angular Jahn-Teller distortion exhibited by some high-spin [Fe(1-bpp),]** and
[Fe(3-bpp),]** derivatives (¢ < 180°, 8 < 90°).
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Scheme 3. The effect of a change in spin state on the internal clamp angle (@) of a coordinated

bpp-type ligand.

R— | N
N-N
H
LR
(R = Me, Et, tBu)

Scheme 4. Substituted 3-bpp derivatives we have investigated for spin-crossover chemistry
[17, 59, 60]. Synthetic procedures for L [61] and some L°R derivatives [62] have been

previously reported.
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[Fe(1-bpp)2][BF4]2
0= 89.94(2)°
$=172.98(7)°

[Fe(1-bpp)2lllo.s[lsli.5
0= 89.92(5)°
4= 155.97(16)°

[Fe(1-bpp)2][SbFe]2
0=61.94(2)°
¢ = 154.41(10)°

Fig. 1. High-spin crystal structures of three salts of [Fe(1-bpp),]**, illustrating the Jahn-Teller

distortion [22-24]. Only the BF, salt is spin-crossover active.
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Fig. 2. The Jahn-Teller distortion parameters (Scheme 2) from crystal structures of [Fe(1-
bpp)z]2+ complexes that are: low-spin (A ); high-spin and spin-crossover active (O); high-spin

and spin-crossover inactive (®). This is an updated version of the equivalent figure in ref. [2].
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Fig. 3. Effect of the average Fe—N bond distance in [Fe(1-bpp),]** complexes on the clamp
angle ¢ (Scheme 3). High-spin molecules are plotted as upward triangles and low spin

molecules as downward triangles.
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:‘ Clamp (double axial)
154" LS HS distortion

S(TPR-6)

S(0C-6)

Fig. 4. Shape map of [Fe(1-bpp),]** complexes relative to the octahedron (OC-6) and the
trigonal prism (TPR-6). The Bailar twist and double axial distortion pathways (Scheme 3) of
the octahedron are represented by a continuous and a dashed line, respectively. High-spin (HS)

molecules are plotted as upward triangles and low spin (LS) molecules as downward triangles.
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Fig. 5 Distribution of the deviations from the Bailar twist pathway for low-spin (LS) and high-

spin (HS) [Fe(l—bpp)2]2+ complexes.
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Fig. 6. Octahedral shape measures of the Fe atoms in [Fe(1-bpp),]** complexes, plotted as a

function of their average Fe—N length (top), and their average clamp angle ¢ (bottom). Data

corresponding to high-spin molecules are represented by upward triangles and low spin

molecules by downward triangles. High-spin complexes with additional short intermolecular

contacts to the iron center are shaded.
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Fe---X Contact (A)

Fig. 7. Relationship between the capped trigonal prismatic shape measure of the FeNgX core

and the Fe...X distance for high spin [Fe(1-bpp),]** molecules with short intermolecular

contacts. The filled circle corresponds to the compound shown in Fig. 8.
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Fig. 8. Topology of the tridentate bpp ligands in the idealized trigonal prism coordination
sphere that results from a Bailar twist (top), and the molecular structure of [Fe(1-bpp).][BF4]»
showing the distorted trigonal prismatic coordination sphere of the Fe atom and the oxygen

atoms from two perchlorate anions that cap two rectangular faces (bottom).
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Fig. 9. Variable temperature magnetic susceptibility data for [Fe(3-bpp).][BF4], in CD3;NO,
(), CD3CN (0),{CD3},CO (0), (CD3);NCDO (m), CD30D (m) and D,0 (o) [46].
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Fig. 10. Dependence of Ty, for [Fe(3-bpp)2]X; on the hydrogen bonding power of different X
anions (ﬁN [54]), in a 0.1:0.9 D,0:(CD3),CO solvent mixture [53]. The white data points are
from Goodwin et al.’s original publication, and were also measured in a D,0:(CD3),CO mixed
solvent (Fig. 9).
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Fig. 11. Variable temperature magnetic susceptibility data for [Fe(1-bpp).][BF4]» (¢) [22],
[Fe(3-bpp)2]1[BF4], () [46] and [Fe(1,3-bpp).][BF4], (e) in {CD3},CO. Thermodynamic
parameters from these equilibria are listed in Table 1.
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Fig. 12. Crystal structure of [Fe(Ll)z] [C104],-2(C,H5),0-CH3NO,, showing the hydrogen
bonding between the complex dication and the perchlorate anions and diethyl ether molecules
(which are de-emphasised for clarity). The cations and anions are respectively eight-connected
and four-connected nodes in a distorted flu network topology [60].
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Fig. 13. Variable temperature magnetic susceptibility data for [Fe(Ll)z] [CIO4]; (o),
[Fe(L’Bu)][BF,]> (¥), [Fe(L’Bu),][BFl, (0) and [Fe(L*Me),][BF4l; (#) in {CD5},CO.
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