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Spin States of Homochiral and Heterochiral Isomers of
[Fe(PyBox)2]2 + Derivatives

Kay E. Burrows,[a] Sarah E. McGrath,[a] Rafal Kulmaczewski,[a] Oscar Cespedes,[b]

Simon A. Barrett,[a] and Malcolm A. Halcrow*[a]

Abstract: The following iron(II) complexes of 2,6-bis(oxazoli-
nyl)pyridine (PyBox; LH) derivatives are reported: [Fe(LH)2]
[ClO4]2 (1) ; [Fe((R)-LMe)2][ClO4]2 ((R)-2 ; LMe = 2,6-bis{4-methylox-
azolinyl}pyridine); [Fe((R)-LPh)2][ClO4]2 ((R)-3) and [Fe((R)-
LPh)((S)-LPh)][ClO4]2 ((RS)-3 ; LPh = 2,6-bis{4-phenyloxazolinyl}pyr-
idine); and [Fe((R)-LiPr)2][ClO4]2 ((R)-4) and [Fe((R)-LiPr)((S)-LiPr)]
[ClO4]2 ((RS)-4 ; LiPr = 2,6-bis{4-isopropyloxazolinyl}pyridine).
Solid (R)-3·MeNO2 exhibits an unusual very gradual, but dis-
continuous thermal spin-crossover with an approximate T1=2

of 350 K. The discontinuity around 240 K lies well below T1=2
,

and is unconnected to a crystallographic phase change oc-
curring at 170 K. Rather, it can be correlated with a gradual
ordering of the ligand conformation as the temperature is
raised. The other solid compounds either exhibit spin-cross-
over above room temperature (1 and (RS)-3), or remain

high-spin between 5–300 K [(R)-2, (R)-4 and (RS)-4] . Homo-
chiral (R)-3 and (R)-4 exhibit more twisted ligand conforma-
tions and coordination geometries than their heterochiral
isomers, which can be attributed to steric clashes between
ligand substituents [(R)-3] ; or, between the isopropyl sub-
stituents of one ligand and the backbone of the other ((R)-
4). In solution, (RS)-3 retains its structural integrity but (RS)-4
undergoes significant racemization through ligand redistrib-
ution by 1H NMR. (R)-4 and (RS)-4 remain high-spin in solu-
tion, whereas the other compounds all undergo spin-cross-
over equilibria. Importantly, T1=2

for (R)-3 (244 K) is 34 K lower
than for (RS)-3 (278 K) in CD3CN, which is the first demon-
stration of chiral discrimination between metal ion spin
states in a molecular complex.

Introduction

Although the phenomenon of spin-crossover (SCO) was first
elucidated over fifty years ago,[1] SCO complexes and molecular
materials derived from them continue to be heavily studied.[2–4]

On the one hand, control of the temperature and form of an
SCO transition is a challenging problem in molecular design
and crystal engineering,[5] which impacts areas as diverse as
bioinorganic chemistry,[6, 7] catalysis[6, 8] and solid state physics.[9]

On the other hand, SCO compounds have important applica-
tions in their own right as multifunctional switches in molecu-

lar materials[10, 11] and metal–organic frameworks (MOFs),[12] in
devices[13] and in nanoscience.[14, 15]

One property that has been little explored up to now is the
interplay between SCO and chirality, which could in principle
lead to switchable non-linear optical (NLO) materials.[16] Many
solid SCO materials are adventitiously chiral from crystallizing
in polar or handed space groups, and chiroptical switching has
indeed been demonstrated in one such compound.[17] Alterna-
tively, chiral materials based on achiral SCO molecules have
been prepared through doping them into chiral host frame-
works,[18] or crystallizing them with chiral counterions.[19] How-
ever, chiral-at-molecule SCO compounds are rare,[20–26] with
most studies involving just two series of iron(II) complexes:
a family of bidentate Schiff base complexes formed from chiral
amines;[20–23] and, a macrocyclic ligand with an asymmetric pat-
tern of backbone substituents.[24, 25] The influence of chirality
on the SCO properties of such compounds has only recently
begun to be investigated and, importantly, all data published
thus far have been measured in the solid state.[22, 23, 25, 26] The
effect of ligand structure on molecular spin states is better
quantified in solution, in which the spin state of a complex is
not influenced by lattice effects.[27]

To probe the influence of chirality on SCO, we have turned
to the family of 2,6-bis(oxazolinyl)pyridine (PyBox; Scheme 1)
heterocyclic ligands,[28] which are suited to this challenge for
several reasons. Optically pure substituted PyBox derivatives
(LR, R¼6 H; Scheme 1) are readily available because of their im-
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portance in asymmetric catalysis,[28, 29] and have been used as
supporting ligands in other types of chiral molecular mag-
nets.[30] Moreover, the heterochiral isomers [M((R)-LPh)((S)-LPh)]2 +

(Scheme 1; M = Fe,[31] Co,[31, 32] Zn[31, 33] or another metal ion[31])
have been shown to be stable in solution, without racemiza-
tion through ligand redistribution reactions. Lastly, the ability
of [Fe(PyBox)2]2 + centers to support SCO has been recently
demonstrated using achiral PyBox ligands.[34, 35] We report here
iron complexes of three chiral PyBox derivatives, including
a comparison of the spin state properties of the homochiral
and heterochiral diastereomers of [Fe(LPh)2]2 + and [Fe(LiPr)2]2 +

(Scheme 1). We also describe an unusual example of a gradual,
but discontinuous, solid state SCO that was discovered during
the course of this work.

Results and Discussion

The complexes [Fe(LH)2][ClO4]2 (1),[35] [Fe((R)-LMe)2][ClO4]2 [(R)-2] ,
[Fe((R-LPh)2][ClO4]2 [(R)-3] and [Fe((R)-LiPr)2][ClO4]2 [(R)-4] were
prepared by complexing Fe[ClO4]2·6 H2O with 2 equiv of the ap-
propriate LR ligand in nitromethane or acetonitrile. Heterochiral
[Fe((R)-LPh)((S)-LPh)][ClO4]2 [(RS)-3] and [Fe((R)-LiPr)((S)-LiPr)][ClO4]2

[(RS)-4] were similarly obtained, using a 1:1 ratio of the two
ligand isomers. All the complexes were dark orange polycrys-
talline solids following the usual work-up, irrespective of their
spin-state properties at room temperature.

The most noteworthy behaviour in the solid state is shown
by (R)-3, which was purified as its nitromethane solvate.[36]

Since this lattice solvent is lost upon extended drying in vacuo,
all the solid-state measurements described below were per-
formed using freshly prepared and protected crystalline sam-
ples to minimize any solvent loss. Bulk samples of (R)-3·MeNO2

are fully low-spin below 200 K from magnetic susceptibility
data, but exhibit a gradual, non-hysteretic thermal spin-cross-
over at higher temperatures with a T1=2

of about 350 K, from its
cMT value of 1.8 cm3mol�1 K at that temperature (Figure 1). Un-
usually, there is a clear discontinuity around 240 K in the transi-
tion curve, when the sample is about 15 % high-spin.[36] Discon-
tinuous SCO transitions are well known and can reflect the
presence of multiple independent switching sites in the lat-
tice,[37] a crystallographic phase transition during SCO,[38] or
a more subtle order:disorder transition in a ligand or anion.[39]

This was probed in (R)-3·MeNO2 through crystallographic re-
finements between 125 and 275 K at 10 K intervals, using the
same crystal throughout.[40]

Crystalline (R)-3·MeNO2 undergoes a crystallographic phase
change at 170�5 K. The room-temperature phase (Phase 1)
adopts the orthorhombic space group C2221 with Z = 4. The
asymmetric unit of this phase contains half a formula unit,
with the complex molecule spanning a crystallographic C2 axis.
Below 170 K, the crystal transforms to Phase 2 through a tri-
pling of the unit cell b dimension. Phase 2 has three unique
molecules of the complex per asymmetric unit in the space
group P212121 (Z = 12). Importantly, however, this phase
change is unrelated to the spin-crossover discontinuity, which
occurs at 70 K higher temperature (Figure 1). The iron centres
in (R)-3·MeNO2 are fully low spin in both phases near the
phase-transition temperature (Table 1).

In Phase 1 at T�205 K, refinement models based on an or-
dered C2-symmetric half-molecule of the cation gave the best
results. This included disorder at one, or both, of the unique
phenyl substituents which, unusually, became more severe as
the temperature was lowered. Below 235 K, a gradual enlarge-
ment and elongation of the displacement ellipsoids was ob-
served, reaching a maximum at 195 K around the temperature
at which the molecule becomes fully low-spin (Figure 2). Fur-
ther cooling from 195 K to the phase transition temperature
reversed this trend, with the atomic displacement ellipsoids
becoming more regular in shape (Figure 2). This indicates the
onset of additional disorder in the complex between 235 K
and the phase transition. Between 175–195 K, disorder of the
whole molecule about the crystallographic C2 axis was resolved
in the Fourier map, and could be modelled without restraints.
Although their residuals are similar, the displacement ellipsoids
and metric parameters in the whole-molecule disorder refine-
ment are chemically more reasonable than the C2-symmetric
half-molecule model.[40]

The Phase 2 structures of (R)-3·MeNO2 between 125 and
165 K are essentially identical, apart from the partial quenching
of disorder in the anions, solvent and one phenyl substituent
at lower temperatures. The three unique complex molecules in
the asymmetric unit remain fully low-spin across this tempera-
ture range (Figure 1, Table 1 and Supporting Information[40]).

Notwithstanding some scatter between 175–205 K, the crys-
tallographic and magnetic measurements from (R)-3·MeNO2

are in excellent agreement (Figure 1).[40] In particular, the crys-

Scheme 1. The ligands employed in this study.
Figure 1. Comparison of the SCO transition in (R)-3·MeNO2 as monitored by
magnetic susceptibility data (black) ; and, the expansion of the metal-ion co-
ordination sphere as expressed by VOh (white circles).[41] In Phase 2, the three
unique molecules are shown as yellow, red and green diamonds with the
white circles representing the average of the three.
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tallographic data reproduce the discontinuity near 240 K. A
plot of the unit cell volume of (R)-3·MeNO2 with temperature
also shows an inflection at 220 K, which is associated with
a clear decrease in the c dimension on cooling from 240–
200 K. The unique axes of the C2-symmetric cations in Phase 1
align along b. The meridional ligands extend along the (010)
plane, with the most disordered phenyl groups all oriented to-
wards the c direction.[40] Thus, the additional decrease in c be-
tween 240–200 K is consistent with the gradual disordering of
the ligand conformations over that temperature range, implied
by the atomic displacement ellipsoids (Figure 2). In summary,
the SCO discontinuity in (R)-3·MeNO2 at 240 K is associated
with the onset of increased ligand disorder below that temper-
ature. That may reflect a mismatch between the progress of
SCO and the thermal contraction of the bulk crystal lattice on
cooling below 240 K, until 170 K when the Phase 1!2 transi-
tion occurs.

The other new complexes in this work have more routine
spin-state behaviour from magnetic susceptibility data. Solid

1 (T1=2
�350 K)[35] and (RS)-3 (T1=2

>400 K) exhibit gradual SCO
above room temperature, whereas (R)-2, (R)-4 and (RS)-4 are all
high-spin between 3–300 K. These compounds were all also
crystallographically characterized; the spin states of the crystal-
line compounds, as derived from their metric parameters, are
all consistent with the magnetic susceptibility data. The solid
compounds each form solvent-free polycrystalline powders
upon drying. All these solid materials, including (RS)-3 and
(RS)-4, are phase-pure and isostructural with the single crystal-
line phases by X-ray powder diffraction.[40]

The complex cations in crystalline (R)-2, (R)-4·1=2 MeCN
(which contains two unique molecules per asymmetric unit)
and (RS)-4 are high-spin at 120 or 130 K, according to their
metric parameters (Table 1). High-spin complexes with this
type of ligand geometry are prone to an angular Jahn–Teller
distortion towards a trigonal prismatic coordination geome-
try.[43, 44] This is crystallographically quantified by two parame-
ters: the trans-N{pyridine}-Fe-N{pyridine} angle (f in Table 1);
and the dihedral angle between the least squares planes of

Table 1. Selected bond lengths [�, �3] and angular parameters [deg] in the crystal structures of the complexes in this work. VOh, S and V are indices show-
ing the spin state of the complex,[41] whereas f and q are measures of the angular Jahn–Teller distortion sometimes shown by these iron centers in their
high-spin state.[42] Typical values for these parameters in [Fe(PyBox)2]2+ and related complexes are given in refs. [35] and [43] . Data for (R)-3·MeNO2 at
other temperatures are in the Supporting Information.[40]

(R)-2[a] (R)-3·MeNO2

T [K] 130 275 (Phase 1)[a] 175 (Phase 1)[a] 125 (Phase 2)[b]

Molecule A Molecule B Molecule C

Fe�N{pyridyl} 2.137(2) 1.948(4), 1.954(4) 1.908(7), 1.913(9) 1.900(2), 1.906(2) 1.897(2), 1.907(2) 1.902(2), 1.909(2)
Fe�N{oxazolinyl} 2.1883(19), 2.207(2) 2.015(3), 2.052(3) 1.921(18)–2.090(18) 1.975(2)–2.011(2) 1.982(2)–2.009(2) 1.980(2)–2.017(2)
VOh 12.622(9) 10.303(11) 9.81(2) 9.732(7) 9.762(7) 9.747(7)
S 144.0(3) 107.5(4) 100(2) 97.1(3) 92.4(3) 91.2(3)
V 448 331 298 292 288 292
f 170.91(11) 180 180 177.75(10) 178.31(10) 179.51(9)
q 86.50(3) 83.85(6) 84.53(10) 82.45(2) 84.50(2) 86.00(2)

(RS)-3·3 MeCN (R)-4·1=2 MeCN[c] (RS)-4
T [K] 250 120 120 120

Molecule A Molecule B

Fe�N{pyridyl} 1.909(2), 1.912(2) 1.9069(18), 1.9108(17) 2.121(3), 2.132(3) 2.117(3), 2.119(3) 2.1170(14), 2.1343(14)
Fe�N{oxazolinyl} 1.980(3)–1.995(2) 1.9793(19)–1.9887(18) 2.210(3)–2.295(3) 2.244(3)-2.276(3) 2.2009(14)–2.2771(15)
VOh 9.746(8) 9.686(6) 12.866(12) 12.998(12) 12.802(5)
S 92.5(4) 91.9(3) 160.4(4) 170.9(4) 142.7(2)
V 302 299 452 461 452
f 178.43(11) 178.18(8) 165.50(12) 175.44(11) 163.62(6)
q 89.14(4) 88.94(2) 70.03(3) 70.32(3) 89.23(1)

[a] The complex cation in this crystal has crystallographic C2 symmetry, with half a molecule in its asymmetric unit. [b] There are three unique complex mol-
ecules in the asymmetric unit of this crystal. [c] There are two unique complex molecules in the asymmetric unit of this crystal.

Figure 2. The complex molecule in Phase 1 of (R)-3·MeNO2 at different temperatures with all atoms modelled as crystallographically ordered, showing the
maximum thermal disorder around 195 K. Displacement ellipsoids are at the 50 % probability level, and H atoms are omitted. Color code: C, white; Fe, green;
N, blue; O, red.
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the two ligands (q in Table 1).[45] High-spin complexes that de-
viate significantly from the ideal values of f= 1808 and q= 908
rarely exhibit SCO on cooling[46] because the associated struc-
tural rearrangement from a distorted high-spin to undistorted
low-spin state is inhibited by the surrounding solid lattice.[47]

Based on data available from [Fe(bpp)2]2+ derivatives, all the
high-spin complexes in this work exhibit values of f or q that
would disfavour [(R)-2] or prohibit [(R)-4·1=2 MeCN and (RS)-4]
SCO below room temperature.[35, 43, 46] Space-filling models
reveal no steric contacts involving the methyl substituents in
(R)-2 that could influence the metal ion spin-state, by hinder-
ing contraction of the Fe�N bonds during SCO for exam-
ple.[40, 48] However, the steric influence of the isopropyl groups
in (R)-4 and (RS)-4 may influence the high-spin nature of those
compounds (see below). Finally, the solvate (RS)-3·3MeCN is
crystallographically low-spin at 120 and 250 K. As usual for
low-spin complexes, the coordination geometries of low-spin
(R)-3·MeNO2 and (RS)-3·3 MeCN, as expressed by f and q, are
more regular than for the high-spin compounds (Table 1).

Despite their different spin states, the complex cations in
(R)-3·MeNO2 and (R)-4·1=2 MeCN both exhibit more twisted coor-
dination geometries and ligand conformations than their het-
erochiral isomers (RS)-3·3 MeCN and (RS)-4. This reflects inter-
ligand steric clashes between the phenyl or isopropyl substitu-
ents in the homochiral isomers, that are not present in the cor-
responding heterochiral molecules (Figures 2 and 3). The
degree of twisting, as measured by the dihedral angle be-
tween the least squares planes of their ligands (q, Table 1), is
greater in (R)-4 [70.03(3)�q�70.32(3)8] than in (R)-3
[82.45(2)�q�86.00(2)8] at 120–125 K. This reflects the greater
steric bulk of the iPr substituents, and the greater conforma-
tional flexibility of the high-spin iron centres in (R)-4.

The other notable difference between the molecular confor-
mations in the solvates of (R)-3 and (RS)-3 is the disposition of
their phenyl substituents. In (RS)-3, both phenyl substituents

from one Ph2PyBox ligand sandwich the phenyl ring from the
other ligand, with three of them forming clear inter-ligand p–p

interactions to that pyridyl ring in the crystal structure.[40] In
(R)-3, the phenyl substituents of one ligand are roughly co-par-
allel with the neighbouring pyridyl group, as before, but the
phenyl groups of the other ligand are twisted so that one C�H
group is oriented into the pyridyl ring. This reflects a steric
clash between ortho C�H groups on pairs of phenyl substitu-
ents in (R)-3, which is not present in its (RS)-isomer (Figure 3).
The same ligand conformations are also adopted by other
homo- and hetero-chiral [M(LPh)2]2 + (M = Co,[32, 49] Cu[50] or Zn[33])
complexes in the crystalline phase. In contrast, the isopropyl
substituents in (R)-4 exert a greater steric influence on the LiPr

ligand heterocyclic frameworks, but neighbouring pairs of iPr
groups are not in steric contact with each other (Figure 4).

The stability of the diastereomers of 3 and 4 in solution was
probed by 1H NMR. The paramagnetic NMR spectra of (R)-3
and (RS)-3 in CD3CN are clearly distinguishable. Solutions of
pre-isolated (RS)-3 are clearly stable in this solvent, and contain
no traces of homochiral (R)-3 and (S)-3 that would indicate the
occurrence of ligand redistribution (Figure 5). For comparison,
a freshly prepared 1:1:1 mixture of (R)-LPh, (S)-LPh and iron(II)
salt does contain both diastereomers. That is consistent with
a previous report that {Fe((R)-LPh)[(S)-LPh]}2 + exists as a single
isomer with a diastereomeric excess of 0.95, as measured by
mass spectrometry.[31]

In contrast, despite being phase-pure in the solid state, solu-
tions of preformed (RS)-4 in CD3CN or (CD3)2CO contain a mix-
ture of (R)-4/(S)-4 and (RS)-4 by NMR (Figure 6).[40] The homo-
chiral :heterochiral ratio in these solutions varies between
about 1:5 and 1:3 in different spectra, becoming closer to the
statistical 1:1 ratio upon standing for a period of hours. Hence,
in contrast to (RS)-3, (RS)-4 undergoes a degree of ligand redis-
tribution in solution. These are the first such measurements on
a {M((R)-LiPr)[(S)-LiPr]}2+ derivative.

Figure 3. Structural comparison of the isomers of the [Fe(LPh)2]2+ dication in (R)-3·MeNO2 (phase 2, molecule A; top) and (RS)-3·3 MeCN (bottom). The left
hand views have displacement ellipsoids at the 50 % probability level, and H atoms omitted for clarity. The left and centre views are from the same orienta-
tion, whereas the right views are rotated by 908 to highlight steric contacts between ligand substituents in the homochiral isomer. Color code: C{heterocy-
clic}, white; C{phenyl}, dark gray; H, pale gray; Fe, green; N, blue; O, red.
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The spin states of all the complexes in solution were deter-
mined by variable temperature Evans method measurements
(Figure 7 and Table 2).[51] The data were obtained in either
CD3CN or (CD3)2CO, according to the solubility of the com-
pounds; the use of these different weakly polar solvents
should have a minimal influence on the spin-state properties
of the complexes.[52] Despite the ligand redistribution in solu-
tions of (RS)-4, both isomers of 4 clearly remain fully high-spin
between 186 and 322 K in (CD3)2CO. However, the other com-
pounds all undergo thermal SCO under these conditions. The
stability of their high-spin state relative to the low-spin state
follows the order (Table 2): (RS)-3< (R)-3�1< (R)-2 ! (R)-4/(RS)-
4.

The most important result is that the SCO T1=2
is measurably

lower in (R)-3 than in (RS)-3. That is, the high-spin state of (R)-3

is stabilized compared to (RS)-3 under the same conditions. Al-
though the difference is small, it is consistent with the more
twisted coordination geometry adopted by (R)-3 (Figure 3),
which will disfavour the low-spin state as previously dis-
cussed.[43–47] The lower magnetic moment of (RS)-3 at room
temperature (cMT = 2.25 cm3 mol�1 K at 293 K) compared to (R)-
3 (3.12 cm3 mol�1 K) is also reflected in the reduced contact
shifts in the NMR spectrum of (RS)-3 (Figure 5).

More generally, the high-spin structure in both isomers of 4
will be sterically imposed, by the bulky iPr substituents. This re-
sembles analogous iron(II) complexes from the [Fe(bpp)2]2 +

(bpp = 2,6-di{pyrazolyl}pyridine) series with distal isopropyl
substituents, which are also exclusively high-spin.[48] In other
respects, however, this trend does not mirror the steric proper-

Figure 4. Structural comparison of the isomers of the [Fe(LiPr)2]2+ dication in (R)-4·1=2 MeCN (molecule A, top), and (RS)-4 (bottom). Details are the same as
those for Figure 3.

Figure 5. Paramagnetic NMR spectra in CD3CN of: (R)-3 (red, top); pre-
formed (RS)-3 (blue, middle); and, a 1:1:1 mixture of (R)-LPh, (S)-LPh and
Fe[ClO4]2 (green, bottom). The feature at 50 ppm is a spectrometer artefact.

Figure 6. Paramagnetic NMR spectra in (CD3)2CO of: (R)-4 (red, top); pre-
formed (RS)-4 (blue, middle); and, a 1:1:1 mixture of (R)-LiPr, (S)-LiPr and
Fe[ClO4]2 (green, bottom).
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ties of the PyBox ligand substituents because T1=2
for (R)-2 is

significantly lower than for 1 even though the methyl substitu-
ents in (R)-2 have no steric influence on the metal coordination
sphere.[40] Evidently, the inductive properties of the ligand sub-
stituents also influence the spin states of the [Fe(LR)2]2+ cen-
tres. Electron-donating methyl substituents could reduce Fe!
LR backbonding into the oxazolinyl rings, which would weaken
the ligand field and favour the high-spin state as observed. A
comparable influence of ligand substituents on Fe!ligand p-
bonding has also been seen in the [Fe(bpp)2]2+ series of com-
plexes.[27]

Conclusion

The influence of chirality on the spin states of homochiral and
heterochiral diastereomers of [Fe(PyBox)2]2 + derivatives has
been investigated. As has been noted for other [M(LPh)2]2 +

complexes (M = Co, Cu and Zn),[32, 33, 49, 50] (R)-3 and (R)-4 adopt
more distorted coordination geometries than (RS)-3 and (RS)-4,
which reflects a significant twisting of the ligand conforma-
tions in the homochiral isomers. Although this is sterically im-
posed, the precise origin of the effect is different in the two
compounds. In (R)-3, it reflects steric clashes between pairs of
phenyl substituents, which force two phenyl groups to twist
into the pyridyl ring of the other ligand in the molecule
(Figure 3). In contrast the isopropyl groups in (R)-4 are not in

contact with each other, but have a much greater steric influ-
ence on the heterocyclic backbone of the co-ligand in the mol-
ecule (Figure 4).

The (R)-3/(RS)-3 and (R)-4/(RS)-4 isomer pairs each exhibit
comparable spin-state properties ; SCO-active for 3, and high-
spin for 4. Moreover, the SCO T1=2

temperatures for (R)-3 and
(RS)-3 in the solid state are similarly above room temperature.
Hence, the most important determinant of the spin-state prop-
erties of 1–4 in the solid state and in solution is evidently the
identity of the ligand substituents. However, solution measure-
ments, which are a more sensitive probe of the molecular
ligand field, show a small stabilization of the high-spin state in
(R)-3 compared to (RS)-3. This is consistent with the sterically
imposed, twisted ligand conformation in (R)-3 (Figure 3), which
favours the more structurally flexible high-spin form in com-
plexes with this ligand geometry.[43–47] This is the first unambig-
uous demonstration of an influence of chirality on the spin
state of an SCO complex. Our current work is aimed at compu-
tational ligand design and synthesis to enhance these effects,
which have implications for chiral sensing using SCO reporter
groups,[53] and for asymmetric catalysis.[6]

The optical purity of (R)- versus (RS)-[M(LPh)2]2+ derivatives in
solution has been investigated before,[31–33] but (R)- versus (RS)-
[M(LiPr)2]2 + has not. It was unexpected that (RS)-4 undergoes
significant racemization through ligand redistribution in solu-
tion (Figure 6), whereas (RS)-3 does not (Figure 5). The larger
cone angle of the isopropyl substituents in 4 might have been
expected to lead to a greater chiral discrimination in that com-
pound, but clearly that is not the case. Steric contacts between
the ligand substituents, which are more pronounced in (R)-3
(Figure 3), may be more important in destabilizing the (R)-3
isomer than the more general steric influence of the isopropyl
groups in (R)-4.

Lastly, we have also described a gradual solid-state SCO tran-
sition in (R)-3·MeNO2, with an unusual discontinuity below T1=2

that is unconnected to a crystallographic phase change occur-
ring at lower temperature (Figure 1). The origins of the discon-
tinuity at 240 K are subtle, but correlate with the onset of
whole molecule disorder below that temperature which be-
comes more pronounced upon further cooling to 190 K
(Figure 2). Thermal contraction of the crystal lattice may occur
more gradually than the SCO transition over this temperature
range, affording a low-spin cation that is more compact than
its lattice site. That would explain the unusual observation of
increased molecular disorder at lower temperatures in this ma-
terial.

Experimental Section

Instrumentation : Elemental microanalyses were performed by the
microanalytical services in the University of Leeds, School of
Chemistry, or the London Metropolitan University, School of
Human Sciences. 1H NMR spectra were obtained using Bruker
DPX300 or Avance 500 FT spectrometers, operating at 300.2 and
500.1 MHz, respectively. X-ray powder diffraction data were ob-
tained with a Bruker D8 Advance A25 diffractometer, using Cu-Ka

radiation (l= 1.5418 �). Magnetic susceptibility measurements

Figure 7. Solution-phase magnetic susceptibility data for: 1 (black circles) ;
(R)-2 (green triangles) ; (R)-3 (red diamonds) ; (RS)-3 (pink triangles) ; (R)-4
(grey squares) ; (RS)-4 (blue hexagons). The curves show the fits of the SCO
equilibria to derive the thermodynamic parameters in Table 2.

Table 2. Solution-phase spin-crossover parameters for the compounds in
this work (Figure 7).

Solvent T1=2

[K]
DH
[kJ mol�1]

DS
[J mol�1 K]

1 CD3CN 245(2) 23.3 95
(R)-2 (CD3)2CO 192(2) 18.2 95
(R)-3 CD3CN 244(2) 25.0 102
(RS)-3 CD3CN 278(2) 26.2 94
(R)-4 (CD3)2CO HS[a] – –
(RS)-4 (CD3)2CO HS[a] – –

[a] HS = high-spin at all temperatures measured.
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were performed on a Quantum Design VSM SQUID magnetometer,
in an applied field of 5000 G and a temperature ramp of 5 K min�1.
The samples were measured as freshly isolated polycrystalline ma-
terials, sealed inside air-tight VSM sample holder capsules. Where
relevant, a drop of mother liquor was also added to the capsule to
inhibit solvent loss during measurement. Diamagnetic corrections
for the samples were estimated from Pascal’s constants;[54] a previ-
ously measured diamagnetic correction for the sample holder was
also applied to the data. Susceptibility measurements in solution
were obtained by Evans method using a Bruker Avance 500 FT
spectrometer operating at 500.13 MHz.[51] A diamagnetic correction
for the sample,[54] and a correction for the variation of the density
of the CD3CN or (CD3)2CO solvent with temperature,[55] were ap-
plied to these data. Thermodynamic parameters and spin-crossover
midpoint temperatures were derived by fitting these data to Equa-
tions (1) and (2), in which nHS(T) is the high-spin fraction of the
sample at temperature T:

ln½ð1�nHSðTÞÞ=nHSðTÞ� ¼ DH=RT�DS=R ð1Þ

DS ¼ DH=T 1=2 ð2Þ

Materials and methods : Ligands 2,6-bis(oxazolinyl)pyridine (LH)
and 2,6-bis(4-(R)-methyloxazolinyl)pyridine ((R)-LMe),[56] and the com-
plex [Fe(LH)2][ClO4]2,[35] were synthesized according to the literature
procedures. All other reagents were purchased commercially and
used as supplied, unless otherwise stated. CAUTION! Although we
have experienced no problems in handling the compounds in this
study, metal–organic perchlorates are potentially explosive and
should be handled with due care in small quantities.

Synthesis of {Fe[(R)-LMe]2}[ClO4]2 [(R)-2]: Filtered solutions of Fe[-
ClO4]2·6 H2O (0.073 g, 0.20 mmol) and (R)-LMe (0.10 g, 0.41 mmol) in
nitromethane (25 cm3) were mixed at room temperature, leading
to an immediate dark red coloration. The solution was concentrat-
ed, and the product precipitated by addition of excess diethyl
ether. Slow diffusion of diethyl ether vapour into a concentrated
acetonitrile solution of the complex afforded large red blocks suita-
ble for crystallographic characterization. Yield 0.15 g, 68 %. 1H NMR
(CD3CN) d= 2.2 (12 H, CH3), 11.6 (4 H, Ox H3), 13.5 (4 H, Ox H3), 24.8
(4 H, Ox H4), 30.1 (2 H, Py H4), 65.4 (4 H, Py H3/5) ; elemental analysis
calcd (%) for C26H30Cl2FeN6O12 C 41.90, H 4.06, N 11.28; found C
42.02, H 4.04, N 11.25.

Synthesis of {Fe[(R)-LPh]2}[ClO4]2 [(R)-3]: Addition of solid Fe[-
ClO4]2·6 H2O (0.040 g, 0.14 mmol) to a solution of (R)-LPh (0.10 g,
0.27 mmol) in acetonitrile (30 cm3) afforded a dark purple mixture,
which was stirred at room temperature until all the solid had dis-
solved. The solution was filtered and concentrated, and subse-
quent addition of excess diethyl ether yielded a dark purple
powder. This was recrystallized from nitromethane by slow diffu-
sion of diethyl ether vapour into a concentrated solution of the
compound in nitromethane, to give purple crystals of the nitrome-
thane solvate that lose their lattice solvent upon drying in vacuo.
Yield 0.070 g, 52 %.1H NMR (CD3CN): d=�3.1 (8 H), 3.3 (8 H) (Ph H2/6

+ H3/5), 4.7 (4 H), 5.1 (4 H) (Ox H3 and Ph H4), 17.8 (4 H, Ox H3), 25.0
(2 H, Py H4), 30.4 (4 H, Ox H4), 57.0 (4 H, Py H3/5) ; elemental analysis
calcd (%) for C46H38Cl2FeN6O12 C 55.61, H 3.86, N 8.46; found C
55.59, H 3.75, N 8.43.

Synthesis of {Fe[(R)-LPh][(S)-LPh]}[ClO4]2 [(RS)-3]: Method as for (R)-
3, but using a mixture of (R)-LPh (0.05 g, 0.14 mmol) and (S)-LPh

(0.05 g, 0.14 mmol). The crude product was recrystallized from ace-
tonitrile/diethyl ether by the vapour diffusion method. Yield 0.18 g,
87 %. 1H NMR (CD3CN): d= 3.3 (8 H), 6.4 (8 H) (Ph H2/6 + H3/5), 4.8
(4 H), 6.9 (4 H), 7.2 (4 H), 7.8 (4 H) (Ox H3 + H4 and Ph H4), 22.1 (2 H,

Py H4), 43.0 (4 H, Py H3/5). elemental analysis calcd (%) for
C46H38Cl2FeN6O12 C 55.61, H 3.86, N 8.46; found 55.52, H 3.95, N
8.45.

Synthesis of {Fe[(R)-LiPr]2}[ClO4]2 [(R)-4]: Method as for (R)-3, using
(R)-LiPr (0.10 g, 0.33 mmol) and Fe[ClO4]2·6 H2O (0.060 g, 0.17 mmol).
The product (R)-4 is a wine-red solid, which was recrystallized as
above from acetonitrile/diethyl ether. Yield 0.095 g, 87 %. 1H NMR
[(CD3)2CO] d=�16.2 (4 H, CH(CH3)2), �14.2 (12 H, CH(CH3)2), and
�13.6 (12 H, CH(CH3)2), 23.1 (4 H), 24.9 (4 H), 26.7 (4 H), (Ox H3 + H4),
59.9 (4 H, Py H3/5), 62.1 (2 H, Py H4) ; elemental analysis calcd (%) for
C34H46Cl2FeN6O12 C 47.62, H 5.41, N 9.80; found C 47.57, H 5.38, N
9.86.

Synthesis of {Fe[(R)-LiPr][(S)-LiPr]}[ClO4]2 [(RS)-4]: Method as for (R)-
4, but using a mixture of (R)-LiPr (0.05 g, 0.17 mmol) and (S)-LiPr

(0.05 g, 0.17 mmol). The red solid complex forms solvent-free crys-
tals from acetonitrile/diethyl ether. 1H NMR [(CD3)2CO] d=�8.9
(12 H, CH(CH3)2), �3.5 (12 H, CH(CH3)2), �1.5 (4 H, CH(CH3)2), 7.0
(4 H), 11.6 (4 H), 16.2 (4 H) (Ox H3 + H4), 27.3 (2 H, Py H4), 67.7 (4 H,
Py H3/5) ; peaks from homochiral (R)-4/(S)-4 are also present in this
spectrum (Figure 6); elemental analysis calcd (%) for
C34H46Cl2FeN6O12 C 47.62, H 5.41, N 9.80; found C 47.70, H 5.40, N
9.97.

Single-crystal structure analyses : Single crystals of the complexes
were obtained as described above. All diffraction data were collect-
ed with an Agilent Supernova dual-source diffractometer using
monochromated Cu-Ka radiation (l= 1.54184 �). The diffractometer
is fitted with an Oxford Cryostream low-temperature device. All the
structures were solved by direct methods (SHELXS97[57]), and devel-
oped by full least-squares refinement on F2 (SHELXL97[57]). Crystallo-
graphic figures were prepared using XSEED,[58] whereas coordina-
tion volumes (VOh) were calculated using Olex2.[59] Experimental
data from the structure determinations and descriptions of the
crystallographic refinements are included in the Supporting Infor-
mation.[40]

CCDC 1519275–1519290 and 1532884–1532890 contain the sup-
plementary crystallographic data for this paper. These data are pro-
vided free of charge by The Cambridge Crystallographic Data
Centre.
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Spin States of Homochiral and
Heterochiral Isomers of [Fe(PyBox)2]2 +

Derivatives

A heated switch : Homochiral [Fe((R)-
LPh)2]2 + (green; LPh = 2,6-bis{4-phenyloxa-
zolinyl}pyridine) undergoes spin-cross-
over in CD3CN at 34 K lower tempera-
ture than its heterochiral diastereomer
[Fe((R)-LPh)((S)-LPh)]2 + (red). This is attrib-
uted to a more twisted coordination ge-
ometry in the homochiral isomer, re-
flecting a steric clash between phenyl
substituents. The equivalent diastereo-
mers of [Fe(LiPr)2]2+ (LiPr = 2,6-bis{4-iso-
propyloxazolinyl}pyridine) are both
high-spin.
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