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Introduction

Ligand symmetry significantly affects spin
crossover behaviour in isomeric [Fe(pybox),
complexest

]2+

Run-Guo Wang, @2 Yin-Shan Meng, 2 ° Fang-Fang Gao,® Wan-Qing Gao,?
Chun-Hua Liu,? Anyang Li, © *© Tao Liu @ *® and Yuan-Yuan Zhu © *2®

The understanding of the correlation between the spin-state behaviour and the structural features in tran-
sition-metal complexes is of pronounced importance to the design of spin crossover compounds with
high performance. However, the study of the influence of ligand symmetry on the spin crossover pro-
perties is still limited due to the shortage of suitable structural systems. Herein we report the magneto-
structural correlations of three mononuclear Fe(i) isomers with respect to their ligand symmetry. In this
work, two phenyl-substituted meso and optically pure pybox ligands were employed to construct meso
(1), optically pure (2), and racemic (3) ligand types of [Fe(pybox),]>*
bilities were measured via temperature-dependent paramagnetic *H NMR spectroscopy. We fitted
the midpoint temperatures of the transition (T1,,) of 260 K for 1(ClOy), 247 K for 2(ClOy), and 281 K for
3(ClOy4). The influence of structural symmetry on spin crossover was rationalized through density func-

complexes. Their magnetic suscepti-

tional theory calculations. The optimized structures of [Fe(pybox),]>*

complex cations show that the geo-
metric distortion of the central FeNg coordination sphere is mainly caused by the steric congestions
between adjacent phenyl substituents. In these compounds, there is a distinct correlation that more steric
congestions produce larger coordination distortion and favor the electron configuration in the high-spin
state, which reflects in the increase of Ty/,. Additionally, the influence of the counter anion and lattice
solvent on the meso series compounds was inspected. It is revealed that multiple factors dominate the
spin-state behaviour in the solid state. This work provides deep insight into the effect of ligand symmetry
on the spin transition behaviour in spin crossover compounds. It demonstrates that molecular symmetry
should be considered in the design of spin crossover compounds.

complexes bearing d*” transition metals to which organic
ligands with suitable ligand field strength are coordinated.’ In

The development of spin crossover (SCO) transition metal
complexes has been widely recognized as a promising
approach for constructing bistable magnetic materials at the
single-molecule level."> The SCO phenomenon exists in some
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these complexes, the electronic configuration of the central
metal involves the reversible rearrangement between high-spin
(HS) and low-spin (LS) states under physical stimuli such as
temperature, pressure, light, solvent, magnetic field, etc. The
consequence of the change in the count of unpaired electrons
can switch the magnetic moment directly and influence other
physical properties including the dielectric constant, electrical
resistance, and crystallographic phase. The rearrangement of
the electron configuration in the d orbital is triggered by the
relative energy magnitude of ligand field splitting between the
t,e and e, molecular orbitals (4) and pairing energy of elec-
trons (P). When A > P, pairing of electrons is favoured. When 4
< P, electrons tend to separately locate in maximum d orbitals.
Due to the splitting energy, A is sensitive with respect to the
ligand field strength, so an appropriate coordination environ-
ment plays a vital role in the occurrence of SCO in a measur-
able temperature range. The fine-tuning of the ligand field
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may affect SCO behaviour to a large extent. Extensive research
on SCO complexes shows that the ligand’s substituent, counter
ion, co-crystallized solvent, and polymorphism in the solid
state are operative factors to influence their spin-state pro-
perties.” Very recently, chirality in enantiopure ligands that
could influence SCO was investigated in some mononuclear
complexes and coordination polymers.>”® For example, the
enantiopure and racemic isomers are crystallized in chiral and
achiral space groups, respectively. The discriminations in the
molecular structure and packing probably change their ligand
field in which the tunable SCO properties can be attained.
Tridentate pincer-type ter-imine molecules constitute a
large family of organic ligands in constructing SCO-active com-
pounds.” We first demonstrated that a new type of tridentate
nitrogen ligand, pyridine-2,6-bis (oxazoline) (pybox), is
efficient in constructing an SCO-active mononuclear
complex.'® Subsequently, the tuning of SCO properties via the
ligand structure, counter anion, and co-crystallized solvent was
studied by us and other groups."'™** Considering that some
pybox ligands contain a chiral centre, [Fe( pybox),]*" type com-
plexes are an ideal platform to evaluate the possible corre-
lation between chirality and SCO behaviour. More recently, the
Halcrow group and we independently discovered the subtle
structural diversity of homogeneous and heterogeneous [Fe
(pybox),]** complexes, in which two same enantiopure ligands
and a pair of racemic ligands are assembled into the com-
plexes, respectively, resulting in significantly different spin-
state behaviours."*'® In comparison with heterogeneous com-
pounds, their homogeneous analogues have lower symmetry
both in the molecular structure and the crystallized space
group. The reduced molecular symmetry produces structural
distortion of the coordination sphere of the metal ion and ulti-
mately affects the spin-state behaviour.'® To further explore
the influence of ligand symmetry in isomers, we thought to
investigate and compare the spin-state behaviour of [Fe
(pybox),]*" complexes when the ligand’s chirality is in the opti-
cally pure, racemic and meso forms. This research will deepen
the understanding of SCO behaviour in transition metal com-
plexes when the ligands contain a chiral element. In this con-
tribution, the phenyl-substituent meso type pybox ligand
(L™%) is synthesized for the first time. Using L™’ as the
ligand, the Fe(n) mononuclear complexes bearing four
different counter anions (ClO,~, BF,”, PFs , and BPh,") are
obtained. We investigated their temperature-dependent mag-
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=

Scheme 1 The synthetic route of ligand L™¢*°.
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netic properties in solution and in the solid state. Compared
with their enantiopure and racemic analogues, the diverse
SCO behaviour caused by the variation in chirality in the pybox
ligand is observed. Density Functional Theory (DFT) calcu-
lations are carried out to optimize the geometries of three
forms of [Fe(pybox),]* complex cations. The calculated results
are rationalized with the experimental magnetic and structural
data. Furthermore, the magneto-structural correlation is
discussed.

Results and discussion
Synthesis of the ligand

meso

In this work, the meso type pybox ligand (L™*°) was syn-
thesized for the first time. The detailed synthetic procedure is
shown in Scheme 1. First, amidation of dimethyl pyridine-2,6-
dicarboxylate with (R)- and (S)-phenylglycinol stepwise gener-
ated 3 with a moderate yield. Then the formation of two oxazo-
line rings bearing opposite chiral centres through intra-
molecular cyclization afforded L™ in a high yield. The struc-
ture and purity of L™*° were confirmed by 'H and "*C NMR,
mass spectroscopy, and elemental analysis. L™ and its opti-
cally pure analogue (L*') possess totally different molecular
symmetries. In the optically pure form L*/S| there exists one C,
rotation axis. The overall symmetry of L®° is of the point
group C,; so this molecule shows optical activity. Nevertheless,
L™ belongs to the Cs point group. A symmetry mirror (o)
divides the molecule equally, making L™’ an achiral mole-
cule (see Fig. 1(a)).

Synthesis and characterization of the complexes

The synthetic procedure of L™*° series complexes bearing

different counter anions is as follows. Treatment of 1 equiv. of
iron(u) salt with 2 equiv. of L™** in methanol afforded the fol-
lowing complexes as dark red-coloured precipitates: [Fe
(L")][ClOs] (1(CIO4)),  [Fe(L™°),][BF,],  (1(BF4)), [Fe
(L™*°),][PFs], (1(PFg)), and [Fe(L™**°),][BPh,], (1(BPh,)). Then
the crystals of the four complexes suitable for single X-ray diffr-
action analysis were obtained through recrystallization. The
detailed operation was carried out via slow gas evaporation of
diethyl ether into the diluted acetonitrile solution of com-
plexes. All crystals show dark red colour. Among them, 1(ClO,)
is a solvent-free crystal while the other three contain a lattice

NH,
Ph O 0
HO
R"Ph HO N
MeOH, sealed tube, 110 °C, 48 h R H | A OMe
%% 2
Ph Ph

3

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0dt03978k

Published on 02 February 2021. Downloaded by University of Connecticut on 5/15/2021 4:13:06 PM.

Dalton Transactions

(a) Lmese, mirror

LS, C, axis

(b)

— Y%= =

1(c) 2(c) 3(Sa)

Fig. 1 The structures of ligands (a) L™®*° and L®. (b) The structures of
complex cations in 1(ClOy,) (left), 2(ClO,4) (middle) and 3(ClO,) (right).

solvent. The sums of acetonitrile per complex are included in
their names. For comparison of the structural and magnetic
discrimination imposed by ligand symmetry, the homochiral
complex [Fe(L%),][ClO4], (2(ClO4)) and the heterochiral
complex [Fe(L®)(L%)][Cl0,], (3(ClO4)) were synthesized. Their
structures and purity were confirmed through single crystal
X-ray diffraction analysis (see Fig. S19-S30t) and paramagnetic
"H NMR spectroscopy (see Fig. $6-S97). The phase purity of
bulk samples was determined through powder XRD analysis
(see Fig. S37-S427). In addition, the content of the lattice
solvent was further determined by elemental analysis and TGA
measurement (see Fig. S31-S367).

Single crystal X-ray diffraction analyses revealed that four
complexes 1(ClO,), 1(BF,)-MeCN, 1(PFs)-MeCN, and 1
(BPh,)-MeCN-Et,O adopt the achiral space group C2/c, Pbca,
C2/c, and P24/n, respectively (see Fig. S19-S307). Their octahe-
dra of Fe(u) centres vary in geometric distortion due to the
influence of the anion and lattice solvent in some cases (see
Fig. S31). A large anion and lattice solvent tend to cause great
distortion and thus favour a HS state. Two control complexes 2
(Cl0,)-MeOH and 3(ClO,)-MeOH, which were grown from
liquid-liquid diffusion in methanol, crystallized in the chiral
space group P2,2,2; and the achiral space group P2,/n,
respectively.

For a comparison of the X-ray structures in the solid state,
their structural diversity caused by ligand symmetry was investi-
gated in three perchlorate series complexes. The crystal structures
of complex cations in 1(ClO,), 2(ClO,) and 3(ClO,) are shown in
Fig. 1(b). First, they possess different structural symmetries. The
approximate molecular point groups of complex cations are C;
for 1(Cl0O,), C, for 2(Cl0O,), and S, for 3(ClO,). Among them, only
2(Clo,) displays optical activity. In 3(ClO,), a pair of racemic
ligands are coordinated to the central Fe(u) cation; so it is actually
a meso type complex. Second, the positions of phenyl substitu-
ents are variable with respect to the chirality of ligands in the
complex. In these phenyl substituent complexes, the intra-
molecular n-n stackings between phenyl and pyridine rings are
thought to stabilize the complex structure.'*'>'” There exist

This journal is © The Royal Society of Chemistry 2021
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intramolecular steric congestions between phenyl substituents in
1(ClO,) and 2(ClO4), causing the deviation of coplanarity
between two oxazoline rings and the central pyridine ring (see
Fig. 1(b)). In contrast, four phenyl substituents in 3(ClO,) are sep-
arately located at different positions. Each pair of phenyl substi-
tuents is ‘perfectly’ parallel to the pyridine ring from the other
ligand. The sums of the steric phenyl pair are one in 1(ClO,), two
in 2(ClO,) and null in 3(ClO,). The steric congestion has a great
impact on the molecular structure that not only affects the n—=
stackings between phenyl and pyridine rings but also causes the
distortion of the oxazoline ring (see Fig. 1(b)).

The symmetry discrimination of the three complexes in solu-
tion was investigated via 'H NMR spectroscopy. The '"H NMR
spectra of three Fe(n) complexes and isostructural Zn(u) com-
plexes (perchlorate as the counter anion) are shown in Fig. S147
and Fig. 2. Although the "H NMR spectra of L™*° and L¥® are
similar (see Fig. S131), the proton signals in three Fe(u) series
complexes and their diamagnetic Zn(u) analogues exhibit signifi-
cant differences both in the chemical shift and in sum of peaks
(see Fig. S141 and Fig. 2). "H NMR spectra reveal that the meso
ligand type 1(ClO,4)-Zn shows the lowest symmetry. The doubling
proton peaks in the phenyl ring range is observed compared
with its optically pure and racemic forms due to two phenyl sub-
stituents in one ligand being inequivalent in the chemical
environment (see Fig. 2). A similar phenomenon occurs in their
pyridine and oxazoline proton ranges. It is evident that the
differently arranged types of phenyl rings can considerably
change the electronic state and thus affect their ligand field.

Solution-state magnetic studies

The geometric coordination and SCO behaviour of complexes
in the solid state are greatly affected by intermolecular coop-
erativity, lattice solvent, and crystal packing. Therefore, it is
inaccurate to inspect the unique influence of the ligand struc-
ture on their SCO properties through magnetic measurement
in the solid state. Nevertheless, the complex molecules in solu-
tion are well isolated by the solvent; so such effects can be

3(ClI0y)-Zn  pyridine
racemic - - - - =

, NI
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Fig. 2 The merged H NMR spectra of 1(ClO,)-Zn, 2(ClO,)-Zn, and 3
(ClO4)-Zn in CD3CN at 298 K.
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excluded to a great extent. It is widely accepted that the para-
magnetic 'H NMR spectroscopy method is reliable to measure
the temperature-dependent magnetic susceptibilities in
solution."®?° Hence, the temperature-dependent magnetic
susceptibilities of three complexes, 1(ClO4), 2(ClO,), and 3
(Cl10,), were measured in CD;CN via paramagnetic "H NMR
spectroscopy. As shown in Fig. S15a, S16a and S17a,f their
NMR proton signals all exhibit a considerable chemical shift
towards downfield in accordance with the increase in tempera-
ture, causing a gradual rise of the HS state fraction. The yyT
values at specific temperatures were calculated using the
Evans method®' (see eqn (1)):

T = (G +240) < 1)
where m is the concentration of the paramagnetic solution in g
mL™", fis the spectrometer frequency in Hz, Af is the shift of
the CD3;CN peak in the paramagnetic solution compared to
pure CD;CN in Hz (see Fig. S15b, S16b and S17bf), and yiis =
0.5M x 10~° cm® mol™ (M is the molecular weight).>* The cal-
culated data were plotted in the yuT vs. T form, which indi-
cated that the three complexes all underwent gradual SCO
within the measured temperature range, from 243 to 333 K.
These detached yT plots were modeled as a gradual and com-
plete SCO curve using the following regular solution model
(egn (2)). This fitting can derive some thermodynamic para-
meters in the SCO process:*>?**

)(MT(max)
T=——7-F—"-—o 2
M AH AS (2)
1+e\RT R

where yyT(max) is the maximum yyT value for the complete HS
state. As per our previous experience with this family of com-
plexes, the saturated T value of 3.9 em® K mol™" was used in
eqn (2) (Fig. 3).

For the data of the three complexes, good fitting with the
least squares value larger than 0.98 was obtained and the
thermodynamic parameters, AH, AS, and T},, were fitted (see
Table 1). Our fitting results for 2(ClO,4) and 3(ClO,) are consist-
ent with the results reported by the Halcrow group.'* The SCO
midpoint temperatures (7;,,) of the three complexes in CD;CN
follow the order of 3(Cl0O,4) > 1(ClO,) > 2(ClO,), suggesting that
racemic ligands in the complex impose a stronger ligand field
than the other two forms. The lowest Ty, of 2(ClO,) reveals
that two homochiral ligands provide the weakest ligand field,
which is probably caused by the geometric distortion of the
coordination sphere due to two steric congestions of the
phenyl substituents in the structure.

Theoretical studies

To rationalize the varied SCO behaviour and structural stability
for the three types of complexes, three complex cations (1-3) were
optimized at the M06/6-31G(d) level*>*° in two spin multiplicities,
high spin (S = 2) and low spin (S = 0). The optimized structures in
the singlet and quintet states are shown in Fig. 4 and S47.}
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Fig. 3 Temperature dependence of yuT for 1(ClO,4), 2(ClO,4), and 3
(ClO,4) in CDsCN. The plots represent the experimental data which were
collected between 243 and 333 K with an interval of 10 K. The lines
correspond to the best fit found for each compound using the regular
solution model.

Table 1 Solution-state thermodynamic parameters in SCO for the
three complexes

No Ty,“(K)  AH(Kmol™)  AS(Jmol™K) LS’

1(Cl10,) 260 22.8 88 0.9812
2(Clo,) 247 22.4 76 0.9931
3(clo,) 281 23.3 83 0.9944

“Ty = AHJAS. P Least squares.

Fig. 4 The optimized quintet structures of (a) 1, (b) 2, and (c) 3.

Some key structural parameters derived from the optimized
structures which can quantitatively reflect the geometric dis-
tortion of the FeNg coordination sphere are presented in
Table 2. For the three structural parameters, bigger Y and
smaller 0 and ¢ imply larger geometric distortion of the FeNg
coordination sphere. In the three series of structures, the
degrees of distortion all follow the order of quintet > singlet.
The Fe-N,, lengths in different spin states are in line with the
well-concluded experimental observation for Fe(n) SCO
complexes.'*'® Generally, a length decrease of ~0.2 A occurs
from the quintet to singlet state.

In addition, continuous shape measurements (CShMs) were
used to identify the deviation of the coordination sphere to the

This journal is © The Royal Society of Chemistry 2021
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Table 2 Summary of some key structural parameters of the optimized structures 1-3 at different spin states

Complex Spin state 3 () 0(°) Q) Fe-N,, (A) S(0) S(T)
1 Singlet 91.38 89.17 178.52 1.962 2.16 9.50

1 Quintet 145.50 84.06 168.04 2.161 5.78 6.39

2 Singlet 88.18 88.22 179.61 1.962 2.14 9.53

2 Quintet 156.75 82.71 178.88 2.164 5.55 6.30

3 Singlet 91.55 89.98 179.92 1.967 2.28 9.26

3 Quintet 142.53 88.59 179.99 2.155 4.97 6.45

Y the sum of the deviations from 90° of the cis angles;*' 6: the dihedral angle between the planes of the pybox ligands;* ¢: the trans-N[pyri-
dine]-Fe-N[pyridine] angle;' Fe-N,,: the average value of the six Fe-N bond lengths in one FeNq coordination sphere; S(Oy,): the result of the
CShM calculation denotes the deviation value of ideal Oy, symmetry; S(7%): the result of the CShM calculation denotes the deviation value from

ideal Ty, after removing pyridine N.>’

ideal octahedron (Oy,) and tetrahedron (T,).>” When the spin
state is changed from the quintet to singlet state, significant
decreases of the values of S(O) and S(T4) are observed,
suggesting that the symmetry increases from the high-spin to
low-spin state. Overall, the structural parameters of six calcu-
lated structures quantitatively demonstrate the structural diver-
sity in different ligand symmetries and spin states. The trend
in the calculated structures is concomitant with the single
crystal structures in specific spin states, also implying the
reliability of the calculated results.

Based on the optimized structures of the three complexes
in specific spin states (S = 0 and 2), their relative energies are
presented in Fig. 5. Similar to other SCO systems,*® the high-
spin state of complex cations 1-3 with S = 2 is the ground
state. The energy gaps between high spin (S = 2) and low spin
(S = 0) for 1-3 are 14.90, 13.14, and 14.27 k] mol™", respect-
ively. Neese and co-worker have pointed out that the energy
difference of 0 and 25.12 k] mol™" is proposed to be indicative
of SCO behaviour.”® The energy gaps of the three complexes
are within this range in which the spin transitions are
observed via magnetic measurements both in solution and in

254
— S =2
20 - S=0
© 151 —
£
=
[y} ]
S 10
=
w 5] -
<
e -—
.5
Complex 1 Complex 2 Complex 3

Fig. 5 Energy diagram for different spin multiplicities for the complex
cations of 1, 2, and 3.

This journal is © The Royal Society of Chemistry 2021

the solid state. On comparison of relative energies for the
three complexes, 3 possesses the lowest energies in both spin
states. Conversely, the two states for 2 are the highest. The
energy calculations disclose that the relative structural stability
is in the order of 3 > 1 > 2, consistent with the structural inves-
tigation for intramolecular steric congestion. The discrimi-
nation of stability between 2 and 3 was also confirmed by 'H
NMR experiments. When equimolar amounts of (R)-2(ClO,)
and (S)-2(ClO4) were dissolved in acetonitrile, racemization
was performed and the sole crystals of 3(ClO,) were grown
after vapor diffusion of ether into the solution (see
Fig. $181).”° The energy gap between 2 and 3 in the quintet
state is just 5.58 kJ mol™", which is small enough for the occur-
rence of racemization at ambient temperature. Additionally,
the spin density maps of the three complex cations at quintet
states were calculated, showing that the spin density is par-
tially delocalized at the coordinated N atoms and pyridine ring
(see Fig. S487).

Solid-state magnetic studies

Subsequently, the temperature-dependent magnetic suscepti-
bilities for four complexes constructed from the meso ligand, 1
(Cl0y4), 1(BF4)-MeCN, 1(PFs)-MeCN, and 1(BPh,)-MeCN-Et,0,
in the solid state were measured using SQUID. The effect of
the counter anion and/or co-crystallized solvent in these com-
plexes was disclosed.”**® Because the rear three crystals were
grown in the solvated form, they were protected with Parafilm
to minimize solvent loss in the measurement of the first cycle.
After completion of the first cycle, the samples were main-
tained at 400 K for 2 hours to completely remove the lattice
solvent. Then the later cycles revealed the magnetic properties
of desolvated samples. The temperature-dependent magnetic
susceptibilities for the four complexes under successive cycles
are shown in Fig. 6 and S43,t indicative of the variable SCO
behaviour of meso type complexes as per the counter anion
and co-crystallized solvent.

For 1(ClOy), its y\T value at 300 K is only 0.64 cm® K mol ™
and gradually decreases to zero at low temperature, indicating
that most of the iron(u) ions are located at the low-spin state in
the range of 2-300 K. Upon warming, the y\,T value gradually
increases to 2.05 cm® K mol™" at 400 K, but just reaching the
high-spin population of ~53% (see Fig. 6(a), assuming that the

Dalton Trans., 2021, 50, 3369-3378 | 3373
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Fig. 6 Temperature dependence of yuT for 1(ClO,4) (a), 1(BF,)-MeCN (b),
1(PFg)-MeCN (c), and 1(BPh,)-MeCN-Et,O (d) upon two repeated
scannings.

saturated yyT value at the complete HS state is 3.9 cm® K
mol ™). 1(BF,)-MeCN also displays an incomplete SCO in the
temperature range of 2-400 K. At 400 K, the y,T value only
reaches 0.70 cm® K mol ™", far away from its complete HS state
(see Fig. 6(b)). The SCO behaviour in 1(PF¢)-MeCN can be
switched via lattice acetonitrile. The solvated sample is a com-
plete LS compound in the temperature range of 2-300 K (see
the ymT vs. T curves in the first cooling/heating cycle). Upon
heating from 300 K, its yu7 value undergoes an abrupt
increase to 3.06 cm® K mol ™" at 400 K as a result of the
removal of the lattice solvent. Afterwards, the desolvated
sample displays a two-step SCO behaviour (see Fig. 6(c)). The
first transition at a higher temperature range shows no
thermal hysteresis and its Ty, value is ~360 K. In the second
SCO, a hysteresis loop of AT =20 K appears (T;/,; = 260 K and
Ti21 = 280 K). This loop is stable and repeatable at the temp-
erature-scan rate of 3 K min~" (see Fig. S44t). The loss of the
lattice solvent releases the crowd, thus reducing the geometric
distortion of the Fe(n) complex cation, making the electron
configuration favor the low-spin state. 1(BPh,)-MeCN-Et,O fea-
tures an incomplete SCO. It locates in a complete high-spin
state above 300 K. Upon cooling, the spin transition takes
place and ends at ~72 K with a y\T value of 1.34 cm® K mol ™",
indicative of the residual HS population of ~34%. In the
second cycle, desolvation results in the spin transition region
moving to a high temperature of ~40 K (see Fig. 6(d)).
Moreover, the solvent effects in optically pure and racemic
ligand type complexes were tested (see Fig. S45 and S467). Two
complexes with methanol as the lattice solvent were grown (see
Fig. S27-S30%). Before and after the removal of lattice metha-
nol, 2(Cl04)-MeOH displays a two-step SCO. The transitions of
solvated and desolvated forms are both different compared
with previously reported 2(ClO,)-MeCN (see Fig. S457). It
suggests that the annealing phases from two solvated com-
plexes are different. Unlike 3(ClO4)-MeCN which is SCO-active
both in solvated and desolvated forms, 3(ClO4)-MeOH remains
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at the high-spin state regardless of the removal of the lattice
solvent (see Fig. S4671). These results reveal that the structural
symmetry, counter anion and lattice solvent jointly influence
the spin-state behaviour of the complex in the solid state.?”

Magneto-structural correlation studies

Finally, the structural factors that can directly affect the spin-
state behaviour are discussed. First, to reveal the unique effect
by structural symmetry, we focus on the optimized calculated
complex cations to compare their structural diversity caused
by ligand symmetry. From the six optimized structures, it is
found that the oxazoline rings exhibit considerable geometric
distortion. To describe the degree of distortion quantitatively,
a structural parameter s is introduced. This parameter is
defined as the root mean square of the distances (i, A) of
atoms in the oxazoline ring to the mean coordinated plane
constructed by the central Fe(n) ion and three N atoms (shown
in light green, see Fig. 7(a)). The u.ms values of each structure
are calculated from the projection distances of twenty atoms in
four oxazoline rings to the coordination plane and are shown
in Fig. 7(b) and Table S7.} 2 displays the largest deviation com-
pared with 1 and 3 in two spin states. Conversely, the relative
Hrms values of 3 are the smallest. Additionally, 2 shows the
largest variation in the u,m,s value between singlet and quintet
states. According to the analyses of the data, two conclusions
can be obtained: (1) the oxazoline rings in 2 show the largest
geometric distortion in two states due to steric congestion®®?°
and (2) the spin transition causes oxazoline rings in 2 to
encounter the greatest structural change. Generally, large geo-
metric distortion in coordination will weaken the ligand field
and thus favor the high-spin state.’®*! The great structural
change in high-spin and low-spin states makes the occurrence
of SCO more difficult.* The structural feature can well explain
why 2 possesses the lowest T;,,. A similar phenomenon is also
observed in another structural parameter 6 (see Fig. S49t). The
angle @ is the dihedral angle between two ligand planes.*?
Owing to the high symmetry of 3, a minor change in 6 takes
place during the SCO process. The correlation between single
point energy and Ty, is plotted (see Fig. S507), indicating that
the structure of the lower energy level favours the low-spin
state.

The structural features of the available single crystal struc-
tures of phenyl-substituted [Fe(pybox),]*" are summarized and

() (b) 020

- singlet
— quintet|

©
00645 A -

s 2 Z(I‘Z)/n 0.00 1 2 3

Fig. 7 (a) Definition and equation of the y,ns value for the deviation of
atoms in the oxazoline ring from coordination planarity; (b) the uyms
values of three calculated structures in specific spin multiplicities.
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compared. Except 1(ClO,) which is in a desolvated form, all
others contain lattice solvents. The co-crystallized solvents in
the unit cell affect the packing of complex molecules. In most
cases, they produced great geometric distortion in the solid
state. After the loss of the solvent, SCO emerges or moves to a
higher temperature. It is evident that the removal of the
solvent results in the release of structural distortion of the
complex cation. The lattice solvent, together with the steric
congestion of adjacent phenyl rings and the counter anion,
contributes to the twisting of the phenyl substituent.
Normally, larger phenyl twisting can be observed in the opti-
cally pure and solvated compounds (see Tables S2-S57).

Conclusions

In summary, we have investigated and compared the discrimi-
nation of structural symmetry and SCO behaviour in optically
pure, racemic, and meso ligand type [Fe(pybox),]*" isomers
bearing phenyl substituents. The diverse orientations of the
chiral centre in the ligand result in totally different molecular
symmetries of the complexes. In this series of complexes,
chiral discrimination has a great impact on their SCO behav-
iour both in solution and in the solid state. The ‘mismatched’
chiral arrangement produces steric congestion of phenyl sub-
stituents thereby distorting the FeNg coordination octahedron.
DFT calculations give the energy profile of three type com-
plexes in different spin multiplicities. The racemic type
complex displays the highest symmetry and possesses rela-
tively low energies in two multiplicities. According to the ana-
lyses of the optimized calculation structures, less geometric
distortion in 3 is found. The high symmetry of coordination
geometry imposes a higher ligand field and thus favours the
low-spin state. It is consistent with the experimental investi-
gation in acetonitrile that reports that 3(ClO,) has the highest
Ty, in this series. In the meso series complexes, SCO pro-
perties are also strongly affected by the counter cation and
lattice solvent. This work systematically discusses the influence
of ligand symmetry on the spin state and reveals that subtle
structural discrimination in isomers can fine-tune the SCO
behaviour.

Experimental
Synthesis of 1

A solution of 2,6-pyridinedicarboxylic acid (8.35 g, 0.5 mol)
and concentrated H,SO, (1 mL) in methanol (50 mL) was
heated under reflux for 3 hours. After cooling to ambient
temperature, the solvent was removed under vacuum. The
crude product was dissolved in ethyl acetate and washed with
water (50 mL x 3) and brine (50 mL) successively and dried
over anhydrous sodium sulfate. After the solvent was removed
under reduced pressure, the product was obtained as a white
powder without the need for further purification (8.87 g, 91%).
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Synthesis of 2 **

A mixture of 1 (3.71 g, 19.03 mmol), (S)-2-amino-2-pheny-
lethan-1-o0l (2.35 g, 17.12 mmol) and MeOH (30 mL) was added
to a sealed tube; then the mixture was stirred at 110 °C for
48 hours. After removing the solvent under vacuum, the crude
product was purified by column chromatography (SiO,, pet-
roleum ether/ethyl acetate, 1:2) to give compound 2 as a light
yellow solid (3.07 g, 59%). '"H NMR (600 MHz, CDCl;): § 9.12
(d, J = 7.3 Hz, 1H), 8.24 (dd, J, = 7.8 Hz, ], = 0.9 Hz, 1H), 8.20
(dd, J, = 7.8 Hz, J, = 1.0 Hz, 1H), 7.94 (t, J = 7.8 Hz, 1H), 7.42
(d, J = 7.4 Hz, 2H), 7.36 (t, ] = 7.6 Hz, 2H), 7.29 (t, J = 7.3 Hz,
1H), 5.30 (dd, J, = 12.2 Hz, J, = 7.2 Hz, 1H), 4.08-4.05 (m, 2H),
4.04 (s, 3H), 3.40 (t, J = 6.2 Hz, 1H).

Synthesis of 3

A mixture of 2 (3.05 g, 10.2 mmol), (R)-2-amino-2-phenylethan-
1-ol (2.05 g, 14.9 mmol) and MeOH (20 mL) was added to a
sealed tube; then the mixture was stirred at 110 °C for
48 hours. After removing the solvent under vacuum, the crude
product was purified by column chromatography (SiO,, ethyl
acetate) to give compound 3 as a white solid (3.44 g, 83%). "H
NMR (400 MHz, DMSO-dg): 5 9.31 (d, J = 9.0 Hz, 1H), 8.26-8.13
(m, 2H), 7.47 (d, ] = 7.2 Hz, 2H), 7.35 (t, ] = 7.4 Hz, 2H), 7.28 (t,
J=7.2 Hz, 1H), 5.20 (dd, J; = 14.5 Hz, J, = 6.7 Hz, 1H), 5.10 (t, ]
= 5.3 Hz, 1H), 3.83 (pd, J; = 11.3 Hz, J, = 7.1 Hz, 2H). *C NMR
(151 MHz, DMSO): § 163.3, 149.2, 140.8, 139.5, 128.3, 127.1,
127.0, 124.7, 64.5, 55.6. HRMS (MALDI-TOF) caled for
Cy3H,3N;0, [M + H]" 406.17, found 406.08. Anal. caled for
C,3H,3N50,: C, 68.13; H, 5.72; N, 10.36. Found: C, 68.01; H,
5.62; N, 10.56.

Lmes 0

Synthesis of

A solution of 3 (1.13 g, 2.8 mmol), TsCl (1.32 g, 6.8 mmol),
DMAP (34 mg, 6.8 mmol) and Et;N (2 mL) in CH,Cl, was
stirred at 0 °C for 3 hours. Subsequently, the mixture was
heated to 110 °C for 48 hours. After cooling to ambient temp-
erature, the solution was diluted with CH,Cl, (10 mL) and
washed with 1 N NaOH aqueous solution (10 mL), the organic
phase was washed with DI water (30 mL x 3) and brine (30 mL)
and subsequently dried over anhydrous sodium sulfate. After
the solvent was removed, the solid was washed with ethanol
(10 mL) and then filtered to give L™ as a white crystalline
powder (560 mg, 53%). "H NMR (600 MHz, CDCL,): 5 8.34 (d, J
= 7.8 Hz, 2H), 7.92 (t, J = 7.8 Hz, 1H), 7.41-7.27 (m, 10H), 5.46
(t, J = 9.5 Hz, 2H), 4.97-4.90 (m, 2H), 4.43 (t, J = 8.6 Hz, 2H).
13C NMR (151 MHz, CDCl,): § 165.1, 148.3, 143.3, 139.1, 130.5,
129.5, 128.4, 128.0, 79.0, 78.8, 78.6, 71.9. HRMS (MALDI-TOF)
caled for C,3H;oN3;0, [M + H]" 370.15, found 370.03. Anal.
caled for C,;HoN3;0,: C, 74.78; H, 5.18; N, 11.37. Found: C,
74.98; H, 5.23; N, 11.30.

Synthesis of 1(Cl0,)

A solution of Fe(ClO,),-6H,0 (36 mg, 0.1 mmol) in methanol
(5 mL) was added to a stirred methanol solution (5 mL) of
L™ (74 mg, 0.2 mmol). The dark violet solution was stirred
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for 30 minutes and concentrated under vacuum. Dark violet
cubic crystals (73 mg, 74%) were obtained by slow diffusion of
ether vapor into an acetonitrile solution of the complex. 'H
NMR (600 MHz, CD;CN, 298 K): § 55.30 (br, 2H), 53.54 (br,
2H), 25.55 (s, 2H), 12.32 (s, 2H), 10.43 (s, 2 H), 9.21 (s, 2H),
7.91 (s, 2H), 7.62 (s, 4H), 6.59 (s, 4H), 6.23 (s, 6H), 4.11 (s, 2H),
3.23 (s, 4H), 2.44 (s, 4H). Anal. caled for C,6H;33Cl,FeNgOy,: C,
55.61; H, 3.86; N, 8.46. Found: C, 55.21; H, 3.62; N, 8.79.

Synthesis of 1(BF,)-MeCN

The procedure is identical to that of 1(ClO4) except that Fe
(ClO,),-6H,0 was replaced by Fe(BF,),:6H,0. Dark purple
cubic crystals (62 mg, yield: 64%) were obtained. "H NMR
(600 MHz, CD,CN, 298 K): § 55.39 (br, 2H), 53.57 (br, 2H),
25.74 (s, 2H), 12.25 (s, 2H), 10.29 (s, 2H), 9.03 (s, 2H), 7.94 (s,
2H), 7.65 (s, 4H), 6.58 (s, 2H), 6.22 (s, 6H), 5.98 (br, 2H), 3.97
(s, 2H), 3.19 (s, 4H), 2.35 (s, 4H). Anal. caled for
CagHa1B,FgFeN,O,: C, 57.12; H, 4.09; N, 9.71. Found: C, 56.91;
H, 3.87; N, 9.39.

Synthesis of 1(PF)-5MeCN

The procedure is identical to that of 1(ClO4) except that Fe
(Cl0,),-6H,0 was replaced by FeCl,-4H,0 and KPFe. Dark
purple cubic crystals (86 mg, yield: 79%) were obtained. 'H
NMR (600 MHz, CD;CN): § 55.81 (br, 2H), 54.00 (br, 2H), 25.88
(s, 2H), 12.37(s, 2H), 10.31 (s, 2H), 9.07 (s, 2H), 7.94 (s, 2H),
7.65 (s, 4H), 6.58 (s, 2H), 6.22 (s, 6H), 5.97 (br, 2H), 3.95 (s,
2H), 3.13 (s, 4H), 2.32 (s, 4H). Anal. caled for
Cs,H,,F;,FeNyO,P,: C, 52.15; H, 4.14; N, 11.95. Found: C,
51.48; H, 3.66; N, 9.98.

Synthesis of 1(BPh,)-MeCN-Et,O

The procedure is identical to that of 1(ClO4) except that Fe
(ClO,),-6H,0 was replaced by FeCl,-4H,0 and NaBPh,. Dark
purple cubic crystals (110 mg, yield: 76%) were obtained. 'H
NMR (600 MHz, CD,CN, 298 K): 6 56.01 (br, 2H), 54.19 (br,
2H), 25.89 (s, 2H), 12.44 (s, 2H), 10.29 (s, 2H), 9.05 (s, 2H),
7.94 (s, 2H), 7.63 (s, 4H), 7.34 (br, 16H), 7.03 (t, J = 7.0 Hz, 16
H), 6.88 (t, ] = 7.0 Hz, 8 H), 6.58 (s, 2H), 6.22 (s, 2H), 5.98 (br,
2H), 3.97 (s, 2H), 3.07 (s, 4H), 2.30 (s, 4H). Anal. calcd for
C100Ho1B,FeN,Os: C, 77.57; H, 5.92; N, 6.33. Found: C, 77.98;
H, 5.56; N, 6.87.

Synthesis of 2(C10,)-MeOH

A solution of L¥ (74 mg, 0.2 mmol) in methanol and CH,Cl,
(v/v, 10:1, 6 mL) was placed in the bottom of a test tube,
methanol (10 mL) was gently layered on the top of the solu-
tion, and then a solution of Fe(ClO,),-6H,O (36 mg, 0.1 mmol)
in methanol (6 mL) was carefully added as the top layer. After
a few weeks, dark red block crystals were collected (46 mg,
48%). "H NMR (600 MHz, CD;CN, 298 K): § 56.42 (br, 4H),
30.03 (br, 4H), 24.96 (s, 2H), 17.52 (s, 4H), 5.03 (s, 4H), 4.66 (s,
4H), 3.34 (s, 8H), -3.03 (s, 8H). Anal. caled for
C,;H.,CLFeN,O,5: C, 55.04; H, 4.13; N, 8.19. Found: C, 55.41;
H, 3.92; N, 8.56.
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Synthesis of 3(Cl0,)-MeOH

The procedure is identical to that of 2(Cl0O4)-MeOH except that
L® was replaced by equal amounts of LS and L. Dark red block
crystals were obtained with a yield of 57%. '"H NMR (600 MHz,
CD,CN, 298 K): § 40.83 (br, 4H), 21.35 (s, 2H), 7.48 (s, 4H),
7.22 (s, 4H), 6.86 (s, 8H), 6.18 (s, 4H), 4.52 (br, 4H), 3.43 (s,
8H). Anal. caled for C,;;H4,Cl,FeN¢O;5: C, 55.04; H, 4.13; N,
8.19. Found: C, 55.35; H, 3.82; N, 8.51.

Synthesis of analogous Zn complexes

Three Zn(u) complexes, [Zn(L™°),][Cl0,], (1(ClO4)-Zn), [Zn
(L®),][Cl0,], (2(ClO4)-Zn), and [Zn(L® L%)][ClO,], (3(ClO,)-Zn),
were synthesized using a similar procedure to that of their
archetypic Fe(i) complexes except that Zn(ClO,), was used as
the metal source; the products were afforded as white powders
after drying under vacuum. 1(ClO,)-Zn: 'H NMR (600 MHz,
CD,CN, 298 K): § 8.42 (t, J = 7.9 Hz, 2H), 8.32 (d, J = 7.9 Hz,
2H), 7.61 (d, J = 7.9 Hz, 2H), 7.18 (t, J = 7.2 Hz, 2H), 7.15-7.04
(m, 10H), 7.01 (t, J = 7.7 Hz, 4H), 6.65 (d, J = 7.3 Hz, 4H),
5.49-5.35 (m, 4H), 5.21 (t, J = 7.4 Hz, 2H), 4.91-4.77 (m, 2H),
4.54-4.42 (m, 4H). Anal. caled for C46H33Cl,ZnNgO4,: C, 55.08;
H, 3.82; N, 8.38. Found: C, 54.81; H, 4.01; N, 8.02. 2(ClO,)-Zn:
'H NMR (600 MHz, CD,CN, 298 K): 5 8.47 (t, J = 7.9 Hz, 2H),
8.04 (d,J = 7.9 Hz, 4H), 7.21 (t, ] = 7.4 Hz, 4H), 7.08 (t, ] = 7.7
Hz, 8H), 6.76 (d, J = 7.3 Hz, 8H), 5.26-5.20 (m, 4H), 5.17 (t, ] =
10.6 Hz, 2H), 4.74 (dd, J; = 10.7 Hz, J, = 8.8 Hz, 2H). Anal.
caled for C,6H35Cl,ZnNgO;,: C, 55.08; H, 3.82; N, 8.38. Found:
C, 55.01; H, 3.99; N, 8.09. 3(ClO,)-Zn: 'H NMR (600 MHz,
CD,CN, 298 K): § 8.46 (t, J = 7.9 Hz, 2H), 7.99 (d, J = 7.9 Hz,
4H), 7.28 (t, ] = 7.4 Hz, 4H), 7.15 (t, ] = 7.7 Hz, 8H), 6.94 (d, J =
7.2 Hz, 8H), 4.99 (dd, J, = 10.3 Hz, J, = 9.5 Hz, 2H), 4.79 (t, ] =
9.2 Hz, 4H), 4.73-4.66 (m, 4H). Anal. caled for
CaeH,5ClLZNNGO4,: C, 55.08; H, 3.82; N, 8.38. Found: C, 54.93;
H, 4.15; N, 7.98.

Computational details

The structures of three [Fe(pybox),]*" complex cations were fully
optimized without restrictions using the M06 functional with a
6-31G(d) basis set in the gas phase. Tables S9-S147f list the
Cartesian coordinates for complexes 1-3 in different spin states.
All calculations were carried out using the Gaussian 09 software.

Caution! Although not encountered in our experiments,
perchlorate salts in the presence of organic ligands are poten-
tially explosive. Only a small amount of the materials should
be prepared and handled with care.
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