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A series of bis(pyrazol-1-yl)pyridine (1-BPP)-based iron(ll) complexes bearing either a boronic acid

DOI: 10.1039/x0xx00000x

group or boronic monoester groups, with the general formula [Fe'(1-BPP);](ClO4), have been

synthesized and characterized in the solid state. The boronic acid or boronic monoester substituents
are introduced at the 4-position of the pyridine ring. Despite their close structural similarity, the four
iron(ll) complexes exhibit markedly different magnetic properties. Complex 1a, which contains a
boronic acid group, undergoes an incomplete, thermally induced spin-crossover in the solid state.
Conversion of the boronic acid group into monomethyl or monoethyl esters stabilizes the high-spin
state in 1b and 1c, respectively. Further substitution with electron-donating tert-butyl groups in 2b

enforces a pure low-spin state.

Introduction

Spin-crossover (SCO) complexes are known to be reversibly
switched between two spin states in response to external
stimuli such as light, heat or chemical environments.['*] Owing
to their switching ability, SCO complexes have triggered
significant interests over the past decades to develop
responsive sensors,®) and functional parts for molecular
spintronics,!®l molecular electronics,”l and memory devices.®l A
common class of SCO complexes is the family of bis(pyrazol-1-
yl)pyridine (1-BPP) based iron(ll) complexes, developed and
extensively studied by M. Halcrow and M. Ruben.[®13] These
complexes not only show SCO behaviour near room
temperature,[*¥ but also the 1-BPP ligands can be readily
functionalized at pyridine or pyrazole moieties, thus enabling
the fine-tuning of magnetic properties of corresponding metal
complexes.[13:15-17]

Various modifications of 1-BPP based iron(ll) complexes have
been synthesized and characterized, however, complexes
featuring boronic acid groups have not yet been reported. We
are particularly interested in boronic acid substituents, because
they have demonstrated their potential in sensing applications,
stemming from the vacant p orbitals on the boron centre.[1822]
The low-lying empty p orbitals can accept electrons from
nucleophiles, resulting in the electron density enrichment of the
boron centre as well as the geometry transformation from a
trigonal planar to tetrahedral structure.l??) Besides the Lewis
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acid character, boronic acids can also interact with small anions
through two hydroxyl groups in a manner of Brgnsted acids.[23]
Moreover, boronic acids exhibit high affinity to biological
molecules such as saccharides and dopamine, even under
physiological conditions.[21241  Upon reaction with these
analytes, boronic acid esters are formed, leading, for instance,
to a detectable reduction of fluorescence emission compared
with the original boronic acids.[25]

The aforementioned characteristics have promoted us to
explore the possibility of integrating boronic acid moieties into
1-BPP based iron(ll) complexes and further adjust SCO
behaviour of such complexes. The boronic acid group has been
chosen to be attached at the pyridine C4 position because of
synthetic simplicity as well as the electron-withdrawing nature
of boronic acid, which can potentially lead to a temperature
induced SCO.[2¢] |n this study, we demonstrate synthetic routes
to 1-BPP based iron(ll) complexes functionalized with boronic
acid groups and boronic esters. The first series of such
complexes has been synthesized and their magnetic properties
were investigated.

Experimental sections

All starting materials and solvents were used without further
purification unless mentioned. Pure anhydrous solvents were
collected from a Glass Contour solid-state solvent purification
system (Irvien, CA). 4-Amino-2,6-bis(pyrazol-1-yl)pyridine, 4-
bromo-2,6-bis(pyrazol-1-yl)pyridine, and 4-tert-butylpyrazole
were synthesized following the literature reported methods.[?7-
29]

Instrumentation

Magnetic susceptibility data on solid samples were collected
with a Quantum Design MPMS 3 magnetometer. DC
susceptibility data were collected in the temperature range of
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2-350 K for powder samples restrained with a polycarbonate
gel capsule in an applied magnetic field of 1 T at a
heating/cooling rate of 2 K min~! and at 5 K intervals.

The magnetic susceptibility data were corrected for
diamagnetism using an estimation Xm, diamag= 0.5 Mw x 107% cm3
mol~! with Mw being the molar mass of the compound.°!

57Fe Mossbauer spectra were recorded on a WissEl Mossbauer
spectrometer (MRG-500) in constant-acceleration mode.
57Co/Rh was used as the radiation source. The temperature of
the samples was controlled by an MBBC-HE0106 Mossbauer
He/N> cryostat within an accuracy of £0.3 K. Isomer shifts were
determined relative to a-iron at 298 K. The program MX4w was
used for the quantitative analysis of spectra.B1]

NMR spectra were recorded with JEOL ECX400 in rotating 5 mm
o.d. tubes and processed with Delta V4.0 software provided by
JEOL Ltd.

Powder X-ray diffraction pattern were obtained from a Brucker
D8 diffractometer with a Cu Ka radiation source and a LyneEye
XE-T detector. IR spectra were recorded on a Shimadzu
IRAffinity-1 system.

Crystallography

A suitable single crystal was embedded in protective
perfluoropolyalkyl ether oil on a microscope slide, and a single
specimen was selected and subsequently transferred to the
cold nitrogen gas stream of the diffractometer. Intensity data
were collected using MoKa radiation (A =0.71073 A) on a Bruker
Kappa PHOTON Il IuS Duo diffractometer equipped with
QUAZAR focusing Montel optics at a temperature of 100 K. Data
were corrected for Lorentz and polarization effects, and semi-
empirical absorption corrections were performed on the basis
of multiple scans using SADABS.32] The structures were solved
by direct methods (SHELX XT)33! and refined by full-matrix least-
squares procedures on F2 using SHELXL 2019/ 3.B34 All non-
hydrogen atoms were refined with anisotropic displacement
parameters. The positions of the oxygen bound hydrogen atoms
were taken from a difference Fourier map and their positional
parameters were either refined (for 1a, 1b, and 1c) or allowed
to ride on their oxygen carrier atom ((2b). All other hydrogen
atoms were placed in positions of optimized geometry. The
isotropic displacement parameters of all H atoms were tied to
those of the corresponding carrier atoms by a factor of either
1.2 or 1.5. Olex2 was used to prepare material for
publication. 33!

Synthesis

4-[(2,6-Bispyrazol-1-yl)]pyrid-1-yl]boronic acid (L1):

In a vacuum-heated Schlenk flask 4-bromo-2,6-bis(pyrazol-1-
yl)pyridine (0.6 g, 2.07 mmol) was dissolved into 50 mL water-
free tetrahydrofuran. Degassed water-free tributylborate (0.86
mL, 3.09 mmol) was added into the mixture via a syringe. The
reaction mixture was then cooled down to —100 °C before a
solution of 1.6 M n-butyllithium (1.8 mL, 2.88 mmol) was slowly
added into the mixture. After stirring overnight, the reaction
was quenched with 1M aqueous hydrochloric acid (20 mL). The
organic layer was collected, dried and evaporated under
reduced pressure to give a white solid. After drying in vacuo, L1
was afforded as a white powder. Yield: 0.38 g, 71.8 %. Elemental
analysis calcd. for C11H10BNsO; - 0.05 H,0: C 51.62, H 3.98, N

2| J. Name., 2012, 00, 1-3

27.36; found: C 51.52, H 3.81, N 27.20. *H NMR.{400.Mtz,
DMSO-d6, RT) &: 8.94 ppm (d, 3J = 2.5 HEOXHO HP/857& 150988
H5), 8.19 (s, 2H, H1), 7.87 (d, 3/ = 1.6 Hz, 2H, H4), 6.63 (dd, 2H,
3J=2.5Hz, %/ = 1.5 Hz, H3). 13C NMR (400 MHz, DMSO d6, RT) &:
149.09 (C2), 142.41 (C4), 128.02 (C5), 113.60 (C3), 108.35 (C6)
ppm; a carbon attached to the boron atom was not observed
due to quadrupole broadening.
4-Amino-2,6-bis(4-tert-butylpyrazol-1-yl)pyridine:

A 250 mL Schleck round-bottom flask with inert atmosphere
was charged with 4-tert-butylpyrazole (6.00 g, 4.83 mmol) and
150 mL water-free diglyme. Sodium hydride (2.04 g, 5.1 mmol)
was added into the reaction mixture. After no hydrogen was
evolved any more, 4-amino-2,6-dichloropyridine (3.20 g, 19.8
mmol) was added into the reaction mixture at RT. Afterwards,
the reaction was heated to 160 °C for 3 days. The reaction was
quenched by addition of distilled water (150 mL), and the
resulting yellowish solid was collected by filtration via a glass frit
(Por. 3) without further purification. Yield: 5.22 g, 77.9%.
Elemental analysis calcd. for CigH26N6 - 0.3 C¢H1403: C 65.97, H
8.04, N 21.19; found: C 66.19, H 8.01, N 22.06."H NMR (400
MHz, CDCls, RT) &: 8.27 (s, 2H, H2), 7.61 (s, 2H, H1), 7.05 (s, 2H,
H3), 4.45 (S, 2H, H5), 1.30 (s, 18H, H-7).23C NMR (400 MHz,
CDCls, RT) 6: 156.84 (C1), 151.59 (C3), 140.02 (C6), 135.01 (C4),
123.06 (C5), 94.60 (C6), 31.72(C7), 29,70(C8) ppm.
4-Bromo-2,6-bis(4-tert-pyrazol-1-yl)pyridine:

In a 250 mL round-bottom flask 4-amino-2,6-bis(4-tert-
butylpyrazol-1-yl)pyridine (3.00 g, 8.86 mmol), NaNO, (1.28 g,
18.6 mmol) and KBr (2.53 g, 21.3 mmol) were dispersed in 100
mL MeCN. Afterwards, 48% aqueous HBr (50 mL) was added
dropwise into the mixture. After stirred for 3 h, the mixture was
poured into a saturated Na,COjs solution (200 mL). An orange
solid precipitated from the mixture, which was collected by
filtration via a glass frit (Por. 3) and washed with distilled water
(50 mL) twice. The collected solid was air-dried overnight and
purified via SiO2 column chromatography using CH,Cl,/hexane
=10:3 as an eluent (Rf = 0.3), yielding a white solid after solvent
removal and dried in vacuo. Yield: 2.14 g, 60.2%.

Elemental analysis: calcd. for CigH24NgBr: C 56.72, H: 6.01, N
17.41; found: C: 56.65, H: 6.10, N: 16.94.'"H NMR (400 MHz,
CDCls, RT) 6: 8.24 (s, 2H, H2), 7.96 (s, 2H, H1), 7.66 (s, 2H, H3),
1.35 (s, 18H, H4).13C NMR (400 MHz, CDCls;, RT) &: 150.77,
141.18, 136.45, 135.96, 122.96, 112.06, 31.62, 29.76 ppm.
((2,6-Bis(4-tert-butylpyrazol-1-yl))pyridin-4-yl)boronic
(L4):

A 100 mL Schleck round-bottom flask with inert atmosphere
was charged 4-bromo-2,6-bis(4-tert-butylpyrazol-1-yl)pyridine
(1.0 g, 2.5 mmol) and degassed THF (40 mL). Degassed
tributylborate (1.04 mL, 3.75 mmol) was added. The mixture
was cooled downed to —100°C before a solution of 1.6 M n-
butyllithium (2.18 mL, 3.5 mmol) was slowly added via a
springe. After the reaction was stirred overnight, it was
quenched by addition of 1 M aqueous hydrochloride acid (20
mL). The resulting mixture was carefully evaporated until THF
was removed, whereupon a white solid precipitated from the
aqueous phase. The solid was collected by filtration via a glass
frit (Por. 4) and washed with distilled water (10 mL) twice. Pure
product was obtained after recrystallization from boiling

acid
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toluene (300 mL) and drying in vacuo overnight at 65 °C. Yield:
0.83 g, 90.4%.

Elemental analysis: calcd. for CigH26BNsO,: C 62.14, H 7.14, N
19.07; found: C: 62.66, H: 7.14, N: 18.87.1H NMR (400 MHz,
DMSO-d6, RT) &: 8.73 (s, 2H, H2), 8.60 (s, 2H, H4), 8.12 (s, 2H.
H1), 7.81 (s, 2H, H3) ppm, 1.33 (s, 18H, H5).13C NMR (400MHz,
DMSO-d6, RT) &: 149.33, 140.38, 134.98, 123.30, 113.11,
112.17,31.42, 29.35 ppm.

[Fe" (L1).](ClO4). (1a):

A solution of Fe(ClO4),-6H,0 (50. 5 mg, 0. 14 mmol) in THF (5
mL) was added into a solution of L1 (100 mg, 0.39 mmol) in THF
(5 mL) via cannula under inert atmosphere, whereupon an
orange powder precipitated immediately. After the reaction
was stirred for 3 hours at RT, the solvent was filtered off. The
residual solid was washed with THF (2 mL x 2) and dried in vacuo
overnight at 65 °C, affording 130 mg powder (Yield 87%).
Crystals suitable for XRD were obtained from an acetone
solution stored at room temperature for 7 days.

Elemental analysis calcd. for C22H20N10012B2C|2Fe . O.1C4H302 C:
34.84, H: 2.72, N: 18.14; found : C: 34.78, H: 2.92, N: 17.96.
[Fe" (L2).](ClO4)2 (1b):

The synthesis of 1b was done as 1a but in methanol. The color
of the reaction mixture changed to yellow, and a yellowish solid
precipitated upon mixing. After stirring 3 hours at RT, the
solution was removed via a cannula filter. The residual solid was
washed with methanol (2 mL x 2) and dried in vacuo affording a
yellowish solid 190 mg powder (Yield: 63%). Crystals suitable for
XRD were obtained by slow diffusion of diethyl ether in a
solution 1b in methanol over a period of 3 days. Elemental
analysis calcd. for C24H24012N1032C|2F81 C: 3635, H: 305, N:
17.66; found: C: 35.94, H: 3.24, N: 17.27.

[Fe" (L3)2](C|04)2 (1c):

The same reaction condition as 1a but in ethanol. 80 mg red
solid was obtained by slow diffusion of diethyl ether into
ethanol solution. (Yield: 27 %).

Elemental analysis calcd. for CasH25012N10B2CloFe: C: 38.04; H:
3.44; N: 17.06; found C: 38.18; H: 3.51; N: 16.92.
[Fe"('.4)2](C|04)2 2b:

Fe(ClO4); - 6H20 (48 mg, 0.136 mmol) was dissolved into 2 mL
methanol. This solution was slowly added to a solution of L4 (15
mL) in methanol via cannula. The solution changed to dark red
colour immediately and no precipitate was observed. The
reaction mixture was stirred 3 h at room temperature.
Afterwards, the volume of the reaction mixture was condensed
to ca. 1/2. Crystals were obtained via slow diffusion of diethyl
ether into the mother liquor over a period of 3 days. (Yield 35%).
Elemental analysis calcd. for C40H55012N1032C|2Fe - 0.6 HzOZ C:
46.73; H: 5.61; N: 13.62; found C: 46.38; H: 5.35; N: 13.98.

Results and discussion
Synthesis

The novel boronic acid featured BPP ligands were prepared
following a multistep synthesis (Error! Reference source not
found.). First, deprotonation of pyrazole with sodium hydride
afforded corresponding pyrazolate salt B, which was

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1 Synthetic route for novel boronic acid based BPP ligands and their iron(ll)
complexes

Sandmeyer reactions with C yielded a bromo-derivative D (yield
61%).128] Finally, the treatment of D with n-Buli, subsequent
reaction with borate at low temperature, followed by acid-
catalyzed hydrolysis produced the target tridentate ligand L1 as
a white powder with a 72% yield. The ligand L4 was synthesized
in a similar manner but starting with 4-tert-butylpyrazole, which
was obtained by reacting tert-butylchloride and pyrazole in an
autoclave at high pressure and high temperature for 2 days.[2°]
Complex 1a was prepared adopting literature-known
methods.[38! Solutions of L1 in THF and Fe(ClO4),-6H,0 were
mixed and stirred at room temperature for 3 h. An orange solid
were precipitated from the solution and was collected by
filtration. Due to the poor solubility of 1a in common non-
alcoholic solvents (note that 1a decomposes in DMSO or DMF),
we have attempted to crystalize 1a in methanol and ethanol.
Surprisingly, the obtained crystals 1b and 1c are modified
complexes, where an esterification reaction took place giving
methoxy and ethoxy monoesters, respectively (Scheme 2). The
esterification of a single hydroxyl group of organic boronic acids
in methanol is not uncommon.37-40 |f one of the hydroxyl group

J. Name., 2013, 00, 1-3 | 3
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Scheme 2 Post-synthetic modification of 1a giving monoester-derivatives 1b and 1c.

binds with nearby atoms through hydrogen bonds, the
remaining hydroxyl group can wundergo methylation in
methanol. In our case, one of the hydroxyl group binds with
perchlorate (vide infra), facilitating the esterification of the
other. However, esterification in ethanol was first observed to
the best of our knowledge. Subsequently, we have explored the
possibility of direct synthesis of 1b and 1c in methanol and
ethanol, respectively (Scheme 1). Similar synthesis procedures
as l1la were performed but in methanol and ethanol, 1b
precipitated as bright yellow powder from reaction, whereas
red crystalline materials of 1c were obtained via slow diffusion
of diethyl ether into mother liquor.

In order to enhance the solubility of iron(ll) complex 1a, tert-
butyl moiety was introduced at the 3-position of pyrazole, as in
ligand L4 (Scheme 1). However, the solubility of the tert-butyl
modified complex did not increase significantly, and we had to
use alcoholic solutions here as well. The treatment of L4 with
Fe(ClO4)2-6H20 in methanol leads to a red powder, which is
proven to be 2b — a complex featuring monoesters at both
ligands. Additionally, we have sought to react L1 with another
commonly used iron precursor Fe(BF4),. However, we are not
able to purify this complex.

Crystal structures

Complex 1a crystallizes in the monoclinic C2/c space group with
4 molecules and 1 water molecule per unit cell. At 100 K,
complex 1a exhibits a distorted octahedral geometry, typically
observed for this type of HS Fe (II) complex due to Jahn-Teller
effect.*!] The dihedral angel () between two ligand planes
significantly distorted from ideal 90° to 77.8°, and the
N(pyridyl)-Fe—N(pyridyl) angle (¢#) reaches 155.8. The Fe—N
bond lengths are in the range 2.1370(11)-2.1716(11) A, further
denoting a HS Fe(ll) centre.3¢] In the crystal structure, O—H...O
hydrogen bonds are formed between boronic acid groups and
nearby perchlorate anions. Each perchlorate anion bridges two
boronic acid groups of neighbouring complex molecules within
the lattice, thus leading to a polymeric chain structure along the
crystallographic b axis. The introduction of an electron-
withdrawing group at the pyridine C4 position is expected to
favour LS state according to Halcrow’s work.26] Analogue
complexes with electron-withdrawing substituents such as
cyanide, carboxylic acid and aldehyde groups at this position
stabilize LS Fe(l1).[124243] However, our complex is a HS species.

4| J. Name., 2012, 00, 1-3
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Figure 1 Top: molecular structure of 1a at 100 K; The H atoms are omitted for
clarity. Bottom: crystal packing of 1a showing a chain structure.

This discrepancy can be explained as the boronic acid group is
less electron-withdrawing compared to the abovementioned
substituents. Moreover, we assume that the highly distorted
molecular structure of 1a is the result of strong intermolecular
interactions in the cell, leads to the
stabilization of the HS state.

Both mono-ester derivatives 1b and 1c crystallize in the C2/c

which ultimately

space group with no solvent molecules in the unit cell (Figure
2). The Fe(ll) centres adopt HS configurations with typical long
Fe—N bond length of 2.1269(16)—2.1873(18) A and 2.1274(10)-
2.1844(11) A at 100 K, in 1b and 1c, respectively. Compared to
the severely twisted molecular structure in 1a, the distortions
in 1b and 1c are moderate, supported by the observed
N(pyridyl)—Fe—N(pyridyl) angles (¢) of 162.9° and 174.7°
approaching the undistorted 180° as well as dihedral angles ()
of 86.4° and 87.9° approaching the ideal 90° in 1b and 1c,
respectively. The reduced distortion is likely due to the
substitution of one of hydroxyl group with a methoxyl or ethoxyl
group, respectively,
intermolecular interactions. Indeed, only one hydrogen bond is

and concomitant reduction of
formed per perchlorate cation and the polymeric structures
disappear in 1b and 1c.

Two polymorphs of 2b were observed from crystallization —
red and yellow crystals, which is commonly observed for this
class of compounds.[#448l Despite numerous attempts, the
crystal structures of the yellow crystals could not be determined
due to very poor diffraction of the crystallized samples. The red
polymorph crystalized in the monoclinic P21/n space group and
contains two diethyl ether molecules per unit cell. Since the
crystals degraded rapidly at room temperature due to solvent
loss, we were able to determine the crystal structure at low
temperature only. At 100 K, the Fe(ll) centre reveals a low-spin
(LS) Fe(ll) state, as indicated from the shortened Fe—N bond

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 Molecular structures of 1b (top), 1c(middle) and 2b (bottom). The H atoms are
omitted for clarity.

lengths of 1.899(21)-1.996(22) A. The LS Fe(ll) centre might be
attributed to the electron-donating tert-butyl substituents at
the pyridine 4-position strengthening the ligand field.[2¢]
Selected bond distances and angular parameters for the crystal

This journal is © The Royal Society of Chemistry 20xx
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structures of this work are summarized in Table 1. A defailed
summary of crystallographic data isDHstéd 03R/DEfES IR
Supporting Information.

Magnetic properties

The magnetic properties and so the spin states of the complexes
were investigated by SQUID magnetometry supported by >’Fe
Mossbauer spectroscopy. Complex 1a undergoes partial,
thermally induced SCO without hysteresis (Figure 3). At room
temperature (RT), 1a reveals a xT product of 1.70 cm3 - mol - K
(x is molar magnetic susceptibility), which is much lower than
analogous pure HS Fe(ll) complexes (3.3—-3.8 cm3 - mol™ - K).[49]
Upon heating to 350 K, xT increases to 2.35 cm3 - mol™? - K,
corresponding to a thermally-driven conversion of LS Fe(ll) to
HS Fe(ll). Upon cooling to low temperature, xT gradually
decreases to 0.96 cm3 - mol? - K at around 100 K, reflecting a
SCO from HS to LS. A plateau at low temperature (30-100 K)
suggests the presence of a residual HS fraction (around 25%). At
2 K, the xT product drops to 0.46 cm3 - mol™ - K, which is
ascribed to the zero-field splitting of the remaining HS fraction.
When slowly heated to RT, the SCO behaviour of 1a follows
same behaviour as observed in the cooling mode, confirming
reversible SCO without detectable hysteresis (ESI).

Note, that the spin state of 1la determined from magnetic
measurements (around 25% HS fraction at 100 K) is not in
agreement with the crystallographic data, which indicates a
pure HS state at 100 K. This is very likely due to the fact that
magnetic measurements were performed on a powder sample,
since we were not able to obtain enough crystalline materials
for magnetic measurements. So, the crystals and powder
sample should represent two different phases. This has indeed
been confirmed by measuring powder XRD pattern of the
powder sample, and comparing it with a simulated XRD pattern
(see ESI).

Variable-temperature magnetic susceptibility measurements
on complex 1b, 1c and 2b were performed from 300 to 2 K. The
measurement reveals that 1b remains in HS Fe(ll) state at all
temperatures, consistent with crystallographic data. At RT, the
xT product of 3.78 cm3 - mol™! - K is higher than the spin-only
value expected for an HS Fe(ll) centre (3.0 cm3-mol-1-K), but still
coincides with values reported for similar HS Fe(ll) complexes.
Below 15 K, xT product drops rapidly to 1.65 cm3 - mol™ - K
because of the zero-field splitting at S = 2 state for HS Fe(ll) ion.
The variable temperature data T was fitted with PHI
program,[59 which yields the g-value 2.24 and an axial zero field
splitting parameter D = 9.1 cm™L. Likewise, complex 1c reveals a
pure HS Fe(ll) state at all temperatures. At 300 K, the T product
of 1cis 3.38 cm3 - mol~ - K, lower than 1b and remains constant
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Table 1. Selected bond distances (A) and angular parameters (°) for the crystal structures measured at 100 K in this work.

DOI: 10.1039/D6CE00062B

la 1b 1c 2b
Fe-N1 2.1716 (11)-2.1716 (12) 2.1873(18)-2.1873 (18) 2.1844 (11)-2.1844 (11) 1.981(21)-1.986 (21)
Fe-N3 2.1370(11)-2.1716(11) 2.1269(16)-2.1873(18) 2.1274(10)-2.1844(11) 1.899(21)-1.996(21)
Fe-N5 2.1635 (11)-2.1636 (11) 2.1685 (18)-2.1685 (18) 2.1943 (11)-2.1943 (11) 1.976 (22)-1.996 (22)
@ 155.8 162.9 174.7 177.7
v 77.8 86.4 87.9 83.2
mol= - K at 4 K. The spin state of 2b determined from magnetic
4.0 4.0 q
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Figure 3 Variable-temperature xT products of 1a (top left), 1b (top right), 1c (bottom right) and 2b (bottom left) at an external magnetic field of 1 T.

until 60 K. Upon further cooling, the XT product decreases
sharply to 1.45 cm3 - mol™ - K at 2 K, again due to zero-field
splitting. Fitting the variable temperature data yields g = 2.12
and a zero field splitting parameter D = 7.0 cm™.

Magnetic measurements were also performed for 2b over the
300-2 K range. Compound 2b displays a xT product of 0.33 cm3
- mol - K at RT. The non-zero value is very likely due to minor
paramagnetic impurities or a small fraction of HS(Il) species in
the sample, which is very common for SCO Fe(ll) species. Upon
cooling, the xT product of 2b gradually approaches 0.0 cm3 -

measurements is in full agreement with crystallographic data.

Our magnetic measurements have revealed that complex 1a
can potentially be used as a chemical sensor. At room
temperature, 1a reveals a mixed HS/LS state. When the boronic
acid group is converted to a monomethyl ester and the complex
is so transformed to 1b, the material is switched to a pure HS.

The boronic acid group can function as both a Lewis and a
Brgnsted acid, enabling interactions with small anions, diols,
and various biological molecules.[?3] Therefore SCO complexes
featuring boronic acid groups are attractive candidates for

Please do not adjust margins
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sensing applications in solution. Upon analytes binding,

magnetic properties might change, which can be easily detected.

In our case, complex 1a shows very poor solubility and limited
stability toward non-alcoholic solvents and water, and thus of
little use for such applications. However, a series of complexes
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Figure 4 Zero-field >’Fe Mdssbauer spectra measured on 1a (top left), 1b (top right), 1c (bottom left) and 2b (bottom right) at 77 K.

Méssbauer spectroscopy

Zero-field 5’Fe Mdossbauer spectroscopy was employed to
confirm the oxidation and spin state of the iron centre in the
complexes (Figure 4). Mossbauer spectrum of the SCO species
1a reveals the coexistence of two distinct Fe(ll) species at 77 K.
A major quadrupole doublet (75%) exhibits an isomer shift (6)
0.38 mm s and a quadrupole splitting (|AEq]|) of 0.69 mm s,
in agreement with a LS Fe(ll) state. A minor component (25%)
exhibits an isomer shift of 1.18 mm s?! and a quadrupole
splitting of 3.03 mm s1, which is characteristic for a HS Fe(ll)
state. These Mdossbauer measurements are in line with
magnetic measurements.

Complex 1b demonstrates (at 77 K) a single quadrupole doublet
with an isomer shift of 1.14 mm s*and a quadrupole splitting of
2.82 mm s1, which is in agreement with a pure HS Fe(ll) state.
The Mossbauer measurement results are consistent with
magnetic measurements. Complex 1c reveals one major HS
Fe(ll) component (90%) with an isomer shift of 1.12 mm s and

This journal is © The Royal Society of Chemistry 20xx

a quadrupole splitting of 3.42 mm s, along with a minor
impurity (10%) with an isomer shift of 0.36 mm s and a
quadrupole splitting of 0.78 mm s™.. This impurity is identified
as LS Fe(ll) species, and despite many attempts to purify 1c, we
were not able to remove it completely. A plausible reason might
be that a monoethyl ester is less stable than monomethyl ester,
and it slowly decomposes to a boronic acid. Thus, we concluded
that the impurity here might be 1a. The observed LS impurity
can also explain the slightly lower T product of 1c at RT
compared with 1b.

Mossbauer spectrum of 2b measured at 77 K reveals a single
guadrupole doublet with an isomer shift of 0.37 mm s?and a
guadrupole splitting of 0.72 mm s, identified as a LS Fe(ll)
species, full
measurements. Summary of the parameters from Maossbauer

which is in agreement with magnetic

measurements are listed in Table 2.
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Table 2. Summary of the parameters from Mdssbauer measurements [4]
1a(LS) 1a(HS) 1b 1c 2b [5]
5, mm s’ 0.38 1.18 1.14 1.12 0.37
| AEQL’ 0.69 3.03 2.82 3.42 0.72 (6]
mm s
[7]
Conclusions
[8]
Four bis(pyrazol-1-yl)pyridine (1-BPP)-based iron(ll) complexes
featuring a boronic acid group or boronic monoester groups [9]
have been synthesized and their magnetic properties have been  [10]
investigated. Minor changes of the ligands substituents allowed  [11]
us to control the magnetic properties by moving from a pure
low-spin complex with tert-butyl substituents over spin-
crossover species with boronic acid substituents, to pure high- (12]
spin complexes featuring boronic monoester substituents. The [13]
change in magnetic properties induced by esterification of the
boronic acid group highlights the potential of such complexes
for chemosensing applications. The low solubility of obtained
complexes, however, prevents such studies. Work on more [14]
soluble analogues is currently in progress in our laboratory. [15]
[16]
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