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Role of Alkylated 2,6-bis(tetrazol-5-yl)pyridyl Ligands and
Iron(ll) Salts in Selecting Spin Crossover Complexes

Rita Mazzoni,*™ Stefano Baratti,” Daniel Rustichelli,”” Stefano Stagni,” Valentina Fiorini,”
Stefano Zacchini,” Dawid Pinkowicz," Alessandra Forni,'” Jasper R. Plaisier,” Lara Gigli,”

and Luca Rigamonti*®!

The substituents in 2,6-bis(2-R-2H-tetrazol-5-yl)pyridyl neutral
ligands R,btp (R=Me, tBu) revealed a prominent effect when
reacting with iron(ll) salts, in combination with the nature of
the anion. According to metal:ligand molar ratio, reaction of
R,btp with FeCl, led to isolate [Fe"(R,btp-k>N,N’,N"),]J(Fe"Cl,),,
R=Me (1a) and tBu (2a), where the octahedral iron(ll) centres
bring two tridentate ligands in mer coordination mode, but also
[Fe'(tBu,btp-1c>N,N’,N")(tBu,btp-KkN),(H,0-x0)](Fe"Cl,), (2b),
where one ligand is tridentate, while the other two coordinate
the iron(ll) through one tetrazolyl nitrogen atom, and the
octahedral sphere is completed by one water molecule. In all

Introduction

Spin crossover (SCO) materials, and especially the ones
containing iron(ll) centres, are among the most-studied com-
pounds in the field of molecular magnetism."? They have been
extensively investigated in the past years since the switch from
low (LS) to high (HS) spin state can be reversibly controlled by
external stimuli, like temperature, light, pressure, etc.,®™ thus
holding promises for application in information processing and
data storage devices or molecular switches.*'” Special interest
has been focussed on compounds that show spin modulation
upon light irradiation, with the so-called LIESST (Light-Induced
Excited Spin State Trapping) effect at cryogenic temperatures,
mostly studied in iron(ll) complexes,"®'? and upon application
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cases, half of the iron ions are oxidised to iron(lll) forming the
paramagnetic tetrachloroferrato counterions. Reaction of
tBu,btp with Fe(ClO,),-6H,0 led to the octahedral [Fe"(tBu,btp-
K>N,N,N"),](ClO,),-4DCM (4a-4DCM), which shows solvent-
dependent spin crossover behaviour: while 4a-4DCM is blocked
in the high spin state, its unsolvated form, 4a, undergoes spin
transition to low spin in two subsequent steps at 206 K, with
opening of a 23-K hysteresis (T;,, =194 K, T,,; =217 K), and at
136 K (T;,,, =135 K, T;,,;= 137 K). The magnetic profile changes
to an incomplete spin transition when the sample absorbs
water molecules yielding 4a-1.5H,0.

of external pressure, since it favours a LS configuration
increasing the SCO transition temperature."® Another factor
that shows an impact on the SCO properties in the solid state is
the crystal packing, as given by the change of counterions,
substituents on the donor ligands and/or the presence of
crystallization solvent, since it changes the asset of iron(ll)
centres in the crystal structure.'®

Variably-substituted 2,6-bis(pyrazol-1-yl)pyridyl (bpp) deriva-
tives are well-known tridentate ligands able to coordinate
iron(ll) ions in a mer fashion yielding robust octahedral
complexes of general formula [Fe(bpp-i®N,N,N),1(X), (X~ =
anion)."®7"% The strength of the crystal field generated by
these two nitrogen donor ligands allows the metal centre to
show thermally-induced SCO, but also stabilization of either LS
(§=0) or HS (S=2) state upon subtle variation of the
substituents on the ligand, as found for para-pyridyl-substituted
complexes [Fe(bpp-R-k3N,N’,N),](ClO,),."**? The related 2,6-
bis(2H-tetrazol-5-yl)pyridine (H,btp)**** tridentate ligand is
structurally very similar to bpp derivatives, and it has already
been applied in the synthesis of both mer heteroleptic metal
complexes with ruthenium(Il)***?® and platinum(ll),*” and some
homoleptic examples with lanthanide ions® and 3d metals like
cobalt(ll), nickel(ll), copper(ll) and zinc(ll),** together with one
unique example with iron(ll) with the dianionic homoleptic
(A),[Fe(btp),] derivatives (A" =ammonium cation).2” There are
also few neutral iron(ll) complexes of general formula [Fe(ptp),]
with mixed pyrazolyltetrazolylpyridyl (Hptp) ligands, relevant
for their SCO properties.?'*?

In this work we decided to focus our attention on the
neutral N2,N2-R,btp derivatives (R=Me, tBu), in which the
lateral tetrazolyl rings of H,btp are alkylated by two methyl or
tert-butyl groups on the farther nitrogen atoms (N2) with
respect to the central pyridyl ring (to make reading easier, the

© 2024 Wiley-VCH GmbH
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N2,N2 prefix will be omitted in the following), leading to 2,6-
bis(2-(methyl)-2H-tetrazol-5-yl)pyridine  (Me,btp)**** or 2,6
bis(2-(tert-butyl)-2H-tetrazol-5-yl)pyridine (tBu,btp), respectively.
By reaction with iron(ll) perchlorate we were aiming at
obtaining the homoleptic hexacoordinated compounds [Fe-
(R,btp-1*>N,N’,N"),](ClO,), analogous to bpp derivatives to study
their magnetic properties, like modulated SCO behaviour given
by the pyrazole-tetrazole substitution, but also the pentacoordi-
nated species [FeCl,(R,btp-k>N,N,N")] by reaction with iron(ll)
chloride, to study their possible activity as valuable catalysts in
analogy to iron(ll) catalysts with 2,6-bis(imino)pyridyl
ligands.?** We discovered a rich reactivity exhibited by these
ligands, highlighting the peculiar effects of both the R groups
and the nature of the anions. In particular, in the case of FeCl,
we obtained the compounds [Fe'(R,btp-k*N,N’,N"),](Fe"Cl,),, R=
Me (1a) and tBu (2a), but also [Fe"(tBu,btp-ic>N,N’,N")(tBu,btp-
kN),(H,0-x0)I(Fe"Cl,), (2b) by modulating the metal:ligand
molar ratio, where the chloride anion is never coordinated to
iron(ll) and partial oxidation to iron(lll) always occurred to the
tetrachloroferrato anions as preferred counterions even working
under inert atmosphere, and revealing also the role of the
substituent R of the ligand. When moving to perchlorate as
iron(ll) salt, we recently reported about the solvent-incorporat-
ing octacoordinated complex [Fe'(Me,btp-ic>N,N’,N"),(CH,CN-
«N)(H,0-x0)](Cl0,),-H,0 (3b-H,0) as solid-state-trapped inter-
mediate in the conversion of the mixed-spin HS-LS species
[Fe"(Me,btp-1c>N,N,N"),](ClO,),- MeCN-2.75H,0
(3a-MeCN-2.75H,0) into [{Fe"(Me,btp-k®N,N’,N"),}{Fe"(Me,btp-
K3N,N’,N”)(MeCN-kN),(H,0-kO)}(ClO,),-MeCN (3a-3c-MeCN).5
Conversely, the  octahedral  complex  [Fe"(tBu,btp-
KKN,N,N"),](ClO,),-4DCM (4a-4DCM) (DCM=CH,Cl,) could be
isolated when working with tBu,btp. The synthetic conditions
and molecular structures of all compounds obtained through
single-crystal X-ray diffraction (SC-XRD) studies will be pre-
sented, together with theoretical calculations for atomic
charges to rationalize the reactivity of R,btp ligands. The
magnetic behaviour of 4a with its solvent-dependent SCO
properties and powder X-ray diffraction experiments for phase
transition will be also reported.

Results and Discussion
Synthesis and X-Ray Crystal Structures of the Ligands

The two ligands Me,btp and tBu,btp could be suitably
synthesized by alkylation of H,btp.*®*” Its reaction with
tBuOH led to the selective alkylation of the tetrazole rings in
the N2 position due to steric hindrance of tBu groups, while
in the case of the reaction with the less-hindered methyl
iodide, mixture of the three N1,N1, N1,N2 and N2,N2 possible
isomers had to be separated by column chromatography, but
the desired N2,N2-Me,btp ligand could be isolated in accept-
able yield.”® We obtained crystals suitable for SC-XRD studies
of both ligands from evaporation of polar solvents and their
molecular structures are depicted in Figure 1. They crystallize
in the monoclinic crystal system, even if in different space

Eur. J. Inorg. Chem. 2024, 27, €202400124 (2 of 10)

a) H3 H;
caeCae”
N; c2. e
NEL o N°5/v LD
94 L
C5 /N2 )
= —
b) Hé s
s
¥ Ca¥C3
g 44
N C1 ®N3
¢ - ® e g
1 N1 N2 '
P =\
: - = (S

Figure 1. X-ray molecular structures of a) Me,btp and b) tBu,btp with atom
numbering used in 'H and *C NMR assignments; colour code: N=blue,
C=grey, H=white.

groups (Table S1). They give rise to peculiar crystal packing in
the solid state according to the different steric occupancy of
methyl vs tert-butyl group. In addition to their different steric
hindrance, the presence of methyl vs tert-butyl groups
imparts a different solubility to the ligands with important
consequences in the reactivity studies highlighted in the
following discussion.

Molecules of Me,btp are not perfectly planar with mutual
rotation between the pyridyl and tetrazolyl least squares (l.s.)
planes of 9.25°. They are aligned in parallel chains along the b
axis forming 2D layers with a net of intermolecular contacts
within the plane involving the methyl group and both the
pyridyl  (C3(H3)--C5=3.785(3)A) and the tetrazolyl
(C5(H5 C)--N3=3.444(3) A) rings. Layers are then packed each
other with an interlayer distance of 3.215 A, where the methyl
group is involved in a short intermolecular contact with the
nitrogen atom of the pyridyl ring (C5(H5B)--N5=3.544(4) A
(Figure S1). Molecules of tBu,btp present a higher planarity with
respect to Me,btp, with one tetrazolyl ring almost coplanar with
the pyridyl ring (rotation angle below 1°) and the second
tetrazolyl ring rotated by 7.07°. Intermolecular contacts involv-
ing C—H of the pyridyl ring in meta position and one tetrazolyl
nitrogen atom contribute to form dimeric units (C4(H4)--N4=
3.376(4) A), which interact each other through another C—H--N
contact involving the tBu groups and another tetrazolyl nitro-
gen atom (C9(H9 A)--N1=3.644(4) A) (Figure S2).

Reaction Conditions and Isolation of Iron(ll) Complexes

Reactions of both ligands with anhydrous FeCl, under inert
atmosphere were performed with both ligand:metal 2:1 and
1:1 molar ratios between R,btp and FeCl, in DCM or
tetrahydrofuran (THF), followed by crystallization from
DCM—Et,0 (Et,O=diethyl ether) in order to obtain crystals
suitable for SC-XRD. In the case of Me,btp, neither the ratio nor

© 2024 Wiley-VCH GmbH

85UB017 SUOWLLIOD A1) 3|qeot [dde au) Aq peuenoB ke Sao1Le YO 38N JO S3INI 10} Aeuqi3u1juO AS]IA UO (SUONIPUOD-PLR-SLLLIBI WO A3 1M Ae1q 11 |UO//SIL) SUORIPUOD PUe SWIB 1 3U) 39S *[7202/60/60] UO Aiqiauliuo A(1Mm ‘Wwewnooq 3 Medid WIS Baly AQ 421001202 21B/200T 0T/I0p/Wod A3 1M Aseiq1jpui|uo adoune-A1s ILsLd//Sany WwoJj papeoiumoqd ‘T ‘vz ‘92890660T



EurJIC

European Journal of Inorganic Chemistry

Research Article

doi.org/10.1002/ejic.202400124

Chemistry

Europe

European Chemical
Societies Publishing

the solvent influences the obtained compound, being always
1a-0.67DCM. When operating with tBu,btp, the 1:1 ratio led to
obtain 2a-0.5Et,0, the octahedral complex analogous to 1a,
while the 2:1 ratio drives the reaction toward 2b, where three
ligands with different coordination modes and one water
molecule surround the iron(ll) centre (see Scheme 1 and below
for crystal structure descriptions). In all cases, the chloride is
never coordinated to iron(ll) even working in the 1:1 ratio, and
half of the iron(ll) ions were inevitably oxidized to iron(lll), and
the driving force of all the reactions can be sought after the
formation of the tetrachloroferrato anion. In fact, this oxidation
was never observed with the anion ClIO, even in the presence
of oxygen (see discussion below). In the case of 2b, the excess
of ligand left after the partial oxidation to FeCl,” could have
also favoured the obtained species, even if we already observed
the delicate energy balance among the coordination of Me,btp
and solvent molecules to iron(ll).5*

We then exchanged the iron(ll) chloride salt with the
perchlorate one to obtain complexes without a paramagnetic
counterion, and being CIO,~ among the most common non-
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coordinating anions used for SCO complexes.”>*® We recently
reported about the solvent-incorporating octacoordinated com-
plex 3b-H,0 as trapped intermediate in the conversion of the
red crystals of the mixed HS/LS derivative 3a into 3a-3c from
the reaction of Me,btp with Fe(ClO,),-6H,0.° Repeating the
reaction with the ligand tBu,btp, we could obtain well-formed
yellow needle-like crystals of 4a-4DCM by slow diffusion of
Et,O into the DCM solution of the complex obtained by reaction
of the ligand with Fe(ClO,),-6H,0 in CH,CN and then evaporat-
ing the solvent and re-dissolving the residue in DCM
(Scheme 1). Noteworthy, the formation of few red crystals could
be observed in solution in the early stages of the crystallization,
but they revealed to be unstable and quickly transform into the
yellow needles upon progressing of the solvent diffusion. Those
red crystals can be speculatively assigned to the initial
formation of a mixed HS/LS derivative analogous to 3a.
Crystallization attempts from liquid diffusion of Et,O into
mixtures of DCM and MeCN in different ratios, till pure MeCN,
did not address the selective formation of red crystals, always
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Scheme 1. Reaction scheme of R,btp ligands with iron(ll) salts.
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leading to mixed red-yellow amorphous solids and colourless
crystals of the free tBu,btp ligand.

The yellow needles of 4a-4DCM quickly faded once
exposed to air due to loss of DCM molecules. The yellow
powder, if not kept in the absence of air, promptly absorbed
humidity from the ambient atmosphere yielding 4a-1.5H,0, as
highlighted by the elemental analysis. In order to confirm the
absorption phenomenon, the water content was also inves-
tigated by TG analysis, which showed a continuous weight loss
of 2.88(1)% from room temperature to about 150 °C (Figure S3).
Losses in low temperature range are usually given by lattice
solvents,” and in this case corresponds to the expected value
of 2.88% for 1.5 molecule of water, in perfect agreement with
the elemental analysis. The dried complex started decomposing

Figure 2. View of the molecular structure of the dication of 1a-0.67DCM;
displacement ellipsoids are at the 30 % probability level; colour code:
Fe=orange, N=Dblue, C and H=white; anions FeCl,”and solvent molecules
omitted for clarity (see Table 1 for distances and angles).

at about 180°C, with an abrupt exothermic step at 200°C
(Figure S3).

X-Ray Crystal Structures of 1a-0.67DCM, 2a-0.5Et,0, 2b and
4a-4DCM

The complexes 1a-0.67DCM, 2a-0.5Et,0 and 2b could be
isolated as well-formed red-orange crystals, while 4a-DCM
crystallizes as long yellow needles. All crystals were suitable for
SC-XRD studies, and their structures are reported in Figures 2, 3,
S4 and S5, together with main bond distances and angles in
Table 1 and Figure 3. The suitable single crystal of 4a-4DCM
needed to be rapidly frozen under the nitrogen stream of the
diffractometer to avoid fading to amorphous powder (see
above), so the crystal structure could be achieved only at 100 K.
Notably, no colour change occurred upon cooling, first hint that
the complex probably remains blocked in its HS state, usually
characterized by the yellow colour.®**@ The crystal structure of
1a-0.67DCM was also determined only at 100 K due to loss of
solvent upon warming toward room temperature, even if the
crystals were less delicate than 4a-4DCM. The ether molecule is
instead stably packed in the crystals of 2a-0.5Et,0 so the
structure could be achieved at 293 K.

1a-0.67DCM, 2a-0.5Et,0 and 4a-4DCM show the coordina-
tion around the iron(ll) ion of two R,btp molecules behaving as
tridentate ligands coordinated in mer fashion, similarly to
complexes with bpp ligands."® The long Fe—N bonds, re, y=
2218 A, in 4a-4DCM confirm that the iron(ll) centre is blocked
in the HS state even at low temperatures, as speculated from
the invariant yellow colour upon freezing at 100K and as
confirmed by the magnetic measurements (see below). The
angles ¢ =161.7(5)° and 6=85.10° also show how the coordi-

Table 1. Coordination distances (A) and angles (°), together with distortion parameters 6 and = (°) of 1a-0.67DCM, 2a-0.5Et,0, and 4a-4DCM.

1a-0.67DCM * 2a-0.5Et,0° 4a-4DCM

(100 K) (293 K) (100 K)

Molecule 1 Molecule 2 ° Molecule 1 Molecule 2
Fe(1)-N(1) 1.946(10) 1.947 2.191(4) 2.180(5) 2.227(13)
Fe(1)-N(5) (py) 1.926(10) 1.937 2.164(4) 2.173(4) 2.184(12)
Fe(1)-N(6) 1.938(9) 1.948 2.147(4) 2.195(4) 2.211(13)
Fe(1)-N(10) 1.938(11) 1.930 2.210(5) 2.177(4) 2.268(14)
Fe(1)-N(14) (py) 1.928(11) 1.940 2.148(5) 2.155(4) 2.196(12)
Fe(1)-N(15) 1.978(12) 1.975 2.206(6) 2.180(5) 2.219(13)
Fee N (tetrazole) 1.951 1.950 2.202 2.183 2.231
TeeN(oy) © 1.927 1.938 2.156 2.164 2.190
N(1)—Fe(1)-N(6) () 160.0(5) 159.3 147.18(17) 145.68(18) 148.4(5)
N(10)—Fe(1)-N(15) (v,) 160.4(5) 160.5 146.8(2) 147.40(18) 146.2(5)
N(5)—Fe(1)-N(14) (¢) 177.6(5) 177.7 155.09(17) 158.21(17) 161.7(5)
0 89.96 - 80.47 83.71 85.10
e 85.3 87.3 157.4 155.1 152.9

parameter.

? two independent cations present within the unit cell; ® esd’s absent due to the structural disorder; < mean Fe—N distance; ¢ dihedral angle between the
two ligands (the plane of each ligand was defined as the least-squares plane through its sixteen aromatic C/N atoms); ¢ see ref.”® for the definition of the
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Figure 3. View of the molecular structure of the dication of 2b; displacement
ellipsoids are at the 30% probability level; colour code: Fe =orange,
N=blue, C and H=white; anions FeCl,~ omitted for clarity. Symmetry
transformation used to generate equivalent atoms: y, x, —z. Main bond
distances (A) and angles (°): Fe(1)-N(1) 2.250(3), Fe(1)-N(5) (py) 2.188(4),
Fe(1)-N(6) (py) 2.244(3), Fe(1)—O(1) 1.993(4), N(1)—-Fe(1)-N(1)_i (y,)
146.49(16), N(6)—Fe(1)-N(6) i (3,) 174.98(16), N(5)—Fe(1)-O(1) (¢) 180.00(7).
H-bond: O(1)-H(101) 0.83(2), H(1)-~N(11) 2.14(3), O(1)--N(11) 2.919(4), O(1)H-
(101)N(11) 156(5).

nation geometry of iron(ll) is strongly distorted and departed
from the perfect octahedron (which would require ¢ =180° and
6=90°), preventing the transition by cooling, as demonstrated
for compounds with bpp ligands."®?? The exchange of counter-
ion from 4a-4DCM (ClIO,) to 2a-0.5Et,0 (FeCl,”) does lead to
an even more distorted coordination of the iron(ll) centre in
2a-0.5Et,0, with slightly shorter ry. y=2.178 A compared to
4a-4DCM, but with more pronounced deviation from octahe-
dron of the angles ¢ =155.09(17)/158.21(17)° and 6=80.47/
83.71°, so as to strongly suggest an invariant HS state at all
temperatures. On the other hand, 1a-0.67DCM clearly shows
distances (1.943/1.946 A) and angles (¢p=177.5(5) and 6=
89.96°) compatible with a LS state, and this suggests how R,btp
ligands are able to host both HS and LS iron(ll) centres
(Figure 4).

Differently from 1a-0.67DCM, 2a-0.5Et,0 and 4a-4DCM,
the [Fe(tBu,btp-ic>N,N’,N")(tBu,btp-kN),(H,0-k0)]*" cation of 2b
contains one tridentate tBu,btp, two monodentate tBu,btp
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(bonded via the N(4) of one of the two tetrazolyl rings) and one
H,O molecule. The iron(ll) centre of the cation is located on a 2-
fold axis and displays a distorted octahedral geometry. An
intramolecular H-bond is present, involving the coordinated
water molecule and the N(11) atom of the second tetrazolyl
ring of the monodentate tBu,btp ligand. The bonding parame-
ters of the tridentate tBu,btp ligand of 2b (Figure 3) are
comparable to those of 2a-0.5Et,0 and 4a-4DCM (Table 1),
and together with the other bond distances led to conclude
that the iron(ll) is blocked in its HS state at 100 K, suggesting
the inability to undergo SCO despite the more regular
octahedral environment due to the weaker ligand field. The
structure of 2b is of great interest when compared to the
reactivity displayed by Me,btp with Fe(ClO,),-6H,0, where we
could isolate the octacoordinated complex 3b-H,O able to
convert into the species [Fe(Me,btp)(MeCN),(H,0)]*" in
solution.® Indeed, 2b confirms the delicate energy balance
among the coordination of R,btp ligands and solvent mole-
cules.

Computational Studies on Ligands and [Fe'"(R,btp),]**
Dications

To rationalize the coordination ability displayed by Me,btp and
tBu,btp, DFT calculations were performed on both the R,btp
ligands and the [Fe'(R,btp),]*" dications. These latter were
placed in both the LS (§=0) and HS (S=2) states to examine
the influence, if any, of the different R-substituent on the
coordination geometry by comparing [Fe"(R,btp),]*" dications
in the same spin state. X-ray information, in fact, cannot be
used to this aim since 1a/3a and 2a/4a adopt LS and HS states,
respectively. X-ray structural data for [Fe(Me,btp),]** dication in
the LS state are available from the 3a-3c-MeCN co-crystal.®*
The optimized geometries of the ligands reproduce within
0.01 A the X-ray ones, while comparison of the [Fe'(R,btp),]**
geometries with those of 1a/3a and 2a/4a in the appropriate
spin state indicates that the optimized Fe—N distances are
slightly longer, on average, by up to 0.03 A especially in the
case of LS, while the comparison is more scattered in the HS
(Table S2). This reflects the effect of neglecting the counterions
in computations, but also how the counterion is critical in
guiding the structural parameters, especially in the HS state."®
Considering, however, that the error is limited, it is possible to

.w:i\g

/e

e
Gr o g
l" - ry

Figure 4. Perspective comparison of the [Fe(R,btp),]** dications in a) 1a-0.67DCM (FeCl,~, 100 K), b) 2a-0.5Et,0 (FeCl,”, 293 K) and c) 4a-4DCM (ClO,", 100 K)
highlighting the distortion of the iron(ll) centres and their LS or HS state; colour code: Fe =orange, N =blue, C=grey; hydrogen atoms, anions and solvent

molecules omitted for clarity.
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get meaningful information on relative distances in the two
dications. Calculations confirm the longer Fe—N(tetrazole) bond
length with respect to the Fe—N(pyridine) one as experimentally
observed in all complexes. Moreover, it is well reproduced the
strong distortion of the S=2 geometries of both compounds
from the regular octahedron.

Intriguingly, when comparing the optimized dications in
the same spin state, the coordination bond lengths are
essentially unvaried in the presence of Me- or tBu-substitu-
ent, indicating no significant effect of such peripheric groups
in the complexes. Moving to the isolated ligands, subtle but
non-negligible differences are noted in the coordinating
tetrazole nitrogen atoms as far as their atomic charges are
considered.*'*? In Table2 we report the atomic natural
charges for all the nitrogen atoms of Me,btp and tBu,btp. We
note that, apart from N(2), the nitrogen atom carrying the
alkyl group, the more significant difference between the two
ligands is found in N(4), the coordinating tetrazole nitrogen
atom. This is slightly more negative in Me,btp with respect to
tBu,btp, denoting a greater tendency of the former to bond
to the iron(ll) ion with respect to the latter. Noteworthy, the
highest negative charge of N(4) compared to N(1) for both
ligands is in agreement with the fact that we have never
observed the coordination of N(1) to iron, but always N(4).
On the other hand, the formation of 2b, instead of 2a, when
we are in excess of tBu,btp ligand, cannot be ascribed to the
greater overcrowding of tBu,btp, since it is possible to obtain
4a. This further strengthen the delicate energy balance
among the coordination of R,btp ligands and solvent
molecules to iron(ll), together with the effect of the counter-
ion stabilizing the overall crystal packing.

Magnetic Properties of 4a

The propensity of crystals of 4a-4DCM to quickly lose the co-
crystallized solvent molecules once outside the mother liquor
led to first measure its static magnetic properties on a sample
of crushed crystals still immersed in the crystallization solvent
into a gas-tight custom-made delrin sample holder.®® The
temperature dependence of the molar magnetic susceptibility,
xm is reported in Figure 5a as yuT vs. T plot. The yyT product
remains almost constant from 300 to 100K to a value of
3.75 emuKmol™, in accordance with a HS iron(ll) centre with a

Table 2. Selected MO06/6-311+G(d) atomic natural charges, q (e), of
Me,btp and tBu,btp.?

Me,btp tBu,btp
N(1) —0.244 —0.258
N(2) —0.019 —0.044
N@3) —0.046 —0.054
N(4) —0.296 -0.277
N(5) (py) —0.429 —0.433

? see atoms labelling in Figure 1.
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Figure 5. Temperature dependence of the y,T product of a) 4a-4DCM and
b) 4a (sample 1 in red and sample 2 in blue) and 4a-1.5H,0 (green profile)
in the 1.8-300 K range. The directions of the arrows indicate cooling and
heating measurements.

significant orbital contribution,” as expected from the struc-

ture of 4a-4DCM with long Fe—N distances and the high
distortion of the octahedral coordination environment at
100 K.2" Upon further cooling, the y,T product keeps diminish-
ing down to 0.78 emuKmol™' at 1.8K due to the selective
population of the HS state, with zero field splitting (zfs) effects
being responsible for the final abrupt yuT drop at very low
temperature.

A sample of 4a-4DCM was then pumped under vacuum for
several hours to remove all the co-crystallized DCM, leading to
unsolvated 4a as yellow powder. The yuT vs. T plot changed
completely (red profile in Figure 5b, sample 1) and upon
cooling from room temperature a partial spin change of about
60% of the iron(ll) centres occurs at T, =187K, with
stabilization around 100 K at 1.61 emuKmol™". This yuT product
remains almost constant down to 50 K, where the final drop
due to zfs effects starts till reaching 0.65 emuKmol™ at 1.8 K.
While heating up back to room temperature, we can observe
the opening of an irregular hysteresis loop with at least three
different steps (tentatively global T,,; =206 K). The measure-
ment was then repeated on a new sample of 4a keeping the
lowest possible contact with air after vacuum pumping (blue
profile in Figure 5b, sample 2). Again we can observe the spin
transition at T,, =194 K with a plateau at 1.40 emuKmol™
around 150 K, symptom that this time about two third of the
iron(ll) centres go to the LS state, and upon further cooling
below 150 K a new spin transition step occurs at T, =135K,
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reaching a value of 0.43 emuKmol™" below 120 K due to about
the 90% of iron(ll) centres now stabilized in the LS state while
the remaining 10% is frozen in the HS state. As before, a final
drop below 25K occurs for zfs anisotropy. When heating up,
both spin transition steps observed upon cooling give rise to
hysteresis loops, a narrow one of only 2K with T',,=137K,
and the largest one of 23 K with T,,,;,=217 K. These measure-
ments highlight the dependence of the spin transition on the
exposure to air of the unsolvated 4a, and how sample 1 might
have suffered of air-contact with some incorporation of
humidity, but also how the absence of DCM molecules within
the crystal lattice modify the surrounding of the dicationic units
[Fe(tBu,btp),]*" so as to allow to the rearrangement of the
coordination environment around the iron(ll) centres and give
rise to the SCO phenomenon.

The previous sample 2 of unsolvated 4a was left undis-
turbed to ambient conditions for few hours to test the effect of
the air, and then the magnetic measurements were repeated.
The yuT vs. T profile changes again, with the hysteresis loop still
present but with lower cooperativity and only 50% of the
iron(ll) undergoes spin transition around 200 K. The elemental
analysis and TG measurements of 4a exposed to air already
suggest the absorption of water leading to 4a-1.5H,0, that
probably go to occupy crystal lattice positions that block half
iron(ll) centres in the HS state once the first half undergoes spin
transition to LS state with consequent coordination rearrange-
ment, in perfect parallelism with his congener from reaction of
Me,btp and iron(ll) perchlorate.”

Powder X-Ray Diffraction Experiments

High-resolution powder X-ray diffraction (HR-PXRD) experi-
ments with Synchrotron radiation were performed on the
different solvates of 4a to rationalize the structural changes
(see Experimental section in the ESI for details). The solvated
sample 4a-4DCM could not be satisfactorily analysed, due to
the moving of the crystals into the mother liquor with a low
amount of crystals exposed to the X-ray beam. The compound
suffered of decomposition at temperatures higher than 210 K,
as clearly detectable from the rapid disappearance of diffraction
peaks by time and the presence of black spots inside the
capillary in correspondence of the incident beam. At 210 and
100 K, samples can instead sufficiently survive for the time
necessary for the complete HR experiments thus allowing to
register reasonable diffraction patterns with peaks at 26 lower
than 18° (Figure 6), while the bump visible at around 17° of 26
is due to the capillary.

Comparing the patterns at 100 and 210 K, for dry sample 4a
some subtle but clear changes are evidenced. The difference in
positions, shapes, and numbers of peaks highlights the
occurring of the structural change upon spin transition from HS
(210 K) to LS (100 K). On the contrary for the hydrated sample
the high and low T spectra are practically identical (with only a
slight shift of the peaks caused by the temperature change and
consequent contraction of the unit cell at 100 K compared to
210 K), meaning that it is probably blocked in the HS state.
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Figure 6. PXRD spectra in the 4.0-17.5° range of 26 of a) dry and b) hydrated
samples of 4a measured at 100 (black line) and 210 (red line) K.

Unfortunately, the small number of diffraction peaks did not
allow structural determination, but from a qualitative point of
view the spectra of the dry and hydrated samples show
significant differences, indicating that the structure and the
crystal packing of the iron(ll) complexes are different, support-
ing the observed different magnetic behaviour.

Conclusions

The reactivity of R,btp ligands toward iron(ll) salts has been
here valorised looking for new SCO active complexes or
catalytic species, revealing how the expectations can be some-
times constructively disillusioned. In fact, the chloride anion
was never retained as ligand on the metal centre, and the R,btp
seems to have a higher affinity toward iron(ll). The different R
groups, in combination with the anion, show also a prominent
effect in selecting the isolated species, going from the
complexes with two mer-coordinated tridentate ligands 1a, 2a
and 4a, to the more ‘exotic’ species 2b with mono- and tri-
dentate ligands and one coordinated water molecule, strength-
ening the delicate energy balance among the coordination of
R,btp and solvent molecules to iron(ll). These ligands are then a
surprise for their variegate reactivity, and the stabilization of
different species can be exploited for potential future applica-
tions. Furthermore, to the best of our knowledge, 4a is the first
iron(ll) complex with this kind of ligands able to undergo SCO,
so we are aiming to further explore these systems to better
understand the peculiarities conferred by the peripheral
tetrazolyl rings.
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Experimental Section

General Information

All reagents and solvents were of reagent grade and used as
received. Petroleum ether (PE) was the fraction with boiling range
40-60°C. Elemental analyses were recorded using a Carlo Erba
EA1110 CHNS—O automatic analyser. 'H and "*C NMR spectra were
recorded at 298 K on Varian Mercury Plus VX400 ('H, 399.9; "*C,
100.6 MHz) spectrometer. Proton and carbon chemical shifts are
given in parts per million (ppm) versus external TMS and were
determined by reference to the solvent residual signals ("H NMR:
7.26 ppm, *C NMR: 77.0 ppm for CHCl,); coupling constants are
given in Hz. Infrared spectra were recorded as KBr discs using a
Jasco FTIR-4700LE spectrophotometer with a 2 cm™' resolution, or
as ATR spectra using the previous instrument or a Perkin Elmer
FTIR-IRL1600300 equipped with a diamond tip for solids and
maintaining the same resolution; bands are reported as wave-
numbers (cm™') together with the assignment and relative intensity
(vs=very strong, s=strong, m=medium, w=weak, br=broad).
Thermogravimetric (TG) analysis was performed with a Seiko SSC
5200 Instrument coupled with a TG/DTA 320 U module in static air,
by using a Pt crucible, from room temperature up to 400°C with a
heating rate of 5°Cmin~". H,btp®?*! and Me,btp"®® were synthe-
sized as previously reported. Details on X-ray crystal structure
determinations (Table S1), powder X-ray diffraction, magnetic
measurements and theoretical calculations are given in the
Supporting Information (SI).

Synthesis of tBu,btp

This ligand was synthesized by adapting a methodology reported
in the literature.”” H,btp (0.500 g, 2.32 mmol) was dissolved in
tBUOH (25 mL, 263 mmol) and CF;COOH (3 mL) and H,SO, 96% m/
m (3 mL) were added. The reaction mixture was left under stirring
at room temperature for 24 h, during which the colour changed
from dark brown to yellow, and then it was poured into water
(50 mL). Aqueous NaOH 0.5 molL™' was added till pH >12, the
mixture was extracted with DCM (3x20 mL), the organic phase
treated with MgSO, and then taken to dryness, obtaining the ligand
as a white powder. Yield: 0.304 g, 40%. Anal. (%) calcd for C;sH,;N,
(327.39): C 55.03, H 6.47, N 38.50. Found: C 54.87, H 6.56, N 38.45.
'H NMR (399.9 MHz, 298 K, CDCl;): 6 (ppm) 8.35 (d, J4y=8.0 Hz, 2H,
H3), 8.04 (t J,;=8.0Hz, 1H, H4), 1.85 (s, 18H, CH;). *C NMR
(100.6 MHz, 298 K, CDCly): 6 (ppm) 163.70 (C1), 145.31 (C2), 138.73
(C4), 123.51 (C3), 64.58 (C5), 31.74 (CH;). FT-IR (ATR, cm™'): 3096 w +
2992 m+2938 w (vC—H), 1598 m+ 1580 m (vC=N), 1413 5+1362 m
(0C—H, tBu).

Synthesis of [Fe(Me,btp-k*N,N',N"),](FeCl,), (1a)

This reaction was conducted under argon atmosphere, using
standard Schlenk technique. Anhydrous FeCl, (5.0 mg, 0.040 mmol)
and Me,btp (19.4 mg, 0.0797 mmol) were dissolved in THF (4 mL)
and the reaction mixture was stirred for 1 h at room temperature.
The solvent was then removed under reduced pressure and the
solid residue was dissolved in DCM (4 mL) and stratified with Et,0
(12 mL). At complete diffusion, the title compound was obtained as
red-orange prisms of 1a-0.67DCM suitable for SC-XRD. Yield:
11.2mg, 59.8%. The reaction was conducted under the same
conditions with FeCl, (5.2 mg, 0.041 mmol) and Me,btp (10.1 mg,
0.0416 mmol) always obtaining 1a-0.67DCM. Yield: 10.2 mg, 53.4%.
Anal. (%) calcd for CygHqsClsFesN, g (937.62): C 23.06, H 1.94, N 26.89.
Found: C 22.95, H 1.86, N 26.73. FT-IR (ATR, cm™"): 1616 m (vC=N),
1424 s+ 1362 m (0C—H, Me).

Eur. J. Inorg. Chem. 2024, 27, €202400124 (8 of 10)

Synthesis of [Fe(tBu,btp-k*N,N’,N"),l(FeCl,), (2a)

This reaction was conducted under argon atmosphere, using
standard Schlenk technique. Anhydrous FeCl, (9.5 mg, 0.075 mmol)
and tBu,btp (25.1 mg, 0.077 mmol) were dissolved in THF (4 mL)
and the reaction mixture was stirred overnight at room temper-
ature. The solvent was then removed under reduced pressure and
the solid residue was dissolved in DCM (4 mL) and stratified with
Et,O (12mL). At complete diffusion, the title compound was
obtained as orange prisms of 2a-0.5Et,O suitable for SC-XRD. Yield:
24.7 mg, 57.7%. Anal (%) calcd for CyoH,,ClgFe;N;g (1142.99): C
32.58, H 3.83, N 22.80. Found: C 33.01, H 3.98, N 22.54. FT-IR (ATR,
cm™): 2985 m +2941 w (vC—H), 1606 m + 1588 m (vC=N), 1461 m +
1370 m (6C—H, tBu).

Synthesis of [Fe(tBu,btp->N,N’,N”)(tBu,btp-kN),(H,0-
¥O0)1(FeCl,), (2b)

This reaction was conducted under argon atmosphere, using
standard Schlenk technique. Anhydrous FeCl, (5.2 mg, 0.041 mmol)
and tBu,btp (26.9 mg, 0.0822 mmol) were dissolved in DCM (3 mL)
and the reaction mixture was stirred for 1 h at room temperature.
The deep orange solution was then stratified with Et,0 (9 mL) and
the title compound was obtained as yellow-orange plates suitable
for SC-XRD at complete diffusion. Yield: 15.9 mg, 53.2%. Anal. (%)
caled for Cu5HgsClsFesN,,0 (1451.32): C 37.24, H 4.51, N 26.06. Found:
C 37.15, H 453, N 26.12. FT-IR (ATR, cm™): 3335 br (vO—H, H,0),
2986 m+2938w (vC—H), 1604 m+1585m (vC=N), 1461 m-+
1371 m (6C—H, tBu).

Synthesis of [Fe(tBu,btp-k*N,N’,N"),1(ClO,), (4a)

Solid Fe(ClO,),-6H,0 (19.5 mg, 0.0765 mmol) was added to a
colourless solution of tBu,btp (50.1 mg, 0.153 mmol) in acetonitrile
(CH;CN) (6 mL) obtaining a colour change to light yellow. The
reaction mixture was stirred for 30 mins and then the solvent was
evaporated yielding a yellow solid, which was dissolved with DCM
(6 mL). The obtained yellow solution was stratified with Et,0
(24 mL) and left to slow diffusion for one week yielding the title
compound as well-formed pale-yellow needles of 4a-4DCM
suitable for SC-XRD. Once removed from the mother liquor, crystals
quickly faded to a light-yellow powder due to loss of DCM. Yield:
520mg, 72%. Anal. (%) calcd for CyH,ClFeN;qOg-1.5H,0,
4a-1.5H,0 (936.56): C 38.47, H 4.84, N 26.97. Found: C 38.25, H 4.94,
N 26.98. A batch of yellow powder was weighed (3.521 mg) and
then inserted into the Pt crucible of the TG instrument. The analysis
gave the following weight losses: 2.88 (20-140°C), 91.72 (180-
220°C) (Figure S3). FT-IR (KBr, cm™"): 3407 br (vO—H,H,0), 2992 m +
2939w (vC—H), 1620 m (vC=N), 1463 m+1373 m (60C—H, tBu),
1100 vs (vClO,).

Supporting Information

Experimental Section (cont.); crystallographic and refinement
data for Me,btp, tBu,btp, 1a-0.67DCM, 2a-0.5Et,0, 2b and
4a-4DCM (Table S1); Crystal packing of Me,btp and tBu,btp
(Figures S1 and S2); Thermogravimetric analysis of 4a-1.5H,0
from RT up to 400°C (Figure S3); View of the molecular
structure of the dications of 2a-0.5Et,0 and 4a-4DCM
(Figures S4 and S5); M06/6-311 + G(d) coordination distances
(A) and angles (°), together with the distortion parameter 6
(°) of [Fe'(Me,btp),]*" and [Fe'(tBu,btp),]*" dications in LS
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(§=0) and HS (S=2) states (Table S2). Deposition numbers
2333079  (Me,btp), 2334366  (tBu,btp), 2333080
(1a-0.67DCM), 2333109 (2a-0.5Et,0), 2333081 (2b), 2333082
(4a-4DCM) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre https://www.
ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.
202400124 and Fachinformationszentrum Karlsruhe http://
www.ccdc.cam.ac.uk/structures.
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