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Gradual spin crossover behavior encompasing
room temperature in an iron(i) complex based
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In this paper, we report the synthesis of six novel triazole-based heteroscorpionate ligands based on het-
erocycle metathesis reactions and their iron(i) complexes. Single crystal structure analyses were per-
formed, the spectroscopic and magnetic properties of the obtained complexes were studied and their
spin crossover—structural relationships were compared to those obtained for their pyrazole-based ana-
logues reported in the literature. In particular, the amino derivative complex bis[hydrobis(pyrazol-1-yl)(3-
amino-1,2,4-triazol-1-yl)liron() obtained by post-synthetic catalytic nitro-group reduction under
pressure of hydrogen in an autoclave presents a scarce gradual spin crossover behavior at room tempera-
ture. The profile of the SCO curve can be explained by the presence of only relatively weak H bonds,

Received 6th August 2024,
Accepted 25th September 2024

DOI: 10.1039/d4dt02244k

spreading only in one dimension. Among the interesting spin transition behaviors observed for the
different complexes, such stable, complete and gradual spin crossover at room temperature makes this
neutral complex a good candidate for sublimation and future investigation as an active element notably

rsc.li/dalton for thermoreflectance-based surface microthermometry applications.

Open Access Article. Published on 27 septembris 2024. Downloaded on 23.05.2026 21:25:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Introduction

The spin crossover (SCO) phenomenon refers to a change in
the spin state of first-row transition metal complexes with
central ion electronic configurations of d*-d” induced by exter-
nal stimuli that include temperature, pressure, light or mag-
netic field." The phenomenon typically occurs in complexes
with an octahedral ligand field and is most abundant for the
electronic configuration d® where iron(n) complexes are preva-
lent examples. One of the objectives to better integrate these
materials into devices for real applications is to develop (thin)
films.”> Over decades of research, various techniques
to obtain such films have been developed, which include
the Langmuir-Blodgett technique,®” spin coating,*® drop
casting,'® surface layer-by-layer assembly,""'* vacuum deposi-
tion,"*'* etc.* The vast majority of applications involving thin
films require high quality, purity and homogeneity of the film.
To fulfil these criteria, thermal vacuum deposition serves as a
powerful means.">"® Currently, only a limited number of SCO
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complexes are known to be capable of being deposited by this
technique.>?° Such a limited range of spin crossover com-
pounds suitable for vacuum deposition can be explained by
the fact that the compound candidates for thermal vacuum
evaporation should be prone to sublimation and thus meet
certain criteria, such as relatively low molecular weight, charge
neutrality, a discrete structure and the absence of solvent or
other guest molecules in their crystal lattice. However, the cat-
ionic iron(m) complex [Fe(pap),]ClO4H,O (pap = N-2-pyridyl-
methylidene-2-hydroxyphenylaminato) is the only exception to
this rule.’® Heteroleptic Fe'" complexes [Fe(H,B(pz),),phen],
[Fe(H,B(pz),).bpy] (pz = pyrazol-1-yl; phen = 1,10-phenanthro-
line; and bpy = 2,2"-bipyridine) and some of their derivatives
substituted at the phen or bpy cores and [Fe(pypyr
(CFs3),),phen] (pypyr = 2-(2-pyridyl)pyrrolide) can undergo
surface-induced fragmentation to [FeL,] or [FeL]" (L = H,B(pz),
or pypyr respectively) and phen (bpy) on certain metallic sub-
strates at monolayer and sub-monolayer coverages.*** In con-
trast, homoleptic iron(u) complexes with scorpionate-type tri-
podal hydrotris(azol-1-yl)borate ligands®® do not dissociate on
surfaces and can represent a stable alternative to their hetero-
leptic counterparts.>*

The majority of applications require materials that switch
around or above room temperature with or without a hysteresis
loop.>® Among the sublimable SCO complexes, only a few are
known to undergo spin crossover above room temperature in
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both bulk and thin-film states; those include [Fe(pypyr
(CF;),),phen],*® [Fe(HB(pz)s).],>*” [Fe(HB(1,2,3-tz)3),]*>*% and
[Fe(HB(1,2,4-tz)3),]."**° It is noteworthy that the latter three
belong to the scorpionate family of complexes. The tempera-
ture of spin transition Ty, for Fe-pypyr thin films (~330 K) is
nearly 60 K lower compared to the bulk substance (390 K),
while the other three compounds show comparable SCO pro-
perties in bulk and thin film forms (74, ~ 393 K, 373 K and
335 K for the pyrazolyl, 1,2,3-triazolyl and 1,2,4-triazolyl deriva-
tives, respectively). The properties of [Fe(HB(1,2,4-tz);),] thin
films were investigated in the 20-200 nm thickness range. It
was found that the considered films are of high quality and
show unprecedented endurance towards thermal cycling with-
standing over 10 million heating-cooling cycles while remain-
ing intact.**

Such an outstanding stability of the films makes them
appropriate materials to elaborate miscellaneous functional
devices for photonics, molecular electronics, actuators,
sensors and temperature damping.>**°** In particular, ther-
mometry based on thermoreflectance allows high thermal and
temporal resolution and provides the possibility to perform
both qualitative and quantitative measurements. Despite the
advantages that an abrupt spin transition can offer for thermo-
metry, it does not allow for continuous real-time temperature
monitoring enabled by a gradual transition. The issue was
addressed by the use of a coating of the SCO [Fe(HB(1,2,3-
tz)3),] complex.>

Recent work of several research groups has reported a
potential extension to the family of sublimable spin crossover
compounds switching their spin states above room
temperature.*>*” The reported compounds belong to the class
of heteroscorpionates. Unlike common (homo)scorpionates, in
heteroscorpionates the N-donor azol-1-yl rings are not identi-
cal.>® Flototto et al. have developed a synthetic path to access
new iron(u) heteroscorpionates, which involves the exchange of
the pyrazole ring for a 4-nitropyrazole in the initial [HB(pz);]”
ligand driven by the difference in the pK, of the heterocycles.*®
They have successfully demonstrated that by controlling the
temperature and stoichiometry, it is possible to selectively sub-
stitute one to all three pyrazol-1-yl moieties in the anionic
ligand with their nitro counterpart. Moreover, the suscepti-
bility of the NO, group to reduction offers a route to post-
modification of the complexes. Using the above-discussed
reaction of pyrazole exchange with 3(5)-nitro- and 4-nitropyra-
zoles, Ma et al. have complemented the library of nitro- and
amino-decorated iron(n) hydrotris(pyrazol-1-yl)borates.*® They
have shown that the occurrence of SCO behavior in the result-
ing complexes depends on steric and electronic factors deter-
mined by the substituent position of the pyrazole ring, its
steric demands and electronic properties. Desrochers et al.
used the reaction of heterocycle metathesis to replace one 3,5-
dimethylpyrazole ring in the [HB(3,5-Me,pz);]~ ligand with
benzotriazole (btz) to obtain the first ferrous heteroazolyl het-
eroscorpionate [Fe(HB(3,5-Me,pz),(btz),),].*” As synthesized,
the substance constitutes a mixture of cis- and trans-isomers
separable by column chromatography. Both isomers display
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spin state changes in the high temperature region (Ty, =
385 K for the cis-isomer and Ty, ~ 372 K for the trans-isomer).
Thus, a range of evaporable spin crossover complexes have
been synthesized up to date; however, this domain of research
is still on the rise and requires the development of new SCO
coordination compounds and their thin-film materials. The
present work concerns the synthesis of novel triazole-based
heteroazolyl heteroscorpionate ligands and their iron(u) com-
plexes. Their structure, physico-chemical properties and mag-
netic behavior were analyzed and compared to those obtained
for their pyrazole-based analogues reported in the literature.

Experimental section
Techniques and methods

IR spectra were recorded on a PerkinElmer FT-IR Frontier
MIR/FIR spectrometer, using a diamond ATR (Attenuated Total
Reflection). NMR spectra were recorded with a Bruker Avance
III 400 (400 MHz) at 298 K using deuterated solvents CD;0D
and CD,Cl,. The chemical shifts, §, for 'H, *C and ''B NMR
are expressed in ppm. "B NMR spectra were recorded using
BF;-OEt, as an external reference. Elemental analyses (for C, H
and N) were performed using a PerkinElmer 2400 Series II
instrument. Single-crystal X-ray diffraction analysis for
"Bu,NL' was performed on a Rigaku Gemini Ultra diffract-
ometer using graphite-monochromated Cu-Ka radiation (4 =
1.54184 A). The single crystal of the trans-isomer complex 3
was analyzed on a Bruker Kappa Apex II diffractometer
equipped with a 30 W air-cooled microfocus source using
MoKa radiation (1 = 0.71073 A). Suitable single crystals of the
cis-isomer complexes 3 and 5 were analyzed using a Rigaku
XtaLAB Synergy Dualflex diffractometer equipped with a
PhotonJet X-ray source (Cu, A = 1.54184 A). Data were collected
between 100 and 393 K; all diffractometers are equipped with
an Oxford Instrument Cooler Device. The structures have been
solved using the new dual-space algorithm program SHELXT*®
and refined by means of least-squares procedures either using
the SHELXL-2018 *® program included in the software package
WinGX*® version 1.639 or with the aid of the program
CRYSTALS.”® The atomic scattering factors were taken from
the International Tables for X-Ray Crystallography.>® Hydrogen
atoms were placed geometrically and refined using a riding
model. All non-hydrogen atoms were anisotropically refined.
Ellipsoid plots in the figures of the Crystallography section
were generated using ORTEP-3 software.’® The crystal struc-
tures have been deposited at the Cambridge Crystallographic
Data Centre and allocated the deposition numbers CCDC
2370860-2370867.1 X-ray powder diffractograms for complexes
4 and 6 were recorded on capillaries, on a Rigaku Smartlab
Powder Diffractometer using a Cu source (Axqs = 1.54056 A)
and a high energy linear detector (D Tex Ultra 250 from
Rigaku). CCDC 2370860-2370867.1 The diffractometer was
used in a theta/theta configuration with multilayer mirror
optics (CBO series for Smartlab). Data were recorded with 26
between 5 and 70° or 5 and 50° (step: 0.01° or 0.02°). Variable-
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temperature magnetic susceptibility data for complexes 2 and
3 were obtained in the 4-300 K range, at cooling and heating
rates of 2 K min™" under a field of 1 kOe using a Quantum
Design MPMS magnetometer. For complexes 4-7, the data
were acquired in the 4-400 K range on a Quantum Design
MPMS3 SQUID magnetometer using the same parameters.
>’Fe Mossbauer spectra were recorded using a conventional
constant-acceleration-type spectrometer equipped with a
50 mCi *’Co source and a liquid nitrogen cryostat. Least-
squares fitting of the Mdssbauer spectra was carried out with
the assumption of Lorentzian line shapes using Recoil
software.>

Syntheses of ligands and complexes

If not specified otherwise, all reactants and reagents used in
this study were procured from commercial suppliers and
employed as received. A solvent purification system PS-MD-5
(Inert Corporation, USA) was used to provide dry air-free di-
chloromethane for the synthesis of iron(u) complexes 1-4. The
synthesis of KTp was performed according to the procedure
developed by Trofimenko,”* with modifications specified in
the respective protocol below. "Bu,NTp was synthesized
according to the literature protocol.>® All the ligands are poorly
soluble in water, but soluble in alcohols, DCM and aprotic
polar organic solvents, in particular, tetrahydrofuran (THF),
acetonitrile and acetone.

Potassium hydrotris( pyrazol-1-yl)borate (KTp). The stepwise
heating of a KBH, (2.07 g, 38 mmol) and pyrazole (10.39 g,
153 mmol) powder mixture to 195 °C was performed according
to the protocol reported by Trofimenko.>* After around 3 h of
heating under vigorous stirring of the formed melt, the hydro-
gen evolution ceased. Then the mixture was cooled down to
150 °C and stirred overnight at this temperature. Afterwards,
the temperature was raised to 195 °C once again and the melt
was vigorously stirred for another 3 h, after which it was
cooled down to 65 °C. Once this temperature was reached,
30 ml of hot diethyl ether was added and the resulting mixture
was stirred for 5 min. The white precipitate formed was fil-
tered, thoroughly washed with hot ether and dried in air to
yield 7.50 g of the product appearing as a white powder. Yield:
78%. 'H NMR (400 MHz, CD;0D) § 7.51 (d, J = 2.0 Hz, 3H),
7.15 (d, J = 2.0 Hz, 3H), 6.15 (t, J = 2.0 Hz, 3H); ''B NMR
(128 MHz, CD;0D) § —1.15 (d).

n-Tetrabutylammonium (3-nitro-1,2,4-triazol-1-yl)di( pyrazol-
1-yl)hydroborate (“Bu,NL"). "Bu,NTp (1.99 g, 4.39 mmol) and
3-nitro-1,2,4-triazole (0.50 g, 4.39 mmol) powders were mixed
in a Schlenk tube equipped with a magnetic stirring bar and
an air-cooled distillation condenser connected to a receiving
flask. Then, reduced pressure in the setup was created using a
vacuum pump. Afterwards, the setup was sealed under
reduced pressure. The bottom of the Schlenk tube was
immersed in an oil bath resting on a magnetic stirring and
heating plate. Then, the reaction mixture was heated at 100 °C
under stirring for 2 h. The solid mixture started to melt at
90 °C. Condensation of crystalline pyrazole on the cooler parts
of the tube walls was observed under these conditions. The de-
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posited pyrazole was distilled under vacuum every 1 h. A crude
oily product is obtained as a result. The temperature was
reduced then to 75 °C, and water (20 mL) was added to the
crude product and the obtained mixture was stirred at this
temperature for 5 min. Then the stirring was stopped and the
mixture was cooled to room temperature. The oily product col-
lected at the bottom of the tube and on the walls. The aqueous
phase was removed by decantation and the residue was dried
in a vacuum, yielding 1.68 g of the product as a clear yellow
oil. Yield: 76%. Single crystals, suitable for X-ray diffraction,
formed in the crude product left overnight at room tempera-
ture. IR (neat, cm™'): 2963m, 2937w, 2877w, 2460w (v(B-H)),
1526m, 1540m, 1492s, 1474s, 1384vs, 1298vs, 1165s, 1109m,
1080m, 1030m; ‘H NMR (400 MHz, CD,Cl,) 6 7.93 (s, 1H),
7.56-7.54 (m, 4H), 6.18 (t, J = 2.2, 2H), 4.79 (q, Jup = 144 Hz,
1H), 3.10-3.01 (m, 8H), 1.62-1.49 (m, 8H), 1.43-1.29 (m, 8H),
0.97 (t,J = 7.3 Hz, 12H); >*C NMR (101 MHz, CD,Cl,) § 152.39,
149.11, 140.39, 134.16, 104.26, 59.05, 24.14, 19.98, 13.69; ''B
NMR (128 MHz, CD,Cl,) 6 —1.57 (d); C,4HuBNoO, (M =
501.49). Anal. calc.: C, 57.48; H, 8.84; N, 25.14%. Found: C,
57.39; H, 8.88; N, 25.27%.

n-Tetrabutylammonium bis(3-nitro-1,2,4-triazol-1-yl)( pyrazol-
1-yl)hydroborate ("Bu,NL?). The same setup as in the case of
"Bu,NL” was used and the procedure was similar, with differ-
ences in stoichiometry and temperature. Thus, "Bu,NTp
(1.00 g, 2.20 mmol) and 3-nitro-1,2,4-triazole (0.50 g,
4.39 mmol) were heated at 130 °C under stirring for 3 h.
Pyrazole was distilled off every 1 h. The purification step of stir-
ring the crude product in water was carried out as described in
the previous protocol. The product appeared as a viscous clear
dark-yellow oil. 1 g. Yield: 83%. IR (neat, cm™"): 2964m, 2936w,
2876w, 2472w (v(B-H)), 1541s, 1494s, 1413m, 1384m, 1297vs,
1167s, 1104m, 1024m; '"H NMR (400 MHz, CD,Cl,) § 8.20 (s,
2H), 7.72 (d, J = 2.2 Hz, 1H), 7.65 (d, J = 2.2 Hz, 1H), 6.26 (d, J =
2.2 Hz, 1H), 4.79 (q, Jup = 143 Hz, 1H), 3.21-3.05 (m, 8H), 1.62
(p,J = 7.3 Hz, 8H), 1.38 (h, J = 7.3 Hz, 8H), 0.97 (t, ] = 7.3 Hz,
12H); *C NMR (101 MHz, CD,Cl,) § 149.54, 148.35, 141.64,
135.34, 105.10, 59.30, 24.15, 20.02, 13.63; 'B NMR (128 MHz,
CD,Cl,) 6 —2.30 (d); C3H,4,BN;;,0,4 (M = 547.47). Anal. calc.: C,
50.46; H, 7.73; N, 28.14%. Found: C, 50.47; H, 7.88; N, 28.35%.

The CN-bearing derivatives of L* and L* were obtained fol-
lowing the same protocols as for their nitro-featured counter-
parts using 3-cyano-1,2,4-triazole instead of 3-nitro-1,2,4-
triazole.

n-Tetrabutylammonium (3-cyano-1,2,4-triazol-1-yl)di(-pyrazol-
1-yl)hydroborate ("Bu,NL?). Clear colorless oily product. Yield:
69%. IR (neat, cm™): 2963m, 2937w, 2876w, 2455w (v(B-H)),
2245w (1(C=N)), 1500w, 1470s, 1413w, 1384s, 1291s, 1161vs,
1107vs, 1096vs, 1034vs; "H NMR (400 MHz, CD,Cl,) & 7.99 (s,
1H), 7.52 (d, J = 2.1 Hz, 2H), 7.50 (d, J = 2.1 Hz, 2H), 6.16 (t, ] =
2.1, 2H), 4.78 (q, Jug = 138 Hz, 1H), 3.10-2.93 (m, 8H),
1.61-1.49 (m, 8H), 1.44-1.30 (m, 8H), 0.99 (t, J = 7.3 Hz, 12H);
3C NMR (101 MHz, CD,Cl,) & 149.35, 140.28, 139.29, 134.12,
114.61, 104.20, 59.10, 24.19, 20.03, 13.72. "'B NMR (128 MHz,
CD,Cl,) 6 —1.66 (d); C,5H44BNo (M = 481.50). Anal. calc.: C,
62.36; H, 9.21; N, 26.18%. Found: C, 62.70; H, 9.52; N, 26.09%.
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n-Tetrabutylammonium bis(3-cyano-1,2,4-triazol-1-yl)
(pyrazol-1-yl)hydroborate (“Bu,NL*). Colorless clear oil. Yield:
94%. IR (neat, cm™'): 2964m, 2937w, 2877w, 2476w (v(B-H)),
2247w (1(C=N)), 1506w, 1470s, 1415w, 1386m, 1315s, 1166vs,
1104s, 1030vs; 'H NMR (400 MHz, CD,Cl,) & 8.19 (s, 2H), 7.65
(d, J = 2.2 Hz, 1H), 7.60 (d, J = 2.2 Hz, 1H), 6.23 (t, ] = 2.2 Hz,
1H), 4.77 (q, Jus = 142 Hz, 1H), 3.15-3.03 (m, 8H), 1.67-1.52
(m, 8H), 1.45-1.31 (m, 8H), 0.98 (t, J = 7.3 Hz, 12H); *C NMR
(101 MHz, CD,Cl,) 6 149.58, 141.27, 139.81, 134.96, 114.22,
104.91, 59.32, 24.17, 20.02, 13.66; 'B NMR (128 MHz, CD,Cl,)
5 —2.59 (d); C,5H4,BN;, (M = 507.50). Anal. calc.: C, 59.17; H,
8.34; N, 30.36%. Found: C, 59.40; H, 8.33; N, 30.40%.

The synthesis of the iron(u) complexes 2-5 was carried out
under an argon atmosphere using common anaerobic Schlenk
techniques. The reduction of the nitro-derived complexes 2
and 3 was conducted in a 50 ml autoclave (Autoclave-Maxitech,
France) pressurized with hydrogen gas. Synthetic procedures
to access iron(u) complexes with ligands L'-L* were conducted
as follows.

Bis[hydrobis( pyrazol-1-yl)(3-nitro-1,2,4-triazol-1-yl)Jiron(u)
[Fe(L"),] (1). To a solution of "Bu,NL" (1.60 g, 3.20 mmol) in
dry air-free DCM (95 mL), FeCl,-4H,0 (0.32 g, 1.60 mmol) was
added under argon. The solution gradually turned dark pink
following the FeCl, consumption. After vigorous stirring for
1 h at room temperature, the solvent was removed under
reduced pressure, and the remaining residue was suspended
in water (60 mL). The formed precipitate was filtered,
thoroughly washed with water and dried in air to afford 0.76 g
of a brick-red powder of the product. Yield: 83%. The com-
pound is insoluble in water, poorly soluble in alcohols, and
soluble in DCM, THF and acetone. IR (neat, cm™'): 3116w,
2487w (v(B-H)), 1552m, 1501s, 1402m, 1307s, 1167s, 1050s;
C16H16B,FeN, 0, (M = 573.88). Anal. calc.: C, 33.49; H, 2.81; N,
39.05%. Found: C, 33.20; H, 2.61; N, 38.88%.

Bis[hydrobis(3-nitro-1,2,4-triazol-1-yl)( pyrazol-1-yl)Jiron(u)
[Fe(L?),] (2). The synthetic procedure for this compound is the
same as for 1; however, the isolation of the product was
carried out differently. Thus, to a solution of "Bu,NL” (0.88 g,
1.61 mmol) in dry air-free DCM (50 mL), FeCl,-4H,0 (0.16 g,
0.80 mmol) was added under argon. After vigorous stirring for
1 h at room temperature, the solvent was removed under
vacuum. The residue was suspended in a minimal amount of
ethanol. The formed precipitate was filtered, washed with cold
EtOH and air-dried to afford 0.35 g of product as a yellow
powder. Its solubility properties are similar to those of 2;
however, the compound is more readily soluble in alcohols.
Yield: 64%. IR (neat, cm™"): 3144w, 2517w (v(B-H)), 1554m,
1501s, 1421m, 1311vs, 1173s, 1046m; C;,H;,B,FeN,,0q (M =
665.85). Anal. calc.: C, 25.25; H, 1.82; N, 42.07%. Found: C,
25.41; H, 1.86; N, 41.95%.

Bis[hydrobis( pyrazol-1-yl)(3-cyano-1,2,4-triazol-1-yl)]iron(u)
[Fe(L®),] (3)- The synthesis and work-up procedure were the
same as for 1. The substance appears as a brick-red powder.
Yield: 65%. The solubility of the compound is similar to that
of complex 2. Single crystals suitable for X-ray diffraction were
obtained by slow solvent evaporation from a saturated DCM
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solution. IR (neat, em™): 3114w, 2511w (y(B-H)), 2248w
((C=N)), 1501w, 1469w, 1406m, 1315m, 1220m, 1171m,
1112m, 1049m, 755s, 713vs; C13H;6B,FeNy¢ (M = 533.90). Anal.
calc.: C, 40.49; H, 3.02; N, 41.98%. Found: C, 40.53; H, 2.95; N,
41.82%.

Bis[hydrobis(3-cyano-1,2,4-triazol-1-yl)( pyrazol-1-yl)Jiron (i)
[Fe(L*),] (4). FeCl,-4H,0 (0.31 g, 1.56 mmol) was added to a
vigorously stirred solution of "Bu,NL* (1.56 g, 3.07 mmol) in
dry air-free DCM (75 mL). After 5 min of stirring, a bright red
precipitate appeared. The mixture was stirred for 1 h.
Afterwards, the precipitate was filtered. The formation of the
precipitate continued in the filtrate; thus, the latter was con-
centrated and the precipitate was filtered. For further purifi-
cation, the precipitates may be subjected to washing with
minimal quantities of ethanol as in the case of 3. Eventually,
an additional quantity of product is accessible by evaporation
of the second filtrate and treatment of the residue with
ethanol, yielding 0.42 g (yield: 47%). The compound is in-
soluble in water, poorly soluble in DCM, and soluble in alco-
hols and acetone. IR (neat, cm™): 3126w, 2526w (y(B-H)),
2251w (y(C=N)), 1505w, 1464w, 1405w, 1337m, 1317w, 1167m,
1109w, 1020m, 761s, 712vs; C;gH;,B,FeN,, (M = 585.90). Anal.
calc.: C, 36.90; H, 2.06; N, 47.81%. Found: C, 36.40; H, 2.33; N,
47.49%.

Bis[hydrobis( pyrazol-1-yl)(3-amino-1,2,4-triazol-1-yl)]iron(u)
[Fe(L®),] (5). Compound 1 (0.36 g, 0.63 mmol) and Pd/C
(11 mg) were placed in an autoclave. The charged autoclave
was degassed. Then, methanol (18 mL) was added. The result-
ing stirred suspension was heated to 80 °C and hydrogenated
at 15 bars for 22 h. After cooling to room temperature and
depressurizing, the content of the autoclave was poured into
methanol (460 mL), and the obtained suspension was heated
to sub-reflux under stirring in order to dissolve the product.
Afterwards, the mixture was filtered to remove the catalyst. The
filtrate was concentrated until the formation of a precipitate.
The latter was filtered, washed with cold methanol and air-
dried to afford 0.23 g of a deep purple powder of the product.
Yield: 71%. The complex is poorly soluble in methanol. Single
crystals suitable for X-ray diffraction are obtained by slow evap-
oration of the saturated methanolic solution. IR (neat, cm™):
3474w, 3307w (vas(NH,)), 3215w (v5(NH,)), 3168w (NH,), 2474w
(1(B-H)), 1634m, 1548s, 1505m, 1392m, 1302s, 1206s, 1166s,
1107s, 1045s, 1023s; C16H,0B,FeNy (M = 513.91). Anal. calc.: C,
37.39; H, 3.92; N, 43.61%. Found: C, 37.63; H, 3.57; N, 43.49%.

Bis[hydrobis(3-amino-1,2,4-triazol-1-yl)( pyrazol-1-yl)]iron(u)
[Fe(L®),] (6). A stirred suspension of 2 (0.29 g, 0.44 mmol) and
Pd/C (10 mg) in methanol (20 mL) was heated at 80 °C and
hydrogenated at 30 bars for 22 h. After the hydrogenation, the
catalyst was filtered and the solvent was removed in vacuo to
afford 0.22 g of the product as a dark green solid. Yield: 91%.
The substance is soluble in alcohols. IR (neat, cm™'): 3464w,
3324w (1,5(NHy)), 3210w (v5(NH,)), 3114w (NH,), 2470w (v(B-
H)), 1614m, 1538s, 1505m, 1417w, 1388w, 1304m, 1210w,
1166s, 1110m, 1055s, 1025s, 1012s; C;¢H,oB,FeN;s (M =
513.91). Anal. calc.: C, 30.69; H, 4.05; N, 51.13%. Found: C,
30.45; H, 4.30; N, 51.26%.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

Inspiration to design new scorpionate ligands and their Fe"
complexes was based on the heterocycle metathesis reaction
described in the literature,">*® where the authors obtained
novel spin-crossover complexes by replacing pyrazole units in
tris(pyrazol-1-yl)borate derivatives with nitropyrazoles, with
the possibility of post-functionalization of the resulting com-
plexes. Instead of nitropyrazoles, 1,2,4-triazoles substituted
with an electron withdrawing group (-NO, and -CN) at posi-
tion 3 were used in this work. Nitro-functionalized derivatives
were successfully converted to amines. At first, potassium
hydrotris(pyrazol-1-yl)borate (hereafter KTp) was synthesized
following the protocol developed by Trofimenko,* with a
slightly modified work-up procedure (see the Experimental
part). Then, potassium cation in the product was exchanged
for tetrabutylammonium ("Bu,N" or TBA) according to the pro-
cedure reported in ref. 55. Then, the resulting TBA derivative
"Buy,NTp was heated with 1 (2) equivalent(s) of an EWG-
bearing 1,2,4-triazole to obtain mono(di)substituted products,
as shown in Fig. 1. As electron-withdrawing groups, nitro-
group and cyano-group were selected. Thus, commercially
available 3-nitro-1,2,4-triazole and 3-cyano-1,2,4-triazole were
used for the reaction of heterocycle exchange to afford the new
heteroscorpionate ligands. The reactions between "Bu,NTp
and the triazole reactants were conducted without any solvent
under static vacuum conditions to promote the pyrazole
release. The degree of substitution of pyrazole moieties with
triazole moieties was controlled through stoichiometry and
temperature alike. Thus, to replace one pyrazole unit (n = 1,
Fig. 1), heating the reaction mixture at 90 °C was sufficient for
the reaction to proceed. The optimal temperature range for
monosubstitution was set between 90 and 105 °C. The primary
evidence of the reaction is the condensation of the eliminated
pyrazole crystals on the walls of the reaction vessel. The latter
can be distilled under dynamic vacuum and collected in a
receiving flask. This allowed us to conveniently monitor the
reaction completion by measuring the weight of the released
pyrazole. To this purpose, the latter was distilled off from the
reaction vessel every one hour, and the collected distillate was
weighed. The majority of pyrazole was released in the first
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hour of the reaction. Heating the reaction mixture for an
additional hour yielded the rest of pyrazole; the pyrazole
release was quantitative. The formation of the disubstituted
derivatives was possible via heating the stoichiometric mixture
of reactants to 130 °C. After around 95% of pyrazole was elimi-
nated, its release ceased, reaching a maximum after 3 h of
heating. As in the case of analogous reactions with nitropyra-
zoles, heterocycle metathesis involving the above-mentioned
triazole reactants leads to selective formation of the desired
mono- and disubstituted products, which can be controlled
through temperature and stoichiometry.

However, attempts at trisubstitution, requiring 3 equiva-
lents of a triazole reactant and higher temperatures (about
150 °C), led to the formation of a mixture of products with
different degrees of substitution and by-products that were
formed, most probably, as a result of side reactions taking
place at high temperatures. The separation of products in this
mixture appeared to be challenging. The scope of the syn-
thesized ligands is depicted in Chart 1.

In the literature,">*® the authors propose a heterocycle
metathesis mechanism based on the considerations of HSAB
theory, according to which more acidic nitropyrazoles (pK, =
9.50-9.75), attacking the boron core, readily give their pyrrole-
type protons to the more basic pyrazolyl moiety, which elimin-
ates as a free pyrazole (pK, = 14.21).%® Given that the acidity of
1,2,4-triazole (pK, = 9.89)°” is close to that of nitropyrazoles, it
was interesting to carry out this reaction with unsubstituted
triazole. Though the synthetic conditions for mono- and disub-
stitution were the same as those in the case of the substituted
triazoles, the reactions with pristine triazole did not provide
the same selectivity and resulted in a mixture of products that
are challenging to separate. Similar results were achieved,
when a triazole bearing an electron-donating amino group at
position 3 was used as the reactant in an attempt to synthesize
directly an amino-functionalized heteroscorpionate ligand.
Considering the electron density donation from the amino
group to the aromatic core, the pK, of 3-amino-1,2,4-triazole is
expected to be higher than that of pristine triazole; conse-
quently, such a result was expected. Consequently, these
results point to the conclusion that the presence of EWG in
the triazole precursor is crucial for heterocycle metathesis to

n=1 n=2
H
*ﬁ‘ /é\
ey g R
| =N N=
NN N NN
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Fig. 1 Synthetic pathway to obtain triazole-based heteroazolyl heteroscorpionate ligands and their respective iron complexes.
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Chart 1 Scope of ligands (left) and complexes (right) synthesized in this work.

proceed as it provides a sufficient difference in pK, between a
triazole reactant and pyrazole, to shift the equilibrium towards
the formation of the desired heteroscorpionates.

As the nitro group can be reduced to a primary amine, it
was interesting to try to convert a nitro-derived ligand to an
NH,-bearing ligand that can be either directly coordinated to
Fe" or undergo functionalization of the amino group with the
subsequent coordination of a modified ligand to the metal
ion. For this purpose, the monosubstituted nitro-derived
ligand "Bu,NL" was selected for reduction. The reduction reac-
tion conditions were similar to those in the case of complexes
reported in ref. 46, which involve the use of an organic redu-
cing agent, a palladium catalyst, a protic solvent and micro-
wave heating. In the present case, 1,4-cyclohexadiene was used
as the reducing agent and palladium (5 wt%) on carbon was
selected as the catalyst, while alcohols such as methanol or
ethanol were used as solvents either pure or in an alcohol:
toluene (3 : 1) mixture similar to those reported by Ma et al.*®
The first approach involved microwave heating (closed-vessel
mode) of "Bu,yNL' stirred methanolic solution at 120 °C for
5 minutes with an excess (6 equivalents) of 1,4-cyclohexadiene
and in the presence (8 mol%) of Pd/C. Colorless crystals iso-
lated after concentration of the obtained solution were ana-
lyzed by means of single crystal X-ray diffraction. Instead of
the expected amino-derived hydroborate anion, the resulting
crystal structure revealed an associate composed of a 3-amino-
1,2,4-triazole anion binding three neutral pyrazole molecules
via hydrogen bonding (see Fig. S1t). The negatively charged
associate is compensated for by a TBA cation. Such a result
indicates the degradation of the hydroborate anion, possibly
due to solvolysis under the given conditions. The degradation
is supported by NMR spectroscopy data. Solution "H NMR of
an aliquot of the reaction mixture taken after 5 minutes of the
reaction revealed two signals of free-pyrazole aromatic protons,
while in the spectra of the scorpionate ligands, three signals

17088 | Dalton Trans., 2024, 53,17083-17096

are typically observed for pyrazole bound to boron (see the
NMR spectrum in Fig. S2t). Changing the reaction conditions,
e.g., reducing the temperature together with increasing the
time only retarded the degradation, but did not prevent it.
Moreover, even after leaving the mixture of the reactants and
the reagents overnight at room temperature with no stirring,
degradation signs, such as the presence of the liberated pyra-
zole, could be detected. Varying the solvents did not have any
notable impact on the reaction outcome. Such a chemical be-
havior is probably related to the presence of the palladium
catalyst that in the protic solvent medium can promote the sol-
volysis of the hydroborate as is known in the case of boro-
hydride.”® Considering the fragility of the hydroborate anion,
direct reduction of the nitro group in L' and L? to obtain L®
and L® is probably not the most appropriate strategy. The
reduction of the NO, group of the ligands in their iron(u) com-
plexes (post-functionalization) is another approach, which is
discussed further together with the synthesis of coordination
compounds based on heteroscorpionate ligands.

The syntheses of iron(n) complexes with ligands L'-L* were
performed under an argon atmosphere in a degassed dichloro-
methane (DCM) solution starting from 2 equivalents of the
respective ligand and 1 equivalent of FeCl,-4H,O (Fig. 1).
Attempts to reduce complexes [Fe(L'),] under microwave con-
ditions suggested by Ma et al.*® and tried for uncoordinated L*
faced issues to obtain any reproducible results, which are
related to the absence of possibility of control over the reaction
outcome to obtain the desired product, resulting in fairly low
yields (2-33%) of the reduction reaction product. Conversely,
the classical technique of catalytic nitro-group reduction
under pressure of hydrogen in an autoclave served as a reliable
tool to convert NO,-decorated substrates [Fe(L'),] and [Fe(L?),]
into di- and tetraamines [Fe(L%),] and [Fe(L®),], respectively
(Fig. 2). The reaction conditions were similar to those pro-
posed by Flétotto et al. for the pyrazole-based counterpart.*®

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Reduction of NO, groups in [Fe(L?),].

The synthetic procedures to access the ligands and their iron
() complexes are provided in the Experimental part.

Spectroscopic characterization

The NMR spectra are presented in Fig. S3-S14.} In the proton
NMR spectra of the ligands, the pyrazolyl moiety is character-
ized by three signals: two doublets at about 7.61 and 7.58 ppm
(average chemical shift values) assigned to protons at positions
5 and 3 of the pyrazole ring, and a triplet at around 6.20 ppm
corresponding to the proton at position 4. The triazolyl units
bear only a single proton, the singlet signal of which appears
at 7.93 (7.99) ppm for L' (L?) and at 8.20 ppm in the case of L?
and L* The integral intensity ratio of the triazole singlet to the
pyrazole multiplets (s:d:d:t) is 1:2:2:2 for L' and L* and
2:1:1:1 for L?> and L*, which is in line with the expected
structures of the respective heteroscorpionate anions. The *C
NMR spectra of the ligands featuring nitro groups are charac-
terized by the presence of four signals in the aromatic region
of the spectra: one weak-field signal (~149 ppm) corres-
ponding to the carbon nucleus at position 5 of the triazolyl
moiety and three signals in the 140-105 ppm region from the
pyrazole carbon nuclei. A large number of scans (>3000) in the
NMR experiment may allow us to observe a weak signal of the
carbon nucleus at position 3 of the triazole ring. For example,
the signal can be observed for L' at 152.39 ppm. In the spectra
of the cyano-functionalized ligands, an extra signal of low
intensity observed at 114.61 ppm for L? and at 114.22 for L* is
assigned to the carbon nucleus of the CN group. Similar to the
nitro derivatives, large scan numbers allow the observation of
the position 3 aromatic carbon signal at 139.29 and
139.81 ppm for I’ and L% respectively. The boron NMR
spectra of all the ligands contain one doublet lying in the
region from —2.59 to —1.57 ppm. The presence of the sole
signal in the spectra as well as the multiplicity of the signal
correlates well with the fact that the compounds contain only
one type of boron nucleus directly linked to the proton nuclei
of identical nuclear spin. The NMR spectra of the heteroscor-
pionate ligands recorded weeks or months after their synthesis

This journal is © The Royal Society of Chemistry 2024

reveal signs of stability issues in the ligands upon their storage
under ambient conditions. Thus, an extra signal appears in
the '"B NMR spectra as a singlet at around 18 ppm, which is
characteristic of boric acid and its esters.”® Meanwhile in the
proton NMR, an extra weak-field singlet appears in the
8.3-8.0 ppm region, most probably corresponding to the free
triazole species. It should be noted that these impurity signals
are also observed in the spectra of the crude products. Similar
to the observations of L' degradation under reduction con-
ditions, the considered observations highlight the fact that
heteroscorpionates have an inclination to degrade over time
under ambient conditions, probably due to slow hydrolysis of
the hydroborate species caused by moisture in the ambient
air. This fact should be taken into account during the plan-
ning of ligand synthesis as well as the synthesis of complexes.
Thus, practices such as using the ligands shortly after their
synthesis or employing anaerobic techniques for preparation,
handling and storage of the compounds can be applied to
ensure substance purity and to minimize or avoid undesired
degradation processes.

The IR spectra are presented in Fig. S15-S24.1 A character-
istic vibration band for boron-based scorpionate ligands is the
B-H stretch appearing well apart from other bands within the
2460-2526 cm™ ' range in the case of the considered ligands
and complexes. As observed for pyrazole-based scorpionates in
ref. 46, the B-H stretching vibration appeared to be sensitive
to the coordination of the scorpionate ligands to the metal
ion. Following the coordination, the B-H band position experi-
enced a shift towards higher wavenumbers by 27-45 ecm™" for
NO,-bearing ligands and by 50-56 cm™" in the case of CN
derivatives. The high-frequency shift of the B-H stretch is
related to the withdrawal of the electron density from the
ligand and, consequently, from the boron, upon the coordi-
nation. In the IR spectra of the amino-functionalized com-
plexes, the B-H band is located at lower wavenumbers than in
the rest of the complexes, e.g., 2474 cm " for [Fe(L’),] vs.
2487 cm™" for [Fe(L'),] and 2470 cm™' for [Fe(L%),] vs.
2512 cm™" for [Fe(L?),], which is expected given the electron-

Dalton Trans., 2024, 53,17083-17096 | 17089
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donating effect of the NH, group increasing the electron
density at boron. An additional characteristic band, positioned
away from the rest of the bands, is caused by the stretching
vibration of the nitryl group’s triple bond inherent in L3, L%, 3
and 4. In these compounds, the band position is situated in a
narrow 2245-2251 cm™" range. Unlike the B-H stretching, the
position of the C=N stretching vibration band did not experi-
ence any significant shift upon the ligand coordination,
though the band is useful for the identification of the respect-
ive compounds.

The IR spectra of nitro compounds typically feature the
characteristic asymmetric and symmetric stretching vibrations
of the NO, group. However, they are usually located in the fin-
gerprint region containing a set of other bands that are posi-
tioned tightly, which might complicate the assignment of the
nitro-group vibrations. Thus, in the spectra of the nitro ligands
and their complexes, no bands were found that can be clearly
assigned to the NO, stretches.

Single crystal and powder X-ray diffraction studies

Single crystals of "Bu,NL" suitable for X-ray diffraction grow in
the crude product oily substance in one day. The crystal struc-
ture of the heteroscorpionate ligand is shown in Fig. 3. The
compound crystallizes in the monoclinic P2,/n space group,
with the desired structure of the heteroscorpionate tetrahedral
anion with hydrogen, two pyrazolyl substituents and one
3-nitro-1,2,4-triazolyl function attached to boron as well as
tetrabutylammonium as a countercation. Efforts to obtain crys-
tals for the rest of the ligands were not successful.

The crystallization of complexes 1 and 2 by slow evaporation
of their saturated solutions or vapor diffusion techniques
yielded only polycrystalline aggregates or very small crystals,
the quality of which did not meet the requirements for the
single crystal X-ray diffraction experiment. Similarly, the
endeavor to crystallize complexes 4 and 6 proved unsuccessful.
Single crystals of bis[hydrobis(pyrazol-1-yl)(3-amino-1,2,4-
triazol-1-yl)Jiron(u) (5) were grown from a saturated methanolic
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solution by means of slow evaporation of the solvent. The
complex crystallizes in the P2,/n space group (see Table S17 for
crystal data and structural refinement). The coordination
environment of Fe'' is formed by two coordinated tridentate
ligands, the donor atoms of which are resting on the facets of
the octahedron. The triazolyl units are located on opposite
sides of the axial vertices of the octahedron. Thus, the
obtained complex appears in the ¢rans-form. Despite the prob-
ability of the existence of both cis- and trans-isomers, only the
trans-isomer of 5 was observed. The crystal structure of 5 is
shown in Fig. 3.

The crystal structure of 5 was acquired at four different
temperatures: 100 K, 293 K, 320 K and 393 K. The average dis-
tance Fe-N (dpe_y) in the complex at 100 K equals 1.986(11) A,
while the octahedron volume (V,) at this temperature is
around 10.46 A®, which is inherent in low spin iron() com-
plexes. The dr._n value, at room temperature, reaches 2.107(2)
A, which already falls within the range of Fe-N distances
found in the HS complexes. At higher temperatures of 320 K
and 393 K, the mean iron-nitrogen distances are 2.130(3) A
and 2.159(15) A, while the polyhedral volume values are
12.80 A® and 13.32 A®, respectively. The octahedron distortion
parameter X at the termini of the low and high temperature
values equals 16.77° and 47.53°, respectively. The unit cell
volume (V,) increases with temperature from 2142.1(10) A® (at
100 K) to 2314.06(10) A* (at 393 K). Thus, Fe-N distances
increase by 8.7% in the full range of temperatures, while the
cell volume increases by 8.0%. However, the percentage
changes in the thermal evolution parameters should be con-
sidered with care, as the thermal expansion in the given temp-
erature range may be non-negligible. The evolution of the
structural parameters with temperature for complex 5 is sum-
marized in Table 1 (see detailed crystallographic data in Tables
S3 and S4%).

Besides the metal octahedron distortions accompanying
the spin crossover, there are also distortions in the ligands. In
scorpionate ligands, two main types of distortions in response

N16

Fig. 3 Crystal structure of "BusNL* and complex 5. Hydrogen atoms, as well as atom labels of carbon and nitrogen of the pyrazolyl fragments, are
omitted for clarity. Displacement ellipsoids are drawn at the 50% probability level.
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Table 1 Selected structural parameters of 5 at selected temperatures

Ty K dFe—N) A Zy ° Vpa AS VC) AS

100 1.986(11) 16.77 10.46 2142.1(10)
293 2.107(2) 38.59 12.41 2256.1(11)
320 2.130(3) 42.81 12.80 2269.4(2)
393 2.159(15) 47.53 13.32 2314.06(10)

to iron-nitrogen distance increase were established: twisting of
a heterocycle ring defined by the B-N-N-Fe torsion angle, and
pyramidalization of the boron tetrahedron defined by the dis-
tance from boron to the centroid of the B-N-bonded N; plane
or B-Ct(N;).®° These SCO-responsive parameters
measured in coordination compound 5. It was found that
temperature had no considerable effect on the twisting of het-
erocycle rings. Thus, at 100 K, the triazole rings are twisted to
a quite small extent: torsion angles B1-N5-N6-Fel and B2-
N13-N14-Fel are —0.05° and 1.32°, respectively. Meanwhile, at
393 K, these values change to —2.21° and —0.08° respectively.
Similar to those for the triazole rings, the B-N-N-Fe torsion
angles of the pyrazole changed only by 2.38° maximum. In
contrast, the elongation of iron-nitrogen bonds induces pyra-
midalization of the boron geometry, i.e., a decrease in the dis-
tance between boron and the centroid of the mean plane of
the boron-bound nitrogen atoms B-Ct(N,) from 0.57(2) A at
100 K to 0.522(2) A at 393 K, which leads to an increase in the
ligand bite angle.

Among the interactions determining the crystal packing of
[Fe(L®),] molecules, one can highlight the intermolecular
H-bonding between the triazole units formed by a hydrogen
atom of the amino group (H-bond donor or D) and the nitro-
gen atom at position 4 (H-bond acceptor or A) of the hetero-
cycle ring (Fig. 4a). Hydrogen bonding connects the complex
molecules in a 1D cascade growing along the a crystallographic
axis. The distance between hydrogen-bond donors and accep-
tors d(D---A) is 3.016(3) A for N8--N15 and 3.012(3) A for
N7.:N16 at 100 K. The mean donor-acceptor distance
increases by ca. 2% at high temperature. Alternatively, C-H:--N
interactions are present between the triazole and pyrazole
units of adjacent [Fe(L®),] molecules (Fig. 4b). The X-ray diffr-
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actogram acquired on the powder of 5 at room temperature
matches that simulated from the single crystal diffraction data
(Fig. S257).

Single crystals of complex 3 were obtained by slow evapor-
ation of its saturated DCM solution. The elongated prismatic
crystals correspond to the compound that crystallizes in the
monoclinic C2/c space group as a trans-isomer (Table S17).
Together with the prismatic crystals, seldom small ortho-
rhombic crystals can be found in the same crystallization
batch. These crystals show distinct unit cell parameters and
correspond to the cis-isomer of the complex that crystallizes as
a dichloromethane solvate [cis-Fe(L*),]-CH,Cl, (Fig. 5) in the
P2,/n space group (see detailed -crystallographic data in
Table S27). Thus, crystallization of both isomers was observed
for complex 3. However, unlike the case described in ref. 47,
no separation of the isomers was achieved by means of
column chromatography. Moreover, the PXRD pattern of the
same crystallization batch does not contain reflection peaks
that might correspond to the cis-isomer (Fig. S26t). These
observations suggest that the latter may form during the crys-
tallization; however, it is likely a very minor product.

At 100 K, the average Fe-N distance value is 1.976(14) A in
the trans- and 1.968(4) A in the cis-isomer. The octahedron
volume at the given temperature equals 10.27 A*> and 10.16 A® in
the trans- and cis-isomers, respectively. These values indicate
that both isomers of the complex are low spin at this tempera-
ture. The octahedron distortion of the low-spin t¢rans-isomer
appears to be higher (19.80°) than that of the LS cis-isomer
(16.10°). The crystal packing of the isomers is dominated by C-
H---N and C-H---n interactions between the complex molecules.
The mean D---A distances characterizing the C-H:--N inter-
actions in both isomers are 3.424(3) A in the trans- and 3.307(6)
A in the cis-isomer. In the case of the C-H---x interactions in
the cis-isomer, the CH/n-plane distance equals 2.762(4) A, while
the C-H---n access angle is 146.0(4)°, which is in line with
typical reported values for such a type of interaction.®*

Spin crossover properties

The magnetic behavior of the complexes under temperature
variation was studied by means of variable-temperature SQUID

Fig. 4 (a) Hydrogen bonding between [Fe(L%),] molecules in the crystal of the substance; hydrogen atoms are omitted for clarity. (b) Intermolecular

C—H---N interactions between the pyrazole and triazole rings in 5.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Crystal structures of the trans- (a) and cis-isomers (b) of 3. Hydrogen atoms are omitted for clarity. Displacement ellipsoids are drawn at the
50% probability level. C—H---N intermolecular interactions in the trans- (c) and C—H---N together with C—H--.x interactions in the cis-isomer (d).

magnetometry on bulk powders of the complexes. Molar mag-
netic susceptibility (yu7) was measured in 4-300 K (for 1 and
2) and 4-400 K (for 3-6) temperature ranges (Fig. 6). Nitro-
functionalized complexes 1 and 2 are high spin at room temp-
erature and retain their HS state at low temperatures until
their y\T starts to decrease brusquely below 50 K due mainly
to the zero-field splitting. This behavior was also observed for
their heteroanalogues containing 3-nitropyrazolyl moieties
instead of the nitrotriazole moieties.*® Referring to the crystal-
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Fig. 6 Molar magnetic susceptibility of 1-6 as a function of tempera-
ture in both cooling and heating modes.
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lographic data, Ma et al. suggested that the effect of the steri-
cally demanding NO,-substituent situated closely to the metal
center allows the ligands to adopt exclusively HS Fe"..

Unlike the nitro group, the CN function has no consider-
able steric effect. Thus, complex 3 bearing two cyano-substitu-
ents is low spin at low temperatures, which agrees with the
X-ray structural data, and it remains LS at room temperature,
whereafter its yyT firmly increases. The transition is not over
at 400 K and probably occurs completely at higher tempera-
tures out of the range attainable by the SQUID magnetometry
setup used. A similar trend is observed in 4 (tetracyano deriva-
tive); however, the threshold of y\,T is above 350 K. The amino
group is much less bulky compared to the nitro group, and
thus the NH,-substituted ligands are expected to adopt the
metal ion in both LS and HS configurations. Indeed, the mag-
netic measurement data reveal a complete spin transition in
diamino-featured complex 5 and incomplete SCO behavior in
tetraamino-derived complex 6. The SCO behavior in the com-
plexes is reproducible over three consecutive thermal cycles.
Complex 5 undergoes a gradual spin crossover in the
150-350 K range with Ty, centered around 276 K. The SCO
curves of 5 acquired over three consecutive heating/cooling
cycles together with the hysteresis loop are shown in Fig. S27.F
Despite the presence of hydrogen bonding between [Fe(L’),]
molecules in the bulk of the substance, the SCO occurs
gradually. The magnetometry data and the crystallography
data correlate well with each other. By comparing the SCO be-
havior in complex 5 to that of bis[hydrotris(1,2,3-triazol-1-yl)
borateliron(u), one may note that the spin transition in bis
[hydrobis( pyrazol-1-yl)(3-amino-1,2,4-triazol-1-yl)Jiron(u) is more

This journal is © The Royal Society of Chemistry 2024
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gradual. The hydrogen bonding present in the crystal is sup-
posed to favor a more abrupt spin transition. It should be
noted however that the H-bonding in the structure is spread
only in one dimension, while in previously reported [Fe(HB
(1,2,3-tz)3),] and [Fe(HB(1,2,4-tz)3),] similar intermolecular C-
H---N interactions form 2D and 3D supramolecular networks,
respectively, which may promote the cooperativity. Thus, such
a gradual SCO behavior in 5 may be explained by the absence
of any multidimensional supramolecular network and the lack
of other strong intermolecular interactions apart from hydro-
gen bonding. Besides the structural and magnetochemical
characterization, Mossbauer spectra were acquired for the bulk
powder of bis[hydrobis( pyrazol-1-yl)(3-amino-1,2,4-triazol-1-yl)]
(Fig. S28%). The spectrum acquired at 80 K allows us to con-
clude that the substance is virtually fully low spin (yys = 4%) at
this temperature, while at 320 K the HS fraction reaches 94%.
Expectedly, yys is at equilibrium at 270 K (yus = 50%), while at
room temperature the compound is 74% high spin. The iso-
meric shifts, quadrupole splittings, half widths at half
maximum (HWHM), acquisition time and high-spin fraction
for each temperature are given in Table S5.1 The full corre-
lation between the temperature-dependent magnetic suscepti-
bility and Mossbauer spectral data is depicted in Fig. S29.t

The collected structural, magnetochemical and spectro-
scopic data on the properties of the complexes, when com-
pared to those reported for their 3-nitro- and 3-aminopyrazolyl
analogues, can yield some clues on the structure-property
relationship. Indeed, iron(u) complexes with heteroscorpionate
ligands substituted with bulky NO, groups at the 3 position of
a heterocycle do not undergo spin crossover as only the HS
configuration is sterically favorable for them. Changing the
nitro group to the non-bulky CN group affords low spin com-
plexes, which may undergo SCO at high temperatures.
Concerning the amino derivatives, one may conclude that
replacing the 3-aminopyrazole unit with 3-amino-1,2,4-triazole
units makes the HS state more favorable at lower temperatures,
thus lowering T;, or even favoring the incomplete SCO
behavior.

Conclusions

Six novel iron(u) coordination complexes incorporating six new
heteroscorpionate ligands were synthesized and characterized.
SCO behavior (or its absence) in the compounds depended on
the steric effect of the substituent (-NO,, -CN or -NH,) of the
triazole ring at the position proximal to the metal ion. The
SCO-active new complexes potentially may provide an exten-
sion to the family of thin film thermo-responsive materials.
The gradual spin transition in the diamine complex [Fe(L%),]
represents particular interest as it covers cryogenic to above-
room-temperature ranges (150-350 K), which is interesting in
particular for thermoreflectance-based surface microthermo-
metry applications. Indeed, among the scarce compounds pre-
senting gradual behavior at room temperature (300 K) and
without a significant hysteresis loop,*®°>® the present com-

This journal is © The Royal Society of Chemistry 2024
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pound may represent a unique candidate for sublimation.
Thus, future research will concern the assessment of their eva-
porability and delving into their spin crossover behavior
within thin films. This dual focus on SCO phenomena and
thermometry highlights the intention to develop advanced
materials with tailored characteristics for precise temperature
measurement techniques. Moreover, the versatile reactivity of
the NH, group may allow using amino derivatives as building
blocks to extend the family of (evaporable) SCO compounds.
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