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ABSTRACT:  

Di(trispyrazolylborato)iron(II) ([Tp2Fe]) complexes represent one of the most robust class of 

spin crossover complexes. Their stability renders them particularly suitable for integration in 

nanoscale devices, e.g. as sensors or information storage units. While prior studies of the 

functionalization of those derivatives have been focused on the electronic and steric effect of 

alkyl and -CF3 groups in position 3, a pyrazole exchange reaction between nitropyrazole and 

either trispyrazolylborate or its iron complex allows the regioselective installation of nitro 

substituents in positions 3, 4 and 5 of [Tp2Fe] complexes. The degree of substitution can be 

varied from 1 to 4 functionalized pyrazoles per complex. The amine functionalized analogues are 

accessed by reduction of the nitro analogues under hydrogen transfer conditions. With the 

exception of di- and tetra-3-NO2 substituted complexes, all derivatives display spin crossover 

properties in the solid state, with transition temperatures ranging from 180 to 380 K and showing 
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different degree of abruptness, but no hysteresis. The Slichter-Drickamer model was used to 

extract empirical thermodynamic transition parameters, allowing a systematic investigation of 

the influence of stoichiometry, position, and electronic nature of the substitution on the magnetic 

properties of the complexes. Steric effects dominate for substitution in position 3, but electronic 

effects are significant for the other positions. 

 

INTRODUCTION 

Spin crossover complexes are transition metal complexes, with electronic configurations d4 to d7, 

which can be reversibly switched between two different (meta)stable spin states by applying an 

external physical stimulus, e.g.  temperature, pressure, or light.1, 2 They have attracted significant 

attention for their potential as sensors, information storage and processing units and displays.3-5 

Also, spin crossover materials with both abrupt transitions and hysteresis loops6-8 are ideal 

candidates for molecular switches and data storage.9-12 However, effective engineering of spin 

crossover properties remains a challenge.13 The most common approach is substitution at the 

ligand backbone, which can impact the spin crossover through electronic and/or steric effects. 

For example, Damrauer and Aromí have shown that substitution of polypyridine or 

bispyrazolylpyridine ligands close to the metal center favors the high-spin states of the 

complexes through an essentially steric effect.14-20 In bispyrazolypyridine and other related 

systems, remote substitution by electron withdrawing group was revealed to stabilize the low 

spin states of the complexes, while electron donating groups stabilize the high spin states.16, 21-28 

Another key challenge for the implementation of spin crossover materials is the relative fragility 

of the crossover properties and the complexes that display them.8, 29 In that context, 

trispyrazolylborate (Tp-) complex of iron(II) are particularly attractive. The archetypal [FeTp2] 
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complex, discovered in 196730, 31 and extensively studied since then,32-36 exemplifies the robust 

spin crossover properties and remarkable stability under light, electromagnetic fields, air and 

water which are characteristic of this family of compounds. Multiple reports have shown the 

impact of substitution at the pyrazole rings or at the boron on the spin crossover properties,27, 28, 37-

46 achieving transition temperatures T1/2 ranging from 85 K for [{(3-Me-pz)3BH}2Fe]27 to 365 K 

for the unsubstituted complex.35 Most of those studies, however, have been limited to complexes 

with six identical pyrazoles, and have concentrated on the steric effects of substitution in 

position 3 (closer to the metal). We recently demonstrated the controlled exchange of one or two 

4-nitropyrazoles into trispyrazolylborate to form mono- or dinitrated trispyrazolylborate ligands. 

The resulting iron(II) complexes achieve spin transition temperatures above 400 K,47 suggesting 

electronic control of the spin crossover is possible in trispyrazolyborateiron complexes. 

The present article investigates the key parameters controlling the pyrazole exchange reaction 

and shows how it can be applied for the synthesis of trispyrazolylborate complexes 

functionalized in positions 3, 4 and 5. We also demonstrate the synthesis of heteroleptic 

complexes. These results allow us to provide a systematic investigation of the influence of 

stoichiometry, position and electronic nature of the substitution on the solid state structural and 

magnetic properties of di(trispyrazolylborato)iron(II) complexes, thus gaining a detailed insight 

on the interplay of electronic and steric effects.  

 

EXPERIMENTAL SECTION 

While we have not observed any dangerous behavior so far for any of the compounds reported 

here, nitropyrazoles are nitrogen- and oxygen-rich derivatives with potential explosive qualities 

and should be handled with precaution. All reagents and solvents were purchased from 
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commercial sources and utilized as received. Di(trispyrazolyborato)iron ([Tp2Fe]) was 

synthesized as described by Trofimenko.30 3(5)-nitropyrazole,48, 49 4-nitropyrazole, 50, 51 and 

tetrabutylammonium trispyrazolyborate (TBATp) 52 were prepared according to the literature. 

All reactions are performed under dry nitrogen using standard Schlenk techniques. 

Instrumentation. Elemental analyses were performed by ALS Environmental, except 

[(Tp)Fe(3-NO2Tp)]·(C6H6)0.5 and [(Tp)Fe(5-NO2Tp)], where the iron content were determined 

on a Shimadzu simultaneous inductively coupled plasma atomic emission spectrometry 

(ICPE-9800) using samples were dissolved in 6 ml aqua regia, then diluted to 50 ml with DI 

water and a calibration curve (r = 0.99825) constructed from four Fe(NO3)3 standard solutions at 

iron concentrations 2.935, 14.67, 29.35 and 58.70 mg/L. Electronic absorption spectra were 

recorded with a Shimadzu UV 2401PC spectrophotometers or SPECORD S 600 UV Vis Diode-

array Spectrophotometer. FTIR spectra were obtained in transmission mode using a Perkin–

Elmer Frontier FTIR Spectrometer with samples diluted in KBr pellets. Single crystals were 

selected from the bulk samples and mounted on MiTeGen MicroMounts. Reflection data were 

collected at 100 K or 298.15 K with 0.5° ω and φ scans on a Bruker SMART diffractometer 

equipped with an APEX II CCD detector using MoKα (λ = 0.71073 Å) radiation. Powder X-ray 

diffraction (PXRD) data were collected on a Rigaku Miniflex (Cu Kα 2θ = 3 – 60) and baseline 

corrected using the Fityk software program. Crystalline samples for SQUID magnetometry were 

dried under vacuum at 100℃ for 4 hours and then enclosed in a copper foil pouch and mounted 

on a quartz holder with kapton tape (T < 300 K) or directly on the heater stick (T > 300K). Data 

was collected at 0.1 T with a Quantum Design SQUID MPMS3 magnetometer. The molar 

diamagnetic susceptibility of the compounds was estimated from their molar mass (χdia (cm3/mol) 

= - [MW(g/mol)×10-6]/2) and subtracted from the experimental value. PXRD data was collected 
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from all samples after the SQUID measurements, showing that [(Tp)Fe(3-NO2Tp)]·(C6H6)0.5, 

[(Tp)Fe(4-NO2Tp)], [(3-NO2Tp)2Fe], [((3-NO2)2Tp)2Fe], [(3-NH2Tp)2Fe] and [((3-NH2)2Tp)2Fe] 

retained their original structure while [(Tp)Fe(5-NO2Tp)]·(CH3CN)0.5 and [((3-

NO2)2Tp)2Fe]·CH2Cl2 lost their solvent while retaining crystallinity. The pKa of 3-nitropyrazole 

and 4-nitropyrazole were determined by titrating a solution containing 3-nitropyrazole or 4-

nitropyrazole (0.0312 M) and acid (HCl 0.04 M) with a NaOH solution (0.05 M) and fitting the 

resulting curve using CurTipot.53 

 

Synthesis. 

nBu4N[HB(4-NO2pz)(pz)2].  nBu4NTp (1.00 g, 2.20 mmol, 1.00 eq.) and 4-nitro-1H-pyrazole 

(0.248 g, 2.20 mmol, 1.00 eq) were mixed in a Schlenk tube and heated to 90℃ for 4 h. Solid 

pyrazole condensed on the side of the tube was removed at one-hour intervals. The crude product 

was washed with 10 mL water, then dried under vacuum, yielding the product as a white solid 

(0.77 g, 1.54 mmol, 70%). Single crystals suitable for X-ray analysis were obtained from a 

saturated solution in chloroform layered with diethyl ether. Spectroscopic data matches 

previously reported characterizations. 47 

nBu4N[HB(3-NO2pz)(pz)2]. nBu4NTp (1.00 g, 2.20 mmol, 1.00 eq.) and 3-nitro-1H-pyrazole 

(0.248 g, 2.20 mmol, 1.00 eq) were mixed in a Schlenk tube and heated in an oil bath at 105℃ 

for 4 h. Solid pyrazole condensed on the side of the tube was removed at one-hour intervals. The 

crude product was washed with 10 mL water, then dried under vacuum, yielding the product as a 

white solid (0.77 g, 1.54 mmol, 70%). Single crystals suitable for X-ray analysis were obtained 

from a saturated solution in chloroform layered with diethyl ether. 1H-NMR (400 MHz, DMSO-

d6, 300 K): δ nm= 7.45 (d, J = 2.1 Hz, 2H), 7.40 (d, J = 1.6 Hz, 2H), 7.29 (d, J = 2.4 Hz, 1H), 
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6.75 (d, J = 2.4 Hz, 1H), 6.08 (t, J = 1.8 Hz, 2H), 3.20-3.11 (m, 8H), 1.62-1.51 (m, 8H), 1.30 

(sext, J = 7.3 Hz, 8H), 0.93 (t, J = 7.3 Hz, 12H). IR (KBr, cm-1): ν = 2963 (m), 2876 (m), 2451.5 

(m, B-H), 1526.5 (s), 1490.5 (vs), 1382 (vs), 1364.5 (vs), 1291.5 (s), 1224 (s), 1151 (vs), 1098 

(vs), 1037 (m). 

nBu4N[HB(3-NO2pz)2(pz)]. nBu4NTp (0.50 g, 1.10 mmol, 1.00 eq.) and 3-nitro-1H-pyrazole 

(0.248 g, 2.20 mmol, 2.00 eq) were mixed in a Schlenk tube and heated to 130 ℃ for 4 h. 

Pyrazole sublimated on the side of the tube was removed at one-hour intervals. The reaction gave 

a yellow liquid in almost quantitative yield. The crude product was used without further 

purification. 1H-NMR (400 MHz, DMSO-d6, 300 K): δ nm= 7.57 (d, J = 2.2 Hz, 1H), 7.52 (d, J 

= 2.4 Hz, 2H), 7.49 (d, J = 1.5 Hz, 1H), 6.83 (d, J = 2.4 Hz, 2H), 6.16 (t, J = 1.92 Hz, 1H), 3.20-

3.11 (m, 8H), 1.62-1.51 (m, 8H), 1.30 (sext, J = 7.3 Hz, 8H), 0.93 (t, J = 7.3 Hz, 12H). IR (ATR, 

cm-1): ν = 2963.5 (m), 2876 (m), 2454.5 (m, B-H), 1527 (s), 1491.5 (vs), 1381 (s), 1365 (vs), 

1294.5 (s), 1225 (s), 1151.5 (vs), 1103 (vs), 1052.5 (m). 

[(3-NO2Tp)2Fe]. To a vigorously stirred solution of nBu4N [HB(3-NO2pz)(pz)2] (1.30 g, 

2.60 mmol, 2.00 eq.)  in DCM (70 mL) was added FeCl2
. 4H2O (0.258 g, 1.30 mmol, 1.00 eq.). 

The solution instantly turned dark brown. After heating at reflux	for	1	h the solvent was 

removed under reduced pressure. The resulting brown solid was suspended in water (80 mL), 

filtered off and re-dissolved in dichloromethane (50 mL). The dichloromethane solution was then 

poured through a silica gel plug (3 cm diameter, 3 cm height) and the silica gel plug washed with 

more dichloromethane until the eluent passing through was clear. The solvent was removed by 

rotary evaporation, yielding the product as a pinkish yellow solid (0.558 g, 0.975 mmol, 75%). 

Single crystals suitable for X-ray diffraction were obtained from a saturated solution in 
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dichloromethane (4 mL) layered with 1 mL dichloromethane then with 15 mL methanol, after 

3 days of diffusion (0.351g, 0.614 mmol, 63% yield). 1H-NMR (400 MHz, CD2Cl2, 300 K): 51.7 

(br, Δν1/2 = 1062.5 Hz), 49.8 (br, Δν1/2  = 128.6 Hz), 48.1 (br, Δν1/2  = 1237.9 Hz), 45.2 (br, Δν1/2  

= 130.2 Hz), 43.5 (br, Δν1/2  = 122.9 Hz), 42.5 (br, Δν1/2  = 126.8 Hz), 40.9 (br, Δν1/2  = 1269.4 

Hz), 40.0 (br, Δν1/2  = 116.95 Hz), 13.5 (br, Δν1/2  = 205.23 Hz), 9.6 (br, Δν1/2  = 207.85 Hz), 6.6 

(br, Δν1/2  = 210.23 Hz), 6.0 (br, Δν1/2  = 208.94 Hz), 4.6 (br, Δν1/2 = 223.3 Hz), -42.5 (br, Δν1/2  

= 626.1 Hz). IR (KBr, cm-1): ν = 3137 (m), 2476 (m, B-H), 1542 (s), 1504 (s), 1404 (s), 1389 

(m), 1377 (m), 1310 (s), 1220 (s), 1165 (s), 1118 (s), 1070 (m), 1067 (s), 1050 (vs). EA (%): 

Expected C: 37.80, H: 3.17, N: 34.29, Fe:9.76; Found C: 37.85, H: 3.18, N: 34.17, Fe: 9.42. UV 

[Toluene; λmax, nm (log ε)]: 439 (1.6).  

[(Tp)Fe(3-NO2Tp)]. To a vigorously stirred solution of nBu4N[HB(3-NO2pz)(pz)2] (1.26g, 

2.52 mmol, 2.00 eq.) and Bu4N[HB(pz)3] (0.575 g, 1.26 mmol, 1.00 eq.) in DCM (80 mL) was 

added FeCl2
. 4H2O (0.368 g, 1.85 mmol, 1.50 eq.). The solution instantly turned dark brown. 

After heating at reflux for 1 hour, the solvent was removed under reduced pressure. The resulting 

brown solid was suspended in water (80 mL), filtered off and re-dissolved in dichloromethane 

(50 mL). The dichloromethane solution was then poured through a silica gel plug (3 cm 

diameter, 3 cm height) and the silica gel plug washed with more dichloromethane until the eluent 

passing through was clear. The solvent was removed by rotary evaporation, resulting in a brown 

solid, which was purified by silica gel column chromatography (CH2Cl2/n-hexane = 1/4) to give 

[(Tp)Fe(3-NO2Tp)] as a blue solid (0.388 g, 0.73 mmol, 58%). Single crystals of 

[(Tp)Fe(3-NO2Tp)]· (C6H6)0.5 suitable for X-ray diffraction were obtained from a saturated 

solution in benzene (3 mL) layered with 1 mL benzene then with hexane (15 mL), after 3 day of 

diffusion under N2 gas (0.140 g, 0.26 mmol, 36%).  1H-NMR (400 MHz, (CD3)2CO, 300 K): 48.4 
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(br, Δν1/2 = 186.2 Hz), 45.8(br, Δν1/2  = 148.3 Hz), 45.1 (br, Δν1/2  = 1470.0 Hz), 41.7 (br, Δν1/2  

= 42.6 Hz), 37.8 (br, Δν1/2  = 83.4 Hz), 10.5 (br, Δν1/2  = 192.7 Hz), 9.6(br, Δν1/2  = 277.6 Hz), 

8.7 (br, Δν1/2  = 159.3 Hz), 3.9 (br, Δν1/2  = 249.6 Hz), -38.0 (br, Δν1/2 = 540.4 Hz), -40.9 (br, 

Δν1/2  = 540.4 Hz). IR (KBr, cm-1): ν = 3151 (m), 2466 (m, B-H), 2459 (m, B-H), 1539 (s), 

1502(s), 1404 (vs), 1391 (s), 1364 (m), 1306 (vs), 1221 (s), 1160 (s), 1111 (s), 1050 (vs). EA (%, 

for [(3-NO2Tp)FeTp]· (C6H6)0.5: Expected C: 44.57, H: 3.92, N: 32.17, Fe: 9.87; Found C: 42.10, 

H: 3.85, N: 32.47, Fe: 9.62. UV [Toluene; λmax, nm (log ε)]: 476 (2.1).  

[((3-NO2)2Tp)2Fe]. To a vigorously stirred solution of nBu4N[HB(3-NO2pz)2(pz)] (1.09 g, 

2.00 mmol, 2.00 eq.)  in DCM (50 mL) was added FeCl2
. 4H2O (0.199 g, 1.00 mmol, 1.00 eq.) in 

methanol (10 ml). The resulting dark brown solution was stirred for	1	hour at room temperature 

before the solvent was removed under reduced pressure. The resulting brown solid was 

suspended in water (80 mL), filtered off and re-dissolved in dichloromethane (50 mL). The 

dichloromethane solution was then poured through a silica gel plug (3 cm diameter, 3 cm height) 

and the silica gel plug was further washed with dichloromethane until the eluent was clear. The 

solvent was removed by rotary evaporation, yielding the product as a light-yellow solid (0.437 g, 

0.66 mmol, 66%). [((3-NO2)2Tp)2Fe]· CH2Cl2  crystals suitable for X-ray diffraction were 

obtained from slow evaporation of a saturated solution in dichloromethane (0.420 g, 0.635 

mmol, 96%).  De-solvated [((3-NO2)2Tp)2Fe] crystals suitable for X-ray diffraction were 

obtained from drying [((3-NO2)2Tp)2Fe]· CH2Cl2  crystals at room temperature under vacuum. 

1H-NMR (400 MHz, CD2Cl2, 300 K): 47.2 (br, Δν1/2 = 95.9 Hz), 46.9 (br, Δν1/2  = 873.5 Hz), 

43.9 (br, Δν1/2  = 100.5 Hz), 41.9 (br, Δν1/2  = 87.5 Hz), 37.8 (br, Δν1/2  = 93.4 Hz), 34.5 (br, Δν1/2  

= 93.5 Hz), 30.0 (br, Δν1/2  = 1011.7 Hz), 11.6 (br, Δν1/2  = 190.3 Hz), 9.3 (br, Δν1/2  = 166.4 Hz), 

8.8 (br, Δν1/2  = 278.9 Hz), 2.4 (br, Δν1/2 = 183.7 Hz), -2.8 (br, Δν1/2 = 186.5 Hz), -43.2 (br, Δν1/2  
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= 542.8 Hz), -45.0 (br, Δν1/2  = 745.8 Hz). IR (KBr, cm-1): ν = 3157 (m), 2922 (m), 2494.5 (m, 

B-H), 1543 (vs), 1503.5 (vs), 1402 (s), 1383 (s), 1311.5 (vs), 1237.5 (s), 1170.5 (vs), 1115.5 (m), 

1053.5 (vs). EA (%): Expected C: 32.66, H: 2.44, N: 33.86, Fe: 8.44; Found C: 32.28, H: 2.44, 

N: 34.14, Fe: 7.87. UV [Dichloromethane; λmax, nm (log ε)]: 439 (1.0).  

[(Tp)Fe(4-NO2Tp)]. To a vigorously stirred solution of nBu4N[HB(4-NO2pz)(pz)2] (1.30 g, 

2.60 mmol, 4.00 eq.) and Bu4N[HB(pz)3] (0.296 g, 0.65 mmol, 1.00 eq.) in DCM (80 mL) was 

added FeCl2
. 4H2O (0.324 g, 1.63 mmol, 2.50 eq.). The dark red solution was heated at reflux	for	

1	hour. The solvent was removed under reduced pressure, and the resulting solid suspended in 

water (80 mL), filtered of and washed three times with water (50 mL) and one time with hexane 

(50 mL) to give a dark red solid. Purified by silica gel column chromatography (toluene/n-

hexane = 2/3) yielded the product as a red solid (0.153 g, 0.29 mmol, 45%). Single crystals 

suitable for X-ray diffraction were obtained from slow evaporation of a saturated solution in 

toluene (0.148 g, 0.28 mmol, 97%). 1H-NMR (400 MHz, CD2Cl2, 300 K): 12.9 (br, Δν1/2 = 136.6 

Hz), 11.3 (br, Δν1/2 = 320.4 Hz), 10.9 (br, Δν1/2  = 120.9 Hz), 11.0 (br, Δν1/2  = 39.5 Hz), 10.9 

(br, Δν1/2  = 32.8 Hz), 10.5 (br, Δν1/2  = 32.9 Hz), 8.1 (br, Δν1/2  = 31.9 Hz), 7.9 (br, Δν1/2 = 38.0 

Hz), 7.8 (br, Δν1/2 = 31.8 Hz), -0.4 (br, Δν1/2  = 343.3 Hz). IR (KBr, cm-1): ν = 3145 (m), 2925 

(m), 2516 (m, B-H), 2477 (m, B-H), 1502 (s), 1428 (m), 1407 (vs), 1302 (vs), 1219 (s), 1108 

(vs), 1042 (s). EA (%): Expected C: 41.03, H: 3.63, N: 34.56, Fe:10.60; Found C: 41.52, H: 3.60, 

N: 34.28, Fe: 9.82. UV [Toluene; λmax, nm (log ε)]: 531 (2.1).  

[(Tp)Fe(5-NO2Tp)]. To a suspension of 3(5)-nitropyrazole (0.0949 g, 0.84 mmol, 4.00 eq.) in       

o-xylene (10 mL) was added [FeTp2] (0.100 g, 0.21 mmol, 1.00 eq.). The purple solution was 

heated at reflux	for	12	hours. The resulting dark purple solution (containing some white 
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unreacted 3(5)-nitropyrazole solid) was poured through a silica gel plug (1 cm diameter, 1 cm 

height) and the silica gel plug was washed with toluene until the eluent was clear. The solvent 

was removed by rotary evaporation to give a dark purple solid, which was purified by silica gel 

column chromatography (CH2Cl2/n-hexane = 1/9) to give the product as a dark blue solid (0.0078 

g, 0.0148 mmol, 7.0%). A very small amount of [(Tp)Fe(3-NO2Tp)] was also obtained and 

unreacted [Tp2Fe] (0.072 g, 0.15 mmol, 72%) can be recovered.  Single crystals of 

[(Tp)Fe(5-NO2Tp)]·(CH3CN)0.50 suitable for X-ray diffraction were obtained from slow 

evaporation of a saturated solution in acetonitrile (7.4 mg, 0.0141 mmol, 95%). 1H-NMR (400 

MHz, CD3CN, 300 K): 9.4 (br, Δν1/2 = 14.9 Hz), 8.7 (br, Δν1/2  = 61.5 Hz), 8.6 (br, Δν1/2  = 52.4 

Hz), 8.4 (br, Δν1/2  = 60.4 Hz), 8.1 (br, Δν1/2  = 11.7 Hz), 8.0 (br, Δν1/2  = 10.0 Hz), 8.0 (br, Δν1/2  

= 10.5 Hz), 8.0 (br, Δν1/2 = 10.8 Hz), 3.1 (br, Δν1/2 = 109.4 Hz), 2.7 (br, Δν1/2  = 85.5 Hz). IR 

(KBr, cm-1): ν = 3141 (m), 2925 (m), 2551 (m, B-H), 2477 (m, B-H), 1536 (s), 1496 (s), 1428 

(s), 1401 (vs), 1337 (vs), 1311 (vs), 1217 (s), 1111 (vs), 1043 (vs). EA (%): Expected C: 41.03, 

H: 3.63, N: 34.56, Fe:10.60; Found C: 43.65, H: 4.31, N: 31.25, Fe: 10.3. UV [Toluene; λmax, nm 

(log ε)]: 575 (3.3). 

[(3-NH2Tp)2Fe]. To a suspension of [(3-NO2Tp)2Fe] (0.1000 g, 0.175 mmol, 1.00 eq) in ethanol 

(3 mL) and Toluene (1 mL) in a 10 ml glass vial were added potassium formate (0.0882 g, 

1.05 mmol, 6.00 eq) and Pd/C (0.030 g, 5% Pd). The suspension was heated to 75 ℃ (P ≈ 5.5 

bar) for 1 hour in the microwave. Alternatively, the reaction can be conducted with conventional 

heating under nitrogen gas with 6 hours reflux. The catalyst was filtered off and the solvent 

removed by rotary evaporation to give a light purple solid. A final wash with water (50 mL) gave 

the product as a purple solid (0.0651 g, 0.128 mmol, 73% yield). Single crystals suitable for X-

ray diffraction were obtained from slow evaporation of a saturated solution in benzene (0.0425 g, 
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0.083 mmol, 65% yield).  1H-NMR (400 MHz, CD2Cl2, 300 K): 44.4 (br, Δν1/2 = 705.5 Hz), 44.1 

(br, Δν1/2  = 113.6 Hz), 43.4 (br, Δν1/2  = 97.8 Hz), 41.9 (br, Δν1/2  = 109.8 Hz), 41.7 (br, Δν1/2  = 

818.9 Hz), 40.9 (br, Δν1/2  = 112.9 Hz), 39.4 (br, Δν1/2  = 109.3 Hz), 36.6 (br, Δν1/2  = 747.7 Hz), 

27.9 (br, Δν1/2  = 854.6 Hz),  27.0 (br, Δν1/2  = 650.6 Hz), 20.3 (br, Δν1/2  = 727.2 Hz), 9.5 (br, 

Δν1/2 = 221.7 Hz), 4.9 (br, Δν1/2 = 131.4 Hz), -33.0 (br, Δν1/2  = 513.1 Hz).  IR (KBr, cm-1): ν = 

3443.5 (m), 3376.5 (m), 2475 (m, B-H), 1605 (m), 1538 (vs), 1507 (s), 1407 (s), 1304.5 (s), 

1208.5 (vs), 1112 (s), 1045 (s). EA (%): Expected C: 42.23, H: 4.33, N: 38.30, Fe:10.91; Found 

C: 43.07, H: 4.50, N: 38.12, Fe: 9.98%. UV [Toluene; λmax, nm (log ε)]: 557 (1.3). 

[((3-NH2)2Tp)2Fe]. To a suspension of [((3-NO2)2Tp)2Fe] (0.1000 g, 0.151 mmol, 1.00 eq) in 

ethanol (4 mL) and toluene (1 mL) were added potassium formate (0.1764 g, 2.10 mmol, 12.00 

eq) and Pd/C (0.030g, 5% Pd). The suspension was heated to 70 ℃ (P ≈ 5.5 bar) for 1 hour in 

the microwave. The catalyst was filtered off and the solvent removed by rotary evaporation. A 

final wash with water (50 mL) gave the product as a white solid (0.081 g, 0.135 mmol, 89% 

yield). Single crystals suitable for X-ray diffraction were obtained from slow evaporation of a 

saturated solution in dichloromethane (0.075 g, 0.125 mmol, 93% yield). 1H-NMR (400 MHz, 

CD3CN, 300 K): 53.1 (br, Δν1/2 = 128.7 Hz), 51.6 (br, Δν1/2  = 143.5 Hz), 51.4 (br, Δν1/2  = 125.7 

Hz), 50.5 (br, Δν1/2  = 811.0 Hz), 49.1 (br, Δν1/2  = 150.5 Hz), 47.5 (br, Δν1/2  = 121.2 Hz), 45.7 

(br, Δν1/2  = 915.3 Hz), 36.2 (br, Δν1/2  = 1071.7 Hz), 28.7 (br, Δν1/2  = 1267.5 Hz),  10.8 (br, 

Δν1/2  = 230.1 Hz), 4.9 (br, Δν1/2  = 303.1 Hz), -41.0 (br, Δν1/2  = 658.4 Hz). IR (KBr, cm-1): ν = 

3427 (m), 3321 (m), 2452 (m, B-H), 1619 (m), 1533 (s), 1511 (s), 1414 (s), 1372 (s), 1303 (s), 

1206 (vs), 1108 (s), 1045 (s). EA (%): Expected C: 39.89, H: 4.46, N: 41.35, Fe:10.3; Found C: 

40.54, H: 4.49, N: 37.43, Fe: 8.43. UV [Dichloromethane; λmax, nm (log ε)]: 437.5 (1.5). 
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RESULTS AND DISCUSSION 
 
Synthesis. Nitrofunctionalized trispyrazolylborate ligands HB(3-NO2pz)(pz)2

- (3-NO2Tp-)  and 

HB(3-NO2pz)2(pz)- ((3-NO2)2Tp-) were prepared as tetrabutylammonium salts by direct exchange 

of 3-nitropyrazole with nBu4NTp in solvent-free conditions, as described earlier for the 4-

substituted analogues, 47 and with the same selectivity for the formation of the N-borates over the 

O-borates (Scheme 1).  More than the stoichiometry, the temperature of the reaction is key to 

controlling the degree of functionalization of the ligand. Monosubstituted 3-NO2Tp- is obtained 

exclusively at an oil bath temperature of 105℃ even in the presence of an excess of 3-

nitropyrazole and increasing the temperature of the reaction to 130℃ is necessary to form 

disubstituted (3-NO2)2Tp-. Both temperatures are higher than is required for the formation of the 

4-nitro analogues (90℃ and 125℃, respectively). Those results indicate than the exchange 

reactions are not simply driven by the distillation of the pyrazole out of the reaction medium. 

They are, however, in agreement with the HASB theory: the stronger and harder base (pz- > 

Scheme 1. Synthesis of [(3-NO2Tp)2Fe]  
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3-NO2pz-≈4-NO2pz-, respective pKa of the pzH, 4-NO2pzH and 3(5)-NO2pzH are 14.3,54 9.75 and 

9.5) binds to the harder acid (H+  > HBpz(NO2pz) > HBpz2). Interestingly, the proposed SN2 

mechanism55, 56 with concerted proton transfer and a transition state characterized by a 6-

membered H-N-N…B-N-N… ring (Figure 1),47 would proceed via the 5-NO2pzH tautomer of 

3(5)-nitropyrazole for the formation of 3 NO2Tp-. This tautomer is the minor species in solution 

at room temperature, which might explain the higher temperature needed for the exchange of 

3(5)- vs 4-nitropyrarazole. 

The perfect selectivity towards the formation of 3-NO2Tp- rather than the 5-substituted 

analogue is an indication of the strong impact of steric effects on the reaction. We hypothesized 

that significantly increasing steric hindrance at position 3 would allow the formation of 

5-substituted derivatives. Indeed, performing the pyrazole exchange reaction on a complexed Tp- 

ligand (in the form of the FeTp2 complex), where the 5 position is now the most accessible, 

allowed us to prepare [(Tp)Fe(5-NO2Tp)], in moderate yield (Scheme 2). 

Scheme 2. Synthesis of [(Tp)Fe(5-NO2Tp)]  

 

 

Figure 1. Proposed transition state for 
3(5)-nitropyrazole exchange reaction. 
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Homoleptic difunctionalized complexes [(3-NO2Tp)2Fe] and [((3-NO2)2Tp)2Fe] are 

formed by the reaction of two equivalents of the appropriate ligand with FeCl2 in DCM at room 

temperature. Using a mixture of Tp- and NO2Tp- ligands yields the asymmetric 

monofunctionalized complexes [(Tp)Fe(3-NO2Tp)] and [(Tp)Fe(4-NO2Tp)], which can be easily 

separated from the homoleptic products [Tp2Fe] and [(NO2Tp)2Fe] by column chromatography. 

Interestingly, coordination of the ligands is not purely statistic, and homoleptic complexes are 

significantly favored. Optimal yields of the asymmetric complexes were obtained in non-

stoichiometric conditions, with a 4:1 (4-NO2Tp-:Tp-) or 2:1 (3-NO2Tp-:Tp-) ligand ratio reflecting 

the lower coordination ability of the ligands functionalized with an electron withdrawing group.   

Amine-functionalized derivatives are accessible in excellent yields via reduction of the 

nitro analogues by transfer hydrogenation, using potassium formate or 1,4-cyclohexadiene as 

hydrogen donor, Pd/C as a catalyst and a protic solvent. This represents a marked improvement 

in convenience and safety over the conditions (10h reflux under 8 bar H2) we reported previously 

for the reduction of the 4-nitro derivatives. Under microwave heating, the reactions can be 

completed within one hour thanks to the high local temperature afforded by the strong 

microwave absorptivity of the carbon support. 57, 58 

Despite their very high nitrogen and oxygen content, all complexes are stable in air up to 

at least 250 ℃, as demonstrated by TGA (see Supplementing Information), which shows no 

mass loss below this temperature except for the occasional loss of crystallization solvent. 

Preliminary investigations have demonstrated that [(3-NO2Tp)2Fe] and [(3-NH2Tp)2Fe] can be 

sublimated under vacuum without appreciable decomposition. 

Single-crystal X-ray diffraction. Crystal structures were obtained for the ligands 

nBu4N[HB(3-NO2pz)(pz)2] and nBu4N[HB(4-NO2pz)(pz)2] as well as for complexes 
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[(Tp)Fe(3-NO2Tp)]·(C6H6)0.5, [(Tp)Fe(4-NO2Tp)], [(Tp)Fe(5-NO2Tp)]·(CH3CN)0.5, 

[(3-NO2Tp)2Fe], [((3-NO2)2Tp)2Fe], [((3-NO2)2Tp)2Fe]·CH2Cl2, [(3-NH2Tp)2Fe] and 

[((3-NH2)2Tp)2Fe].  

All complexes display the targeted [FeTp2] structure (Figures S3-12), with an octahedral FeII ion 

facially coordinated by two κ3 ligands. Except for [(Tp)Fe(3-NO2Tp)]·(C6H6)0.5, 

[(Tp)Fe(4-NO2Tp)] and [((3-NO2)2Tp)2Fe]·CH2Cl2, all compounds are crystallographically 

centrosymmetric with the inversion center on the iron. For the monosubstituted 

[(Tp)Fe(5-NO2Tp)] complex this results in a 50% occupancy disorder of the nitro group between 

the two ligands. 

For the centrosymmetric homoleptic complex [(3-NO2Tp)2Fe], only the trans isomer, 

with substituted pyrazoles located opposite to each other across the iron center, is observed. 

Tetrasubstituted [(3-NO2)2Tp)2Fe]·CH2Cl2, with its nitro groups adjacent to each other (Figure 3) 

is, to our knowledge, the first cis homoleptic complex of asymmetric trispyrazolylborate ligands 

 

 

Figure 3. Single crystal structure 
of [(Tp)Fe(4-NO2Tp)] drawn with 
anisotropic displacement ellipsoids at a 
50% probability level. Fe, orange; B, 
yellow; C, grey; H, white; N, blue; O, red. 

 

Figure 3. Single crystal structure of 
[((3-NO2)2Tp)2Fe]·CH2Cl2 drawn with 
anisotropic displacement ellipsoids at a 
50% probability level. Fe, orange; B, 
yellow; C, grey; H, white; N, blue; O, red; 
Cl, green. 
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reported so far.47, 59 60 The bending of the B-Fe-B axis from 180° to 166.9° made possible by the 

cis isomer helps accommodate the significant steric requirements of the four 3-NO2 groups. 

Upon desolvation, the large orange crystals of [(3-NO2)2Tp)2Fe]·CH2Cl2 crystals split into smaller 

yellow crystals. This transformation is accompanied by significant modifications in the 

molecular packing (Figure S17 and S18) and a change in the space group from P21/c (one 

complex in the asymmetric unit, 4 complexes per cell) to Cmce (1/4th of a complex in the 

asymmetric unit, 4 complexes per cell). The departure of the CH2Cl2 molecules frees an 

estimated volume of 400Å3 per cell61 while the cell volume only decreases from 2910.7(3) to 

2742.2(11). This added free volume allows for the molecule to adopt multiple orientations or the 

nitro groups while retaining a common B-Fe-B axis, resulting in the observation of fully 

disordered nitro groups.  

The reduction of nitro groups to smaller sized amino groups results in [(3-NH2Tp)2Fe] and 

[(3-NH2)2Tp)2Fe]. Both complexes display heavily disordered amino groups. The disorder is 

maximal in [(3-NH2)2Tp)2Fe], which crystallizes in the R 3  space group: the asymmetric unit 

makes up only 1/6th of the complex, including a pyrazole and 2/3 of a 3-amino substituent, and 

the full complex is constructed by a C3 axis along the B-Fe axis and an inversion center on the 

iron. In [(3-NH2Tp)2Fe], two distinct half complexes are included in the asymmetric unit, one 

with two-fold disorder of the amine group, one with a three-fold disorder. The disorder in both 

complexes is consistent with the non-participation of the 3-amino functions in intermolecular 

interactions: a) No hydrogen bonding is taking place in the crystals, paralleling what was 

observed with the 4-amino substituted complexes. 47 This points to the strong conjugation of the 

nitrogen lone pair into the π system of the pyrazole ring. Indeed, when hydrogen atoms can be 

localized in the difference Fourier map, their position correspond to a trigonal planar iminium 
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geometry at the nitrogen rather than a tetrahedral amine form. b) The 3-amino group, tucked in 

the grooves of the complex, do not participate in other types of intermolecular contacts. 

The crystals of [(Tp)Fe(3-NO2Tp)]·(C6H6)0.5, [(Tp)Fe(4-NO2Tp)], 

[(Tp)Fe(5-NO2Tp)]·CH3CN, [(3-NH2Tp)2Fe] and [((3-NH2)2Tp)2Fe] are dark blue, red or purple 

at 100 K, suggesting they contain S = 0 iron(II) centers. Conversely, crystals of [(3-NO2Tp)2Fe], 

[((3-NO2)2Tp)2Fe]·CH2Cl2 and [((3-NO2)2Tp)2Fe] are only light yellow or orange at this 

temperature, pointing at a high spin state (S = 2). The observed Fe-N bond length confirm spin 

state assignments: in [(3-NO2Tp)2Fe] and [((3-NO2)2Tp)2Fe] complexes they are in the range of 

2.14 – 2.35 Å at 100 K, consistent with high spin Fe(II), while all other complexes have shorter 

Fe-N bonds [1.95 – 2.03 Å] characteristic of low spin iron (II) species.8 Among the low spin 

complexes, [(Tp)Fe(3-NO2Tp)], [(3-NH2Tp)2Fe] and [((3-NH2)2Tp)2Fe] complexes have slightly 

larger average Fe-N bond length (1.98–1.99 Å vs. 1.96–1.97 Å for the other low spin complexes) 

due to the steric congestion induced by the substituents in position 3. The Fe-N bond lengths for 

[(3-NH2Tp)2Fe] only increase slightly from [1.975 – 1.992 Å] at 100 K to [2.009 – 2.084 Å] at 

room temperature, consistent with most of the complexes in the single crystal remaining low 

spin. The Fe-N distance for [((3-NH2)2Tp)2Fe], on the other hand, increases markedly from 
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1.9901(9) Å to 2.1535(12) Å from 100 K to 298 K, indicating full transition to the high spin 

state, accompanied by a dramatic color change from dark violet to colorless. 

Grandjean and coworkers identified the two distortion modes that accommodate the 

elongation of Fe-N bonds during spin crossover in di(trispyrazolyborate)iron complexes: twisting 

of the pyrazole ring, measured by an increase of the Fe-N-N-B torsion angle, and 

pyramidalization at the boron, marked by a decrease of the distance B-Ct(N3) between the boron 

and centroid of the triangle defined by the neighboring nitrogen atoms. In the tetra-3-amino 

complex [(3-NH2)2Tp)2Fe], pyrazole twisting does not contribute significantly (Figure 4. The Fe-

N-N-B torsion angle of [((3-NH2)2Tp)2Fe] is unaffected by the spin crossover between 100(2) K 

(red bonds) and 298(2) K (green bonds). Fe, orange B, yellow; C, grey; H, white; N, blue.): it is 

already present in the low spin form (Fe-N-N-B = 11.66o at 100 K), to an extend unprecedented 

in low spin derivatives but necessary to accommodate the 3-amino substituents, and only 

marginally increases in the high spin form (13.94o at 298 K). Instead, the increase in Fe-N bond 

 

Figure 4. The Fe-N-N-B torsion angle of 
[((3-NH2)2Tp)2Fe] is unaffected by the spin 
crossover between 100(2) K (red bonds) and 
298(2) K (green bonds). Fe, orange B, 
yellow; C, grey; H, white; N, blue. 

 

Figure 5. The spin crossover in 
[((3-NH2)2Tp)2Fe] is accompanied by 
pyramidalization of the boron between 
100(2) K (red bonds, LS) and 298(2) K 
(green bonds, HS) K (red bonds) and 
298(2) K (green bonds). B, yellow; H, 
white; N, blue. 
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length is accommodated by the pyramidalization of the boron as B-Ct(N3) decreases from 0.561 

Å (LS) to 0.528 Å (HS), resulting in an increase of the ligand bite angle (Figure 5).  

The packing of the complexes in the crystals, dominated by C-H…O-N and C-H…C 

contacts, do not display any remarkable characteristics (Figures S12-22). A complete description 

is provided in the Supplementary Information to this article. 

 

 Infrared spectra. The most significant feature of the IR spectra of trispyrazolylborate 

complexes is the B-H stretching vibration, which appears between 2452 and 2552 cm-1 for the 

compounds discussed here. The strength of the B-H bond is inversely correlated with the 

electronic density at the boron.62 Thus, as expected, coordination of a ligand to the iron center 

draws electronic density away is drawn away from the ligand and increases the B-H wavenumber 

by 20 to 40 cm-1. No correlation was observed between the amplitude of this shift and the spin 

state of the complex. Trends between the complexes give us some insight into the impact of 

pyrazole functionalization on the electronic density at the boron. As expected, the introduction of 

a nitro group on a pyrazole decreases the density at the coordinated boron, following H~3-NO2 > 

4-NO2 (𝜈.!"# + 10-20 cm-1) > 5-NO2 (𝜈.!"# + 54 cm-1 from 4-NO2) (Figure 6). Lower frequencies 

 

Figure 6. B-H elongation frequencies of mono- 
substituted nitro complexes. Line is only a 
guide to the eye. 
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for the amine-functionalized ligand are in agreement with the expected increase of electronic 

density at the boron, but the magnitude of the effect is smaller than that of the nitro groups. 

Given the symmetrical positions of the boron and iron centers with respect to the pyrazole, those 

electronic effects can be extrapolated to the metal, and we expect the ligand to metal σ donation 

to vary with the substitution as 

3-NO2 << 4-NO2 << 5-NO2 ~ H < NH2 

Magnetic Properties. 

The temperature dependence of the susceptibility of the complexes was measured by SQUID 

magnetometry between 4 and 500 K. All derivatives are high spin (S = 2) in the high temperature 

limit, with χmT values ranging from 3.0 to 3.6 emu.K.mol−1 (3.8 to 4.5×10-5 m3.K.mol-1). The 

bis- and tetra-3-nitro complexes [(3-NO2Tp)2Fe] and [((3-NO2)2Tp)2Fe] remain high spin at 

lower temperatures. The sharp decreases of the χmT vs. T curves (Figure 7 and Figure 8) below 

40 K are consistent with a zero-field splitting of a few cm-1. All other complexes display a one-

step spin crossover without hysteresis (Figure 7 and Figure 8), with T1/2 ranging from 180 to 

380 K (Table 1) and various degrees of abruptness. To decouple the position and steepness of the 

 
 

Figure 7. Temperature dependence of magnetic susceptibility of [(3-NO2Tp)2Fe] (▲), 
[(Tp)Fe(3-NO2Tp)] (×), [(Tp)Fe(4-NO2Tp)] (◆) and [(Tp)Fe(5-NO2Tp)] (●). Dashed lines 
represent best fits to the Slichter-Drickamer model.  

 
 
 



 21 

transition, the magnetic data was fitted to a regular solution model (Slichter-Drickamer model)63, 

64 which includes the enthalpy and entropy of the transition between the S = 0 and S = 2 states as 

well as a mixing enthalpy Γ accounting for the cooperativity of the transition. Note that those 

parameters are essentially empirical and should not be expected accurately represent the actual 

thermodynamic parameters of the spin transition. Fit parameters are summarized in Table 1. 

A plot of the enthalpy of spin transition as a function of the substitution pattern shows a roughly 

linear increase of 𝚫rH with the number of electron-withdrawing 4-NO2 substituents, and the 

opposite effect of electron donating 4-NH2 groups (Figure 9, red circles). As expected, nitro 

groups, which enhance the π backdonation from the metal to the ligand, increase the ligand field 

and 𝚫rH, while amino groups enhance ligand-to-metal π bonding, lowering the ligand field and 

𝚫rH.  The deviation of 3-nitro substituted derivatives from this trend can be explained by the well-

known steric effect of substituents in this position, lengthening metal-ligand bonds and favoring 

the high spin state. This locks the di- and tetrasubstituted 3-NO2 derivatives in the high spin state, 

and lowers the enthalpy of spin transition of monosubstituted [(Tp)Fe(3-NO2Tp)]·(C6H6)0.5, by ca. 

 
 

Figure 8. Temperature dependence of magnetic susceptibility of [((3-NO2)2Tp)2Fe] (▲), 
[(3-NH2Tp)2Fe] (◆) and [((3-NH2)2Tp)2Fe] (×). Dashed lines represent best fits to the 
Slichter-Drickamer model.  
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11 kJ/mol compared to the 4-substituted analogue. On the other hand, the steric requirements of 

the amine group appear low enough to not have a significant impact.  In the absence of structural 

data for the desolvated [(Tp)Fe(5-NO2Tp)] complex, we cannot, at present, explain the 

unexpectedly low value of 𝚫rH obtained for the mono-5-nitro derivative, which from the IR data 

is expected to behave similarly to the unsubstituted complex. The very slow decrease of χmT below 

220 K, marked by a deviation from the Slichter-Drikamer fit, suggests a multistep transition might 

be present. Looking at the cooperativity values for the compounds, and including the data 

previously reported for [Tp2Fe], [(4-NH2Tp)2Fe], [(4-NO2Tp)2Fe], [((4-NO2)2Tp)FeTp] and 

[((4-NO2)2Tp)2Fe] 35, 47, no obvious structure-property relationship was observed. It is interesting 

to note, however, that while most transitions are quite gradual (e.g. [((3-NH2)2Tp)2Fe], 

[(Tp)Fe(5-NO2Tp)]), some are remarkably abrupt (e.g. [(Tp)Fe(3-NO2Tp)]·(C6H6)0.5, 

[(4-NO2Tp)2Fe]), and this despite the complete lack of any specific intermolecular interaction 

(hydrogen bonding, π stacking etc.) in all crystal packings. One can, at best, observe a weak 

correlation between number of nearest neighbors of a given molecule in the crystal and the Γ value 

(cf. Supplementary Information). 

 
Table 1. Slichter-Drickamer fitting parameters. Number between parentheses represent 95% 

confidence interval error bars 

 [(Tp)Fe(3-NO2Tp)] 
·(C6H6)0.5 

[(Tp)Fe(4-NO2Tp)] [(Tp)Fe(5-NO2Tp)] [(3-NH2Tp)2Fe] [((3-NH2)2Tp)2Fe] 

χMTmax 3.46 3 3.42 3.62 3.15 
T1/2 / K 238 376 262 310 182 

𝚫rH / kJ mol-1 13 
(12.8, 13.2) 

24.4 
(23.7, 25.2) 

17.0 
(16.7,17.3) 

18.5 
(17.9, 19.1) 

9.3 
(9.2, 9.4) 

𝚫rS / J mol-1 54.7 
(53.9, 55.5) 

65.0 
(63, 67) 

65.0 
(63.9,66.1) 

59.7 
(57.9, 61.6) 

52.0 
(45.7, 46,4) 

Γ / kJ mol-1 2.9 
(2.8, 3.1) 

1.2 
(0.96, 1.48) 

0 
(0, 0.35) 

0 
(0, 0.26) 

0 
(0, 0.08) 
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Figure 9. Enthalpy of spin transition as a function of the number of nitro or amine substituents 
present in position 3 (■), 4 (●) or 5 (▼) in the complex. Data for complexes [(4-NH2Tp)2Fe], 
[Tp2Fe] (▲), [(4-NO2Tp)2Fe], [(Tp)Fe(4-NO2Tp)] and [((4-NO2)2Tp)2Fe] are taken from 
reference 47. 
 

 

CONCLUSION 

In this work, we demonstrated how the pyrazole exchange reaction could be applied to the 

precisely tune the functionalization of trispyrazolylborate complexes. The regioselectivity of the 

reaction is controlled by steric considerations, and the degree of substitution by the temperature 

of the reaction. Substitution patterns appear to be governed by the relative hardness of the 

pyrazole bases and boron centers. These observations suggest that the synthesis of 

multifunctional ligands should be possible by a careful selection of the order of introduction of 

the functionalized pyrazoles and a good control of the reaction temperature. The nitro 

functionalized complexes can then be reduced to the amine analogues without affecting the 

nature of metal cation at the core of the complex. Combined with the control in the degree of 
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substitution afforded by the pyrazole exchange, this yields a range of robust molecular tectons 

supporting a tunable number of reactive amine functions. 

As expected, the di(trispyrazolylborato)iron(II) framework displays remarkably robust spin 

crossover properties. With the exception of highly sterically hindered di- and tetra-4 nitro 

substituted compounds, which are locked in a high spin configuration, all substituted complexes 

reported here retain their spin crossover properties. While the transition parameters of the 

3-substituted derivatives is essentially governed by steric considerations, electronic effects 

govern complexes substituted in position 4, which display transition temperatures ranging from 

70oC (diamino complex) to 130oC (tetranitro complex). The investigation of the crossover 

properties, however, is complicated by the cooperativity effects due to crystal packing, and some 

observations, in particular concerning the behavior of [(Tp)Fe(5-NO2Tp)], remain unexplained. 

We expect those investigations of the spin crossover in solution, which are in progress in our 

laboratory, will help shedding light on those remaining questions. 
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