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Preparation of Dihydroquinazoline Carbohydrazone Fe(ll)
Complexes for Spin Crossover

Fu-Xing Shen,” Wei Huang,** Takashi Yamamoto,” Yasuaki Einaga,” Dayu Wu®*

The dihydroquinazoline Fe" complexes, namely, [Fe(pq-R),](X),:xCH;OH:yCH3CN-zH,O(R = 2-py: X =ClO,, x=1,y=0,z=2
(1), BFs,x=0,y=2,2=1.75(2),CF3SO3, x=1,y=1,2z=0(3); and X=ClO4: R=2-OCH;, x=0,y =0, 2= 1(4), R=3-OCH3, x =
0, y =0, z = 1(5)) were prepared and the effects of the solvent, counteranion and ligand substituent on spin crossover
property were discussed. Comparison of X-ray diffraction data for these complexes revealed the sole presence of high-spin
Fe' at 298 K and the bond distances around Fe" center at low temperature fall much closer to those at high temperature,
which is consistent with variable-temperature dc magnetic susceptibility data. However, the loss of solvent induced the
significant change of spin state for complex 1 and 2. Moreover, fits to magnetic data of the desolvated samples provide
crossover temperatures of Ty, = 182.9(6), 157.0(8) and 138.3(5) K for 1-des (ClO,), 2-des (BF,) and 3-des(CF;SO;),
respectively, indicative of the anion-dependent transition temperature. The cooperativity operating in the complexes is
thought to be mainly from the intermolecular r...7t interactions between dihydroquinazoline rings on the neighboring
molecules. The ligand substituent effect was also investigated on Fe' sco property. This work revealed the spin crossover
property of a new type of dihydroquinazoline Fe(ll) complexes, including the transition temperature, the degree of
completion and the cooperative nature of the transition, can be optimally designed when developing new spin-crossover

materials.

Introduction

Spin-crossover (SCO) systems represent an exciting so-called
bottom-up approach toward highly efficient and specific
functional materials based on the idea that the miniaturisation
limit of an electronic function reaches the molecule level and a
molecule could work as electronic switches or memory storage
devices.” These materials could undergo spin transition from
a low spin (LS) to high spin (HS) state for d*’ electron
configuration, i.e. especially Fe'", through an external stimulus,
such as thermal, pressure, light and etc.”” The narrow range of
ligand field strength for which a spin transition can occur
makes these systems sensitive to the overall crystal lattice.™°
Hence, the pursuit of the novel ligand field that can implement
the spin transition is crucial to fabricate this system. In
addition, spin transition (ST) can occur either over a wide
temperature range (gradual) or within a few degrees (abrupt)
dependent on the high cooperativity between spin centers,
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and so it can also produce thermal hysteresis.
16-18 ligand substituents®® !
may have a drastic effect on the cooperativity of
spin-transition properties of the material from gradual to
steep temperature-dependent magnetic response.”®

However, the exchange of counteranions frequently results in
an annihilation of the SCO properties because the subtle
structural variations are able to modify the ligand-field
2932 1¢< pelieved that the carbohydrazone derivative
bearing N,O binding site for metal center is an important
scaffold for controlling SCO ligand field. However, up to now,
whatever the carbohydrazone-containing or hydrazone-type
ligands have been extremely rarely realized in the realm of
iron spin crossover. The structurally characterised hydrazono-
based iron(lll) spin-crossover complex
{[Fe(mph),](CIO,4)-0.5MeOH-0.5H,0}, [Hmph = 2-methoxy-6-
(pyridyl-2-ylhydrazonomethyl) phenol] possesses phenolate
and pyridyl moieties.> Later on, Gao and coworkers reported
the systematic modification of carbohydrazone-type Schiff
base ligand for preparation of iron(ll) complex, whose SCO
property can be influenced by the ligand modification,34
desolvation®® and the particle size.® (Scheme 1) Another
complex of this type is
reported by Shongwe et al, who modified the ligand structure
by substituting 4-hydoxy moiety with 4-tert-butyl change, as
well as changing CH=N imine bond to C(Me)=N.37 Despite the

as counterions, or lattice-solvent

22:27
molecules

strength.

structurally characterized Fe(lll)
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SCO iron(ll) complexes derived from carbohydrazone donors
have been investigated in several cases, the predictability over
the correlation between SCO property and the structure
characteristic of the ligand is still desirable.

It should be noted that in the reported complexes mentioned
above the carbohydrazone ligand is prone to be deprotonated
upon metal coordination. Herein, the dihydroquinazoline
derivatives were restrained by tunable 2-substituent groups
were synthesized, which is expected to exhibit an appropriate
ligand field and makes good candidates for the discovery of
new SCO systems.gs'39 The synthesis, characterization and
magnetic properties of a new series of compounds containing
the cation [Fe(pq-R)z]2+ (pPg-R = ((R-2-yl)methyleneamino)-2,3-
dihydra-2-(pyridin-2-yl)quinazolin-4(1H)-one)  with  various
anions, that is, ClO, (1), BF, (2) and CF3;SO3'(3) when fixing
substituent of 2-pyridyl group and with modified substituents
R = 2-methoxyl (4), and 3-methoxyl (5) when fixing anion of
perchlorate, respectively, are fabricated to discuss the spin
crossover property, while it allows detailed discussion of the
collective influence of the solvent, counterion and ligand
substituent on the structural and spin transition properties.

OH
Pa-2py
~ N
| B N R
_N 0 7>
HN
" " N-N\ N=
| S N \ /
N o OH pa-R
R= 2-OCH,
this work 3-0CH,

Scheme 1. Modified carbohydrazone series ligand for the formation of spin crossover

Fe(ll) complex in the related work.>*¥

Experimental
General procedures and materials

All chemicals were purchased from Aldrich Co. Ltd and were
used without further purification. All solvents were dried using
standard procedures. Perdeuterated dimethyl sulfoxide
(DMSO-dg) was purchased from Alfa Aesar Co. Ltd and stored
over 4 A molecular sieves prior to use. Fe(CF350;),-2CH;CN
was synthesized according to a literature procedure.40
Elemental analyses (C, H, and N) were conducted with a
Perkin-Elmer 2400 analyzer. (Caution! Perchlorate salts are
potentially explosive subject to heating, only complex 2 and 3
were used for TGA analysis). Micro-IR spectroscopy studies
were performed on El Nicolet Magna-IR 750
spectrophotometer in the 4000-400 cm™ region (w, weak; b,
broad; m, medium; s, strong). Thermogravimetric analyses
were conducted on NETZSCH TG 209 F3.'H NMR spectra
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were obtained from a solution in DMSO-dg using a Bruker-400
spectrometer. (s, singlet; d, doublet; t, triplet; m, multiplet; dd,
double doublet). For the °’Fe Méssbauer spectroscopic
measurement, *’Co in Rh was used as a Mssbauer source. The
spectra were calibrated by using the six lines of a body-
centered cubic iron foil (a-Fe), the center of which was taken
as zero isomer shift. The experimental data of Md&ssbauer
spectra were obtained in the cooling mode and fitted with a
MossWinn 4.0 program.41

Magnetic Measurements

Magnetic susceptibility measurements were performed using a
Quantum Design MPMS XL-7 SQUID magnetometer. The
magnetic susceptibility measurements were taken while
lowering the temperature from 300 to 5 K at the sweeping rate
under an applied magnetic field of 2500 Oe.
Direct-current (dc) susceptibility measurements were taken on

of 1 K min™

a freshly filtered crystal sample wrapped in a polyethylene
membrane. Samples were prepared rapidly to avoid any loss of
magnetic measurements. Corrections for
diamagnetism were applied using Pascal’s constants.*?
Synthetic Procedure

solvent for

2-aminobenzhydrazide and 2-amino-N'-(pyridin-2-
ylmethylene)benzohydrazide were synthesized according to
the literature method.*®

Preparation of ligand 2-(pyridin-2-yl)-3-((pyridin-2-
ylmethylene)amino)-2,3-dihydraquinazolin-4(1H)-one, [pqg-
2py]: This compound was synthesized through a modified
literature procedure.44 A  mixture ethanolic solution of
pyridine-2-carboxaldehyde (10.0 mmol, 1.0712 g) and 2-
aminobenzhydrazide (5.0 mmol, 0.7559 g) was refluxed for 4
hours at the boiling temperature, after which a yellow
microcrystalline solid was obtained. The product was washed
with cold ethanol and dried in vacuo. Yield: 87%. 'H NMR
(400MHz, DMSO-d¢) & 8.68 (s, 1H), 8.59(d, J=4.85, 1H), 8.48(d,
J=4.18, 1H), 7.96(d, J=3.28, 1H),7.91(d, J=7.89, 1H),7.86(dd,
1H), 7.81(m, 1H), 7.73(d, J=6.78, 1H), 7.45(d, J=7.92, 1H),
7.40(m, 1H), 7.31(dd, 1H), 7.26(m, 1H), 6.78(d, J=8.07, 1H),
6.73(t, 1H), 6.65(d, J=3.49, 1H)ppm.

Preparation of ligand 2-(2-methoxyphenyl)-3-((pyridin-2-
ylmethylene)amino)-2,3-dihydraquinazolin-4(1H)-one, [pqg-
20CH;]: 2-Methoxybenzaldehyde (5 mmol, 0.6808 g) was
added to a solution of 2-amino-N'-(pyridin-2-
ylmethylene)benzohydrazide (5 mmol, 1.20 g) in methanol (20
mL) and the mixture was stirred at the refluxing temperature
for 4 h, after which the solvent was removed in vacuo. The
white product was washed with cold methanol and dried in
vacuo. Yield: 75%. 'H NMR (400MHz, DMSO-dg) 6 9.28 (s, 1H),
8.49(d, J=4.61, 1H), 7.81(d, J=2.51, 1H), 7.78(d, J=7.69,
1H),7.71(t, 2H), 7.43(m, 1H), 7.38(d, J=7.52, 2H), 7.30(dd,
1H),7.24(t, 1H), 7.07(d, J=8.35, 1H), 6.96(t, 1H), 6.75(d, J=8.25,
1H), 6.70(t, 1H), 6.36(d, J=2.49, 1H), 3.81(s, 3H) ppm.
Preparation of ligand 2-(3-methoxyphenyl)-3-((pyridin-2-
ylmethylene)amino)-2,3-dihydraquinazolin-4(1H)-one, [pqg-
30CH;]: The white solid was obtained in the similar manner to
that of pg-20CH; except that 3-methoxybenzaldehdye was
used instead of 2-methoxybenzaldehdye. Yield: 73%. 'H NMR

This journal is © The Royal Society of Chemistry 20xx
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(400MHz, DMSO-dg) & 8.84 (s, 1H), 8.49(d, J=4.93, 1H), 7.90(d,
J=3.81, 1H), 7.79(d, J=7.09, 1H), 7.70(t, 1H), 7.40(d, J=7.88, 1H),
7.33(t, 1H), 7.29(m, 1H),7.24(d, J=7.95, 3H), 6.99(d, J=6.67,
1H), 6.77(d, J=8.25, 1H), 6.71(t, 1H), 6.48(d, J=3.11, 1H), 3.76(s,
3H)ppm.

Caution! Perchlorate salts are potentially explosive in organic
solvent, only small amount should be treated with caution.
Preparation of compound [Fe(pg-2py),](ClO,),-CH;0H-2H,0
(1): A solution of Fe(ClO,),- 6H,0 (0.05 mmol, 0.0181 g) in
MeOH (6 mL) was added to a solution of pg-2py (0.1 mmol,
0.0329 g) in 10 mL MeOH / CHs;CN (v:v, 4:6). The resulting
dark-red mixture was stirred under nitrogen atmosphere for 1
h. The suspension was then filtered and the filtrate was
diffused with diethyl ether. Dark red block-shaped single
crystals suitable for X-Ray diffraction analysis were obtained
after several days. Yield: 48% (based on Fe). IR(KBr pellet, cm’
1): 499(w), 518(w), 542.40(w), 627 (m), 696 (w), 754 (m), 845
(w), 893 (w), 927 (w), 999 (w), 1100 (s), 1153 (s), 1225 (m),
1307 (w), 1346 (w), 1375 (w), 1408 (m), 1452 (m), 1519 (w),
1611 (s), 3055(w), 3325 (m). Anal. Caled for
Fe(Ci9H15N50),:(Cl0O,4),-(CH40)-(H,0),: H, 3.90; C, 47.72; N,
14.27. Found: H, 3.78; C, 47.75; N, 14.37. The sample 1 was
then subject to dry at room temperature under vacuum for 4
days to prepare the fully desolvated sample 1-des. Anal. Calcd
for Fe(C19H15N50)5+(ClO,),: H, 3.31; C, 49.97; N, 15.33. Found:
H, 3.73; C, 49.05; N, 15.41.

Preparation of compound [Fe(pg-
2py),]1(BF;),:2CH3;CN-1.75H,0 (2): The dark red block-shaped
crystals of complex 2 suitable for X-ray diffraction were
obtained in the similar manner to that described for complex 1
except that Fe(BF,),-6H,0 was used instead of Fe(ClO,),: 6H,0.
Yield: 42% (based on Fe). IR (KBr pellet, cm'l): 537 (w), 619 (w),
7008(w), 754 (s), 845 (w), 893 (w), 1076 (s), 1154(m), 1225
(m), 1308(w), 1375 (w), 1413 (m), 1452 (m), 1514 (w), 1611 (s),
3373 (m). Anal. Calcd for
Fe(CigH15N50),+(BF4)2 (CoH3N)2 (H20)155: H, 3.97; C, 50.35; N,
16.78. Found: H, 4.41; C, 50.65; N, 17.06. The sample 2 was
then subject to heat treatment at 150 °C for 4 hours under
vacuum to obtain the fully desolvated sample 2-des based on
the analysis of TGA. Anal. Calcd for Fe(CigH15NsO),:(BF4),: H,
3.40; C, 51.39; N, 15.77. Found: H, 3.86; C, 51.05; N, 15.68.
Preparation of compound [Fe(pg-
2py),](CF3S05),-CH;CN-CH;0H (3): The dark red crystals of
complex 3 suitable for X-ray diffraction were obtained by
following the same procedure as that described for complex 1
except that Fe(CF3S03),-2CH;CN was used instead of Fe(ClO,),-
6H,0. Yield: 52% (based on Fe). IR (KBr pellet, cm'l): 518(w),
546 (w), 575 (w), 643 (m), 701(w), 754 (m), 845 (w), 889(w),
989 (w), 1028 (s), 1167 (s), 1245 (s), 1278 (s), 1346 (w), 1379
(w), 1413 (m) , 1452 (m), 1509 (m), 1567 (w), 1611 (s), 3046
(w), 3469 (m), 3571(m). Anal. Calcd for
Fe(Cy9H15N50),:(CF3S03),-(C,H3N)-(CH,O): H, 3.43; C, 47.56;
N,14.19. Found: H, 3.23; C, 47.65; N, 13.82. The desolvated
sample 3-des sample was obtained in the similar manner to
that of 2-des. Anal. Calcd for Fe(Cy9H15N50),:(CF3S05),: H, 3.90;
C,47.72; N, 14.27. Found: H, 3.53; C, 47.39; N, 14.42.

This journal is © The Royal Society of Chemistry 20xx
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Preparation of compound [Fe(pq-20CH;),](Cl0,),-H,0 (4): The
dark red block-shaped crystals of complex 4 suitable for X-ray
diffraction were obtained in the similar manner to that
described for complex 1 except that pg-20CH; was used
instead of pg-2py. Yield: 73% (based on Fe). IR (KBr pellet, cm”
1): 504(w), 532 (w), 626 (m), 691 (w), 754 (m), 845 (w), 888 (w),
932 (w), 985(w), 1023 (w), 1100 (s), 1154(m), 1227 (m), 1245
(m), 1308(w), 1356(w), 1408 (m), 1447 (m), 1490 (m), 1529
(m), 1569 (m), 1609 (s), 2838 (w), 2949 (w), 3055 (w), 3339
(m). Anal. Calcd for Fe(C,;H1gN405),:(ClO,4),(H,0): H, 3.87; C,
50.98; N, 11.32. Found: H, 3.57; C, 51.43; N, 11.09. The
desolvated sample 4-des was obtained in the similar manner
to that of 1-des. Anal. Calcd for Fe(Cy9H15N50),(ClO,4),: H, 3.73;
C,51.92; N, 11.53. Found: H, 3.82; C, 52.05; N, 11.22.
Preparation of compound [Fe(pg-30CH;),](ClO,),-H,0 (5) :
The dark red block-shaped crystals of complex 5 suitable for X-
ray diffraction were obtained in the similar manner to that
described for complex 4 except that pg-30CH; was used
instead of pg-20CH;. Yield: 70% (based on Fe). IR (KBr pellet,
cm'l): 507 (w), 536 (w), 626(m), 694 (w), 750 (m), 775.33(w),
864 (w), 889 (w), 920(w), 981 (w), 1097 (s), 1155 (m), 1226
(m), 1261 (w), 1305 (w), 1350 (w), 1371 (w), 1409 (m), 1452
(m), 1488 (m), 1523 (m), 1610 (s), 2837 (w), 2962 (w), 3503
(w), 3342 (m). Anal. Calcd for Fe(Cy1H,15N405),:(ClO,),+(H,0): H,
3.87; C,50.98; N, 11.32. Found: H, 3.76; C, 50.44; N, 11.09. The
desolvated sample 5-des was obtained in the similar manner
to that of 1-des. Anal. Calcd for Fe(Cy9H15N50),(ClO,4),: H, 3.73;
C,51.92; N, 11.53. Found: H, 3.92; C, 52.34; N, 11.84.

X-ray Crystallography

The crystal data for all the complexes at the selected
temperature have been collected on a Bruker SMART CCD
diffractometer (Mo Ka radiation, A = 0.71073 A). SMART was
used for collecting frames of data, indexing reflections, and
determining lattice parameters, SAINT for integration of the
intensity of reflections and scaling, SADABS for absorption
correction, and SHELXTL for space group and structure
determination and least-squares refinement on % Al
structures were determined by direct methods using SHELXS
and refined by full matrix least-squares methods against F
with SHELXL.*® All of the non-hydrogen atoms except the
disordered solvent molecules were refined with anisotropic
thermal displacement coefficients. Hydrogen atoms were
located geometrically, whereas those of solvent molecules
were found on Fourier difference maps, and all of the
hydrogen atoms were refined in riding mode. Because of weak
diffraction and disordered solvents molecules in the lattice,
the SQUEEZE function of PLATON was applied for complexes 1-
120K, 1-296K, 2-100K, 2-180K and 3-200K. The residual
electron counts were 182 e, 137 e, 197 e, 198 e and 143 e’
per unit cell, respectively, corresponding to the missing solvent
molecules,47 which is in accordance with those calculated from
TGA and elemental analysis data (Figure S13, Figure S14).
Parameters for data collection and refinement of the
compounds are summarized in Table 1. It should be noted that
the data were of poor quality but sufficient to confirm
connectivity.

J. Name., 2013, 00, 1-3 | 3
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Table 1. Crystallographic Data for 1-5.

1 2 3 4 5
T (K) 120 296 100 180 200 100 296 296
Formula C38H30N10010Cl2Fe C3sH30N1002B;FsFe CaoH3008N10S2FsFe C42H34N5013CloFe C42H34N501,CloFe
MW (g/mol) 913.47 888.19 1012.71 985.52 969.52
Crystal system Triclinic Triclinic Triclinic Orthorhombic Orthorhombic
Space group Pi Pi Pi Fad2 Fad
z 2 2 2 8 8
alA] 11.988(4) 11.801(6) 11.8910(19)  11.893(3) 11.8477(19) 33.209(4)  33.402(6) 32.579(10)
blA] 12.347(4) 13.315(6) 12.235(2) 12.353(3) 14.823(2) 14.8798(18)  15.304(3) 17.101(4)
c[A] 18.255(5) 17.303(8) 18.064(3) 18.068(5) 16.192(4) 18.8479(18)  19.044(3) 18.604(4)
al’] 72.264(7) 110.308(11) 72.999(4) 73.665(5) 104.000(5) 90 90 90
6[°] 74.636(7) 91.184(12) 75.187(3) 75.689(5) 98.380(5) 90 90 90
vl 86.982(8) 104.924(12) 86.189(3) 86.462(5) 113.241(4) 90 90 90
VIAY] 2480.4(13) 2445.6(19) 2429.6(7) 2468.1(10) 2440.7(8) 9313.6(19) 9734(3) 10365(5)
pcak,(g/cms) 1.223 1.240 1.214 1.195 1.378 1.406 1.339 1.243
F(000) 936 936 904 904 1032 4048 4037 3984
R:°(1>20(1) ) 0.1070 0.1351 0.1105 0.0962 0.1121 0.0961 0.0911 0.0958
WI-'\'Zh (1>20(1)) 0.2343 0.3517 0.2841 0.2812 0.3086 0.2473 0.2336 0.2304
Ri(all data) 0.1828 0.2083 0.0883 0.1297 0.1651 0.1398 0.1077 0.2022
WR>(all data) 0.2631 0.3400 0.2567 0.3096 0.3498 0.2876 0.2491 0.3048
GooF 1.058 1.099 1.086 1.081 1.083 1.033 1.017 0.966

*Re=3||Fol - [Fel 1/2Fo] > WRy ={S[w( Fo’ - FZY1/ ZIw( Fo')al}'

Results and discussion

Structure Analysis

The 2-substituent dihydroquinazoline ligands pg-R were
synthesized through ring-closure reaction of the corresponding
aldehyde and 2-amino-N'-((pyridin-2-yl)methylene)
benzohydrazide following modified literature procedures
(Scheme 1).41 The metal complexes were formed by treatment
with a MeOH/CH5CN mixed solution containing 2 equiv each of
pg-R and 1 equiv of Fe(ll) salts to give a dark red solution
under nitrogen atmosphere. The dark-red crystals, [Fe(pg-
R),](X),:xCH30H-yCH3CN-zH,0O(R = 2-py: X = ClO,, x=1, y=0, z=2
(1); BF4, x=0, y=2, z=1.75 (2); CF3S03, x=1, y=1, z=0(3); and X =
ClO,: R = 2-OCHj3, x=0, y=0, z=1(4); R = 3-OCHs, x=0, y=0, z=1
(5)) suitable for X-ray diffraction were obtained by
subsequently carefully diffusing diethyl ether vapor into this
solution. The most obvious feature in the IR spectra of the iron
compounds is the presence of the absorptions of the
perchlorate counter ion [v(CIO,): ~1100 cm™ (very strong),
~627 cm™ (medium intensity)] for 1. As expected, the
perchlorate complexes 4 and 5 exhibit characteristic v(ClO,)
absorptions in their spectra. The imine C=N bond is indicated
by the vibrational bands in the range 1598-1636 cm™. The
keto C=0 bond is indicated conspicuously by the characteristic
intense absorptions at the band ~1600 cm™ for all the Fe(ll)
complexes. The characteristic N-H vibrational absorptions
appear in the ranges ~1350-1490 cm™  for the
dihydroquinazoline  backbone, further confirmed the
components of the complex. To our best knowledge,

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

complexes 1-5 represent the first examples of Fe" complexes
of dihydroquinazoline derivative.

Single-crystal X-ray diffraction analyses for the selected
compounds were carried out at both high and low
temperature. At higher temperature, complexes 1-3 crystallize
in the triclinic space group Pi and are isostructural to one
another (Table 1). However, complexes 4 and 5 crystallize in
the orthorhombic Fyy, space group and the ligands are
crystallographically identical. A perspective view of the
molecular structure of 1 and 4 is shown in Fig. 1. The iron(ll)
ion is hexa-coordinated by two tridentate Schiff base ligands
with the carbonyl O, azomethine N and pyridine N as donor
atoms, forming cation iron complex. At high temperature, the
average Fe-N,, Fe-N,,,, and Fe-O distances across the series
1-3 fall in the ranges of 2.157(6)-2.171(8), 2.122(4)-2.137(6),
and 2.098(6)-2.119(4) A, respectively, which is consistent with
the presence of high-spin S =2 Fe" centers (Table 2).

At low temperature, crystals of 1-3 maintain their space group
of Pi, albeit without significantly decrease in unit cell
dimensions relative to the high temperature data (Table 1).
The average Fe-N,,/ Fe-O bond distances exhibit only a little
change, i.e., 2.164(7) / 2.130(5), and 2.153(4) / 2.121(3) A,
together with the Fe-N,,, of 2.091(7) and 2.115(4) A for 1 and
2, respectively (Table 2), indicative of the slight change of the
octahedron sphere around Fe(ll) center. Compared to the
work by Gao et al,35 the Fe-N,,, bond distance is comparable,
the Fe-N,, distance became ca. 0.06 A shorter and Fe-O is
about 0.04 A longer. Within the dihydroquinazoline group in 1,
the C-N bond distance involving C7-N3 and C5-N1 is 1.359(9)
and 1.358(10) A together with N8-C26 and N6-C27 bond

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Selected Interatomic Distances (A) and Angles (deg) for 1-5.

New Journal of Chemistry

1 2 3 4 5

T(K) 120 296 100 180 200 100 296 296
FeN, 2147(7)  2.162(7)  2.1454) 21525 2.151(5) 2.137(9)  2.141(8)  2.148(11)

2181(6) 2.1798)  2.1613)  2.172(4)  2.162(6) 2.137(9)  2.141(8)  2.148(11)
Fe-Npwe  2164(7) 2.171(8) 2.153(4)  2.162(5 2.157(6) 2.137(9)  2.141(8)  2.148(11)
FeNow 2079(7) 2.137(6)  2.1154)  2.119@4)  2.123(6) 2.125(9)  2.137(7)  2.123(10)

2103(6) 2.137(6) 2.115(4)  2.124(4)  2.139(6) 2.125(9)  2.138(7)  2.123(10)
Fe-Nuowe  2.091(7) 2.137(6) 2.115(4)  2.122(4)  2.131(6) 2.125(9)  2.138(7)  2.123(10)
e 2.108(5) 2.094(6) 2.099(3)  2.0994) 2.114(5) 2.121(6)  2.125(6)  2.160(8)

2151(5) 2.104(6) 2.1433)  2.138(4)  2.122(5) 2.121(6)  2.125(6)  2.160(8)
Fe-Ou, 2.130(5) 2.098(6) 2.121(3)  2.119(4)  2.118(5) 2.121(6)  2.125(6)  2.160(8)
3 1472(3)  1493(3) 1474(12) 147.8(15) 151.12) 1522(3)  157.6(3)  165.2(4)

distances of 1.371(10) and 1.376(11) A, respectively, are
intermediate between the normal C-N double bond and single
bond. In contrast, the C13-N1 and C13-N3 together with
C38-N6 and C38-N8 bond distances are in the range of
1.424(10)-1.486(9) A, which is typical for a usual C-N single
bond. These collective distances suggest that pqg-2py ligand is
partially conjugated upon binding to Fe(ll). Furthermore, the
C-0 bond varies from 1.239(8) to 1.254(9) A, suggesting the
normal double bond. Hence, these distances are consistent
with Fe" center being ligated by an oxygen atom of a carbonyl
group and a nitrogen atom of a neutral imine group, such that
pa-2py ligand is best described as a neutral carbohydrazone
derivative upon coordination to Fe(ll) center.®®

Figure. 1 Molecular structure of 1 at 120 K (top) and 4 at 100 K(bottom). (hydrogen
atoms, anions and solvent molecule are omitted for clarity). Symm. code: *: -x+1/2, -
y+5/2, z.

This journal is © The Royal Society of Chemistry 20xx

This distortion from an ideal octahedron can be quantified
through the parameter 2,49 which is defined as the sum of the
absolute deviations of each of the 12 cis-disposed L-Fe-L
angles from 90°. In general, the spin crossover will induce the
change of Z with small £ in the LS state and larger 2 in the HS
state.”® Analysis of the Fe centers in 1 with SCO phenomenon
at the temperature before and after transition gives values of &
= 149.3(3)° and 147.2(3)°, respectively. The 5 analysis for 2
revealed less difference between high- and low-temperature
data and are indicative of high portion of HS Fe(ll) in this
system.

Figure 2. Crystal packing portion of the crystal structure of 1 (120 K, top) and 4 (100 K,
bottom) at, as viewed along the crystallographic b axis, highlighting the abundant
intermolecular m...t stacking.

Along these lines, the average Fe—N,, bond distances in 4
between high and low-temperature structure are quite similar,
and both the average Fe-N,,, and Fe-O showed the slight
change from 2.138(7) A to 2.125(9) A and from 2.125(6) A to

J. Name., 2013, 00, 1-3 | §
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2.21(6) A, respectively, suggesting a majority of high-spin Fe'
centers in 4 at 100 K.

Table 3. The observed mn...t stacking mode in compounds 1-5.

Compound 1 2 3 4 5

m...m stacking centroid...centroid distance (A)

Ring A...Ring A’ 3.554 3.486  3.400 - -
Ring B"..Ring C°  3.463 3.342 3819 - -
Ring A...Ring B - - - 3.446  3.529

?Ring A denotes dihydroquinazoline group; b Ring B denotes coordinated
pyridyl ring; “Ring C denotes free pyridyl or substituent phenyl ring; -: not
observed.

Overall, the 2+ charge of each cation complex is balanced by
two noncoordinating counteranions. These bulky anions
interact with the Fe cations through X...H-N hydrogen-
of
acceptor(anion)...donor(N) on dihydroquinazoline groups with
the shortest intermolecular anion---N distances of 2.864, 2.990
and 3.050 A for 1, 2 and 3 at high temperature, respectively.
The presence of such bulky anions engenders a large separation
between Fe®' complexes in the solid state, with the shortest
intermolecular  Fe---Fe  distances in the range of
9.777(4)—9.782(4) A at 296 K and 9.565(4)—9.662(4) A at 100
K. Most importantly, in the crystal packing each molecule
interacts with the adjacent iron complexes via =...w stacking of
the coordinated pyridyl and free pyridyl groups with the

bonding interactions, evident from contacts

centroid...centroid distance of 3.463 A for complex 1(Figure 2).

In addition, the stabilization of an infinite three-dimensional
network was also supported by the intermolecular =...w
stacking dihydroquinazoline groups with the
centroid...centroid distance of 3.554 A. The similar =...m
stacking interactions were found to exist in the packing

via two

structure of 2 and 3. Compared with the homologous compound
1, the different stacking style was presented in another
homologue 4, namely, only one type of intermolecular ...t
stacking  interlinked  the pyridyl  and
dihydroquinazoline group with the centroid...centroid distance
of 3.446 A for 4 and 3.529 A for 5 (Figure 2, bottom and Figure
S11), respectively. Hence, the different mode of intermolecular
interactions between 1-3 and 4-5 series should enable the
electronic effects on spin with cooperative
interactions that are likely to be different between them.(Table
3) However, in the closely related work,* hydrogen-bond

coordinated

crossover

interaction rather than =...m stacking, which is the possible
source of cooperative interaction, occurring between terminal O
atom and azomethine N atom is found in the crystal packing of
solvated crystal, leading to an infinite two-dimensional network.
Magnetic Properties

Magnetic susceptibility measurements were performed on the
freshly prepared samples of 1-5, in the temperature range 5—
300 K, under an applied magnetic field of 2500 G (see Figure 3
and Figure S12). Both 1 and 2 are high-spin at room
temperature and undergo incomplete spin-transitions upon
cooling, 3 is almost high-spin over the temperature range (xyT
= 3.26 cm® mol™ K) between 45-300 K (Figure 3(a)). As the
temperature is decreased, yuT values of 1 and 2 initially
remain constant before undergoing gradual and slight decline.

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

Although the S-shaped xuT curve is a signature of spin
crossover, the non-zero minimum values of yuT at low
temperature indicate that a considerable portion of high-spin
Fe" centers [90(1), 87(1) and 93(1)% of Fe' centers for 1,2 and
4, respectively], which is consistent with the X-ray diffraction
analysis. The low temperature decrease in yuT below 45 K is
not evidence of further spin-transition, but is caused by zero-
field splitting of the high-spin manifold. The incompleteness is
likely caused by an inherent structural impossibility for the
compound to achieve a pure spin state in which all metallic
centres are LS, which is possibly affected by the solvent loss.
Indeed, samples which have been desolvated by heat
treatment under vacuum based on the TG results exhibit
increasing percentages of transition centres(Figure S13, S14).
Despite that the solvate sample showed little spin crossover,
however, upon solvent loss, the transition percentage varies
across the 1-3 series in the order of BF,(82%) > ClO, (54%) >
CF3SO; (7%)(Figure 3(b)). It’s worthy to note that the slope of
the curve practically unchanged between 1 and 2. Hence, the
cooperativity seems to be unaffected by anion changes
between BF, and ClO, . Finally, in order to further investigate
the substituent effect on spin transition, the compounds 4 and
5 were prepared and their magnetic data were analyzed, the
compound 5 is basic high-spin within the whole temperature
region and only a small decreased portion of yuT product at
100 K, but compound 4 exhibits the onset of a gradual spin-
transition on continuous cooling over a wide temperature
range from 220 K to 95 K, implying it is only tiny SCO
completeness.(Figure S12)
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Figure 3. (a) Plots of yuT versus T for compounds 1 (ClO4, black), 2 (BFy, red), 3 (CF3SO;
, green) and (b) their corresponding desolvated samples which were subject to heating
at 150 °C for 4 hours under vacuum prior to magnetic measurement. Circles represent
experimental data, whereas solid lines correspond to fits based on a domain model as
described in the text. Note: All the measurements were undertaken in sweep mode at
scanning rate of 1 K/min.

In some cases, the SCO completeness is to a certain extent
dependent on the cooling rate.’*>* Samples which have been
rapidly cooled usually exhibit lower percentages of transition
centres, while slowly cooled samples show higher values.
Accordingly, if the temperature is kept at 120 K for about 24 h
in the SQUID holder, only a negligible decrease of the xuT
value is detected on complex 1. Hence, the incompleteness
observed for compound 1 is independent of the cooling rate. A
change of bonding distance around metal center occurring
during the transition may also justify this incompleteness as
seen for compound 1. Unfortunately, we could not collect
high-quality diffraction data of desolvated samples due to the

This journal is © The Royal Society of Chemistry 20xx
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crystal collapse subject to loss of lattice solvent despite many
attempts, and therefore the crystal structures of desolvated
complexes 1 and 2 could not be obtained.

o estimate the relevant thermodynamic parameters associated
with the spin transition, we have fitted the experimental data

between 50 K and 300 K using the domain model (eq 1).42'56
In (1-yus) _ nAH _ nAS (1)
YHS RT R

The HS molar fraction, nys, can be expressed as a function of
the magnetic susceptibility through (eq 2) where AH and AS
are the enthalpy and entropy parameters, R is the universal
gas constant, and n is the domain size and represents the
number of molecules per domain. The fit of the magnetic data
were performed by use of the program Origin 6.1 from
OriginLab Corporation.

[(XMT)eXp_(XMT)LS]

Yus = 7. N (. .
Hs [(XMT)HS_(XMT)LS]

where (YuT)exp is the value of T at any temperature and
(xmTs and (xmT)us correspond to the pure LS and HS states,
respectively. In the present case, we have considered that the
spin conversion is incomplete at low temperature, hence,
(xmT)s is an adjustable parameter and that (xu7)us is the value
at room temperature.

The temperature dependence of the HS molar fraction (y)
could be fitted with the domain SCO model to give the
enthalpic and entropic thermodynamic parameters for all the
solvated samples, which are quite reasonable when compared
with those previously reported for Fe" spin crossover
complexes (using the above model with domain size
parameter n = 1); However, the fit of the desolvated sample 1-
des according to the domain SCO model gave rise to the
thermodynamic parameters n-AH = 63.96 kJ mol™ and n-4S =
349.58 ) mol™ K™ . Taking into account that typical AS values
for Fe(ll) SCO complexes lie in the range of 40-65 J mol™ K'l,57
the n parameter appears to be within 6-8. The similar model
produced the fitting parameters for 2-des sample as following:
nAH = 37.3(4) kJ/mol and thus nAS = 237.8(3) J/K/mol with n =
4 or 5. The substantial domain size is also reflected by the
relative abruptness of the SCO conversion curve; the transition
for 1-des and 2-des is clearly more abrupt than expected for a
simple two state Boltzmann distribution. Least-squares fitting
also produced the anion-dependent crossover temperatures
(T1/2) in the order of Ty55(ClO,) > Ty/»(BF,) > T1/2(SO5CF3) for
the solvent-free samples (see Table 4).58'59 Alternatively, the
degree of completeness (in the desolvated samples) seems to
be correlated to the anion size, i.e., CF3SO;>ClO,>BF,. An
effect of the counteranion on the spin crossover properties
concerns the remaining fraction of HS species at low
temperatures, which is 93% for 3-des (CF3;SO3’), 46 % for 1-des
(ClO4) and 18 % for 2-des (BF,) in order. Such behaviour has
been observed in a few t:ases,,31'59’60 where it was explained by
larger steric interactions close to the metal center that
stabilise the HS state.

This journal is © The Royal Society of Chemistry 20xx
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Table 4. Summary of Parameters Obtained from Fits to Magnetic Data®

nAH nAS T2 (K) n Vus(%)
(kJ/mol) (J/mol-K)
1 9.87 61.12 161.4(7) 1 90
1-des 63.96 349.58 182.9(6) 6-8 46
2 9.84 78.72 125.0(0) 1 87
2-des 37.34 237.83 157.0(8) 4-5 18
3-des 4.63 33.48 138.3(5) 1 93

? Fits obtained using a domain model as described in the text.

With regard to the SCO magnetic data, it seems obscure to evaluate
the influence factors of N;O, SCO compounds in the related work.
Complete and room temperature spin transition was obtained in a
mononuclear Fe(ll) spin crossover compound employing 2-hydraxy-
3-methyl-N'-((pyridin-2-yl)-ethylidene) benzohydrazide as ligand
(Scheme 1).36 In another example by the same authors, the
compounds exhibit the similar SCO behavior, however, the critical
temperature was significantly decreased by the desolvation from
310 K to 280 K and the completeness showed the negligible change
upon desolvation.” The type of the carbohydrazone Schiff-base
ligands often undergo metal- or base-assisted tautomerisation,
which influenced the spin state and valence of iron ion in the recent
work.” However, it is anticipated that N,O, donor system behaves
differently with regard to ligand field giving rise to the spin
transition.

Mé&ssbauer spectroscopy

To further investigate the spin crossover in this system, the
selected *’Fe Méssbauer spectra of the desolvated complex 1-
des and 2-des were recorded at temperature before and after
spin transition, i.e. 293 and 100 K, respectively (Figure 4). At
293 K, the Mossbauer spectrum of 1-des exhibits a wide
quadrupole doublet with a quadrupole splitting (QS) of 2.492
and an isomer shift (I1S) of 0.819 mm s'l, showing a typical HS
state. On cooling to 100 K, a narrow quadrupole doublet
appears and gains in intensity at the expense of the original HS
doublet. The peak with QS=0.817 and 15=0.201 mms™ can be
assigned to LS Fe" arising from the thermally induced spin
transition. The original doublet signal corresponding to the HS
state becomes slightly wider with Q5=2.857 and 1S=0.971 mms’
' Additionally, the low/high-spin relative fraction in the
Mossbauer results is consistent with that of magnetic data
(Table 5). The spectra of complex 2-des at 293 K exhibits a
doublet with the quadrupole splitting 2.297 mms™ and isomer
shift 0.816 mms™ characteristic of a high spin iron(ll) centre.
Mossbauer spectroscopy detected a low spin (LS) iron(ll) in the
sample of 2-des by the presence of a poorly resolved
quadrupole-split doublet (QS = 0.576 mms™?, 1S = 0.112 mms'l),
[Fig. 4(b)] indicating the existence of low-spin population even
at room temperature. On lowering the temperature to 100 K,
the resonance lines start to broaden and the intensity of the LS
doublet increases at the expense of HS doublet, confirming
thermally induced HS — LS conversion for a single Fe(ll) site.
Surprisingly, the portion of LS state from Md&ssbauer data is
clearly lower than that from the magnetic data, which perhaps
arises from the partial rehydration of the dry sample, 2-des,
under ambient condition. Hence, the variation of the relative

J. Name., 2013, 00, 1-3 | 7



New:-Journal of \Chemistry

fraction of both doublets (corresponding to HS and LS species)
with the temperature clearly confirms the incomplete spin
crossover.

Table 5. Parameters of M6ssbauer spectra for 1-des and 2-des.

T/K IS QS r Fraction(%) State
1-des 293 0.819 2.492 0.338 100 HS
100 0.971 2.857 0.700 47 HS
0.201 0.817 0.836 53 LS
2-des 293 0.816 2.297 0.460 84 HS
0.112 0.576 0.573 16 LS
100 0.914 2.716 0.614 35 HS
0.205 0.797 0.720 65 LS

Note: IS: isomer shift (mms™, with reference to metallic iron at 293 K), QS is
quadrupole splitting (mms™), I: Line width (mm s™).
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Figure 4. Zero-field Mossbauer spectra for crystalline samples of 1-des (a) and 2-des (b)
at selected temperatures. Black squares represent experimental data. Colored solid
lines correspond to individual components of the overall fits assigned to Feys, and the
low-spin center in Fes, respectively.

Conclusions

In conclusion, we demonstrated that the spin transition
properties of a new family of dihydroquinazoline Fe(ll)
complexes. The modulation, including transition percentage
and crossover temperature, in complexes of the isostructural

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

compounds was influenced by subtle variation, such as solvent,
the anion and ligand substituent. It has been widely recognized
that the solvent effect is mainly related to the hydrogen
bonding interaction. In our case, the transition percentage is
lifted upon erasing hydrogen bonding. As to ClO, and BF,, two
anions have some similarities in a tetrahedral configuration,
involving hydrogen-bonding interaction, and often falling in
disorder. Indeed, both the ClO, and BF, derivatives show
similar slopes in the plot of yT versus T with large degrees of
cooperativity in the dry samples. Their differences lie mainly in
the aspects of size and electronic properties. In our study, the
striking differences are found in the transition percentage by
the change of counteranion. Substituent groups play crucial
role in varying the intermolecular m...t stacking interactions,
which is regarded as the source of cooperativity. Future efforts
will take advantage of the chemical tunability of
dihydroquinazoline derivatives to increase Ty, by further
modifying both electronic and steric properties. In addition,
we will seek to engender magnetic bistability in multinuclear
spin crossover cluster through introduction of more
coordination donors in an effort to introduce large degrees of
cooperativity.
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