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Heteroleptic iron complexes with a naphthoquinone-type ligand, 2-(pyridin-2-yl)-1H-naphtho[2,3-d]imidazole-4,9-dione
(HL), were synthesized, and their structures and magnetic properties were investigated. Two spin-crossover complexes,

[Fe(L)2(LY)] (1, L* = ethylenediamine) and [Fe(L)2(L?)] (2, L2 = cyclohexanediamine) were structurally characterized at 100 K

www.rsc.org/

and 270 K, and their gradual spin crossover behavior observed by magnetic susceptibility measurements and confirmed by

Méssbauer spectroscopic analyses. Two homologous iron(ll) complexes, [Fe(L)(L*>)] (3, L3¢ = diimino benzoquinone) and

[Fe(L)2(L*)] (4, L* = iminosuccinonitrile), were to found to exist in the low-spin state in the range of 10-300 K. In contrast,

the corresponding complex with two water ligands, [Fe(L)2(H20)2] (5), and the tris-chelate complex with protonated ligands
(HL), [Fe(HL)s](BF4)2 (6), were found to be high-spin.

Introduction

The design and controlled fabrication of heteroleptic
complexes is an important step in the development of
functional molecular materials. One of the merits of

heteroleptic complexes is the vast number of accessible
combinations of ligands, leading to complexes with highly
tuneable electronic structures and physical properties
obtained through relatively simple ligand replacement or
structural modifications.! Additionally, the combination of
multiple ligands in a single metal complex can lead to the
formation of systems with complementary ligand-derived
properties. For example, the combination of electron donor
and acceptor ligands can facilitate directional electron
transfers in a single molecule, and such dyad and triad systems
are intensively studied in the field of artificial photosynthesis.2

The electronic states of coordination compounds can be
finely tuned by modifying the ligand field strength. Spin
crossover (SCO) complexes are well-known switchable
molecules that show reversible changes of their electronic
state upon exposure to external stimuli, such as temperature,
light, pressure, and guest molecules.? For iron(ll) complexes,
Ng coordination environments can lead to SCO properties.
Classical iron complexes with typical bidentate ligands with
two nitrogen donors, such as [Fe(bpy)s]X, (bpy = 2,2’-
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bipyridine), [Fe(phen)s]X, (phen = 1,10-phenanthroline, X is
counter anion) and [Fe(en)3]X, (en =
examples of homoleptic tris-chelates,* but reports of SCO

ethylenediamine), are

activity in such systems are limited, with a few famous
exceptions, such as [Fe(pica)s]Xz (pica = 2-picolylamine), [Fe(R-
bik)s](BF4)> (R-bik = bis(1-R-imidazol-2-yl)ketone), and [Fe(py-
Biim)s]X> (py-Biim = 2-(2’-pyridyl)benzimidazole).> M. Shatruk
et al. discussed the spin state of homoleptic Fe(ll) tris-diimine
complexes based on structural metrics. ® The authors
concluded that the N-N distance between the chelating N-
donor sites in the free ligand is important for archivement of
spin crossover behavior. Heteroleptic [Fe(L?*)>(LB)] (LA and LB
are different bidentate ligand) SCO complexes are also
known, 7 with [Fe(bpz).(bpy)] and [Fe(bpz).(phen)] (bpz =
dihydrobis(pyrazolyl)borate anion) primary examples. The SCO
properties of the systems were found to depend on the nature
of the chosen bidentate ligands.?®
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Scheme 1. Naphthoquinone ligand HL and capping ligands L%, L2, L32¢, and L%,
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Similarly, the use of anionic monodentate ligands in
heteroleptic complexes can be an effective strategy to isolate
neutral complexes of bis-chelated divalent iron, with
[Fe(bpy)2(NCS)2] and [Fe(phen)z(NCS);] perhaps the most
prominent examples.® Subsequent exchange of the anionic
monodentate ligands allows fine control over the SCO
behaviour of the system. Recently, we reported a range of
functional mononuclear and polynuclear supramolecular spin
crossover compounds towards the preparation of responsive
systems for switchable molecular materials. 1° Here we
present our recent findings on the synthesis and switchable
properties of heteroleptic iron(ll) complexes with
naphthoquinone-type  ligands, HL  (2-(pyridin-2-yl)-1H-
naphtho[2,3-d]imidazole-4,9-dione), and a range of capping
ligands (Scheme 1). The naphthoquinone-type bidentate
ligand HL was selected due to its monoanionic bidentate
nature and was expected to provide an adequate ligand field
for the Fe(ll) ion. Four bidentate ligands were chosen as
secondary capping ligands; ethylenediamine (L), cis-1,2-
cyclohexanediamine (L2), o-phenylenediamine (L3?)
diaminomaleonitrile (L%2). L32 and L* are redox-active ligands
and exhibit two-step deprotonation-dependent oxidation
(Scheme 1), yielding L3P (L#P) and L3¢ (L4c). In this paper, the
syntheses and electronic states of four heteroleptic
mononuclear iron(ll) complexes with Ng coordination
environments, arising from two HL groups and one secondary
capping ligand, were investigated. In addition, the syntheses
and physical properties of two related complexes, one the
aqua complex and the other a homoleptic tris-
naphthoquinone complex, were investigated for comparison.

and

Experimental
Materials

All reagents were commercially purchased and used without
further purification. All solvents were used without degassing
treatment or distillation. The naphthoquinone-type ligand 2-
(pyridin-2-yl)-1H-naphtho[2,3-d]imidazole-4,9-dione (HL) was
synthesized according to the procedure described in reference
11.1

Synthesis of [Fe(L)2(L)] (1)

To a DMF solution (2 mL) of Fe(BF4)»6H,0 (15.9 mg, 0.0471
mmol) a DMF solution (6 mL) of HL (25.2 mg, 0.0915 mmol)
and triethylamine (14 L, 0.1 mmol) was added, affording a
dark green solution. Ethylenediamine (L, 1 mL, 15 mmol) was
then added and the mixture stirred for 20 minutes. Filtration
followed by diffusion of 1,4-dioxane yielded dark green plates
of [Fe(L)2(L!)]'DMF-2(1,4-dioxane) (1:DMF-2(1,4-dioxane)). The
crystals were collected by suction and air-dried. Anal. Calc. for
[Fe(L)2(L1)]'H,0-0.5DMF (1-H,0-0.5DMF): C, 58.38; H, 4.64; N,
16.80 %. Found: C, 58.28; H, 4.39; N, 16.98 %. Selected IR
(KBr) : 1653(s, vc=0), 1587(m), 1465(m), 1220(s), 986(m), 708(s)
cml,

Synthesis of [Fe(L)2(L2)] (2)

A similar synthetic method to that of 1, except for the use of
cis-1,2-cyclohexanediamine (L2, 0.7 mL, 5.9 mmol) instead of
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ethylenediamine. Diffusion of diisopropyl ether at 40 °C
afforded [Fe(L)2(L2)]'DMF as dark green needle crystals. The
crystals were collected by suction and air-dried. Anal. Calc. for
[Fe(L)2(L2)] DMF : C, 62.21; H, 4.71; N, 15.92 %. Found: C,
62.12; H, 5.12; N, 15.60 %. Selected IR (KBr): 3308(m), 2930(m),
1670(s, Vc-o0), 1651(s), 1591(s), 1466(s), 1221(s), 934(s), 710(s)
cm

Synthesis of [Fe(L)2(L3)] (3)

A similar synthetic method to that of 1, except for the use of o-
phenylenediamine (L3, 5.2 mg, 0.048 mmol) instead of
ethylenediamine. Diffusion of tert-butylmethyl ether afforded
[Fe(L)2(L3¢)]-2DMF as dark green blocks. The crystals were
collected by suction and air-dried. Anal. Calc. for
[Fe(L)2(L3)]2DMF : C, 61.69; H, 4.24; N, 16.35 %. Found: C,
61.45; H, 4.31; N, 16.33 %. Selected IR (KBr): 1659(s, vc-o),
1466(m), 1379(m), 1223(s), 966(m), 708(m) cm™.

Synthesis of [Fe(L)2(L%)] (4)

A similar synthetic method to that of 1, except for the use of
diaminomaleonitrile (L%, 28.9 mg, 0.105 mmol) instead of
ethylenediamine. Diffusion of diisopropyl ether at 40 °C
afforded [Fe(L)2(L*)]-2DMF as dark green blocks. The crystals
were collected by suction and air-dried. Anal. Calc. for
[Fe(L)2(L%)]-0.5H,0-0.5DMF : C, 59.58; H, 3.00; N, 19.45 %.
Found: C, 59.65; H, 3.08; N, 19.35 %. Selected IR (KBr): 2232(m,
CN), 1653(s, vc=0), 1468(s), 1223(s), 966(m), 708(m) cm-L.
Synthesis of [Fe(L)(H.0).] (5)

To a DMF solution (2 mL) of Fe(BF4)26H,0 (17.9 mg, 0.0530
mmol) a DMF solution (6 mL) of HL (42.0 mg, 0.152 mmol) was
added, affording a dark green solution. After stirring for 20
minutes, the dark green solution was filtered and diffusion of
diisopropyl ether yielded dark green needles of
[Fe(L)2(H20)2]-7DMF- (5-7DMF). The crystals were collected by
suction and air-dried. Anal. Calc. for [Fe(L)2(H20),]-0.1DMF: C,
59.90; H, 3.22; N, 13.19 %. Found: C, 60.03; H, 3.50; N, 13.27 %.
Selected IR (KBr): 1670(m, vc=0), 1647(s), 1470(m), 1223(s),
708(s) cm™1L.

Synthesis of [Fe(HL)s](BF4)2 (6)

To an acetonitrile solution (2 mL) of Fe(BF4)26H,0 (17.6 mg,
0.050 mmol) an acetonitrile solution (6 mL) of HL (41.2 mg,
0.15 mmol) was added, affording a reddish brown solution.
After stirring for 10 minutes, the resulting clear solution was
filtered and diffusion of diisopropyl ether in the fridge yielded
dark red columnar crystals of [Fe(HL)s](BF4)26H,0- (6:6H,0).
The crystals were collected by suction and air-dried. Anal. Calc.
for [Fe(HL)s](BF4)»6H20: C, 49.56; H, 3.38; N, 10.84 %. Found:
C, 49.48; H, 3.49; N, 11.03 %. Selected IR (KBr): 1672(s, vc-o),
1587(m), 1448(m), 1217(s), 1084(s, BF4), 793(m), 700(s) cm-™.
X-ray structure determinations

All data collections were performed on a Bruker SMART APEX Il
with a CCD area detector with graphite monochromated Mo-
Ko (A4 = 0.71073 A) radiation. All structures were solved by
direct methods and refined by full-matrix least-squares
methods based on F?2 using the SHELXL software. Non-
hydrogen atoms were refined anisotropically. All hydrogen
atoms were positioned geometrically and refined with
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isotropic displacement parameters according to the riding
model. All geometrical calculations were performed using the
SHELXL software. SQUEEZE treatments were applied for
refinements of complexes 5 and 6 owing to the extreme
disordering of the solvent molecules. Crystal data of all
complexes are given in Tables S1 and S2 in the ESI.

Physical measurements

Infrared (IR) spectra were recorded (400-4000 cm-! region) on
a SHIMADZU IRAffinity-1 spectrometer using KBr pellets.
Direct current magnetic susceptibility measurements of
polycrystalline samples were measured in the temperature
range of 1.8 - 300 K with a Quantum Design MPMS-5XL SQUID
magnetometer under an applied magnetic field of 500 Oe or 1
T. Data were corrected for the diamagnetic contribution
calculated from Pascal’s constants including the contribution
of the sample holder.

Variable-temperature Mossbauer experiments were carried
out using a 5Co/Rh source in a constant acceleration
transmission spectrometer (Topologic Systems) equipped with
an Iwatani HE0O5/CW404 Cryostat. The spectra were recorded
in the temperature range of 20—300 K. The spectrometer was
calibrated using standard a-Fe foil.

Results and discussion
Synthesis and characterization

The heteroleptic complexes 1-4 with two kinds of bidentate
ligands were synthesized following similar synthetic
procedures. Using triethylamine as a base, the deprotonated
anionic bidentate ligand L- is expected to coordinate to an iron
ion. Four complexes with two L and one neutral bidentate
ligand (L) were synthesized. Ligands L! and L2 are common
diamine molecules, forming very stable five-membered
chelate rings upon complexation. On the other hand, L3 and L*
are known as non-innocent ligands, which can be converted to
different electronic states with different molecular structures
after deprotonation and oxidation (Scheme 1).1213 |In this
research, bidentate ligands L32 and L#?, the reduced forms of L3
and L* respectively, were used during complexation reactions
under atmospheric conditions, vyielding mononuclear iron
complexes with the oxidized forms of the ligands, L3¢ and L?c.
Crystal structure of 1

1 crystallized in the triclinic space group P1. Single crystal X-
ray analysis reveals that 1 consists of two deprotonated
naphthoquinone ligands L-, ethylenediamine L%, one iron(ll) ion,
and lattice solvents (one DMF and two 1,4-dioxane) shown in
Figure la. Both ligands coordinate to the iron ion in a
bidentate fashion. The iron ion has an octahedral coordination
geometry with six nitrogen donors. Hydrogen bonds link the
imidazole moiety of L- and ethylenediamine (Figure S1).
Considering the coordination bond lengths, BVS calculations,
and charge balance, the iron ion can be assumed to be divalent.
At 100 K, the average coordination bond length is 2.003 A, and
2 value is 49.87° consistent with an iron ion in the low spin
state. At 270 K, the average bond length and 2 value? are
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2.184 A and 80.98°, respectively, consistent with iron(ll) in the
high spin state and confiriming the onset of thermal SCO.

(a)

Fig. 1. Molecular structures of (a) 1 and (b) 2 at 100 K. Lattice solvents have been
omitted for clarity. Colour code: C, gray; N, light blue; Fe(ll), brown.

Crystal structure of 2

2 crystallized in the triclinic space group P1. The structure of 2
is similar to that of 1 shown in Figure 1b. 2 consists of two L,
cis-1,2-cyclohexanediamine, one iron(ll) ion and lattice solvent
of one DMF molecule. At 100 K, the average coordination
bond length is 2.007 A, and the X value is 50.00°. In contrast,
the average bond length and X'value are 2.179 A and 79.70° at
270 K, respectively, indicative of thermal SCO. For 2, there are
hydrogen bonded interactions between the imidazole moiety
of L- and cis-1,2-cyclohexanediamine similar to those in 1
(Figure S2). Considering the molecular structures of 1 and 2,
the bidentate coordination site for ethylenediamine (L) or cis-
1,2-cyclohexanediamine (L2) will have a certain level of
flexibility.

(a)

Fig. 2. Molecular structures of (a) 3 and (b) 4 at 100 K. Lattice solvents have been
omitted for clarity. Colour code: C, gray; N, light blue; Fe(ll), green.

Crystal structure of 3

Complex 3 crystalized in the orthorhombic space group Fdd2.
3 consists of two L, one diiminobenzoquinone (L3¢) and two
DMF molecules as lattice solvent (Figure 2a). The complex has
an inversion center at the centre of the complex on the iron
ion. The assignment of the bidentate ligand L3¢ was based on
bond lengths (Scheme 2).13 The average C17-N4 bond length
of L3¢ is 1.314 A, indicataing double bond character. In
addition, C17-C18 and C17-C17* bond lengths are consistent
with single bonds. Therefore, L3¢ can be assigned to the
doubly deprotonated and two-electron oxidized state of L3. As
for the iron ion, the average coordination bond length of 1.964
A, BVS calculations, charge balance, and the 2 value of 60.01°
reveal that iron ion is in a divalent low spin state.

J. Name., 2013, 00, 1-3 | 3
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Scheme 2. Assignment of L3. Schematic representation of bond length and chemical
structure of Fe-L3 moiety.

Crystal structure of 4

4 crystallized in the triclinic space group P1. 4 has a similar
structure to 3, but the symmetry is lower. 4 consists of two L,
one diiminosuccinonitrile (L*) and two DMF molecules as
lattice solvent (Figure 2b). The non-innocent ligand L% was
also oxidized to L% as in compound 3. This assighment was
based on average bond length, 1.297 A, of C34(C35)-N7(N8) of
L4 (Scheme 3).1* The iron ion is divalent and low-spin, as
confirmed by its average bond length of 1.949 A, BVS
calculations, charge balance, and the 2'value of 55.71°.
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Scheme 3. Assignment of L%, Schematic representation of bond length and chemical
structure of Fe-L* moiety.

Crystal structure of 5

Complex 5 crystallized in the triclinic space group P1. 5
consists of two L, two water molecules, and seven DMF
molecules in the crystal lattice (Figure 3a). There are two
mononuclear [Fe(L)2(H20)2] molecules in one unit cell. Iron
ions in both molecules are in the divalent high spin electronic
states, as confirmed by an average coordination bond length
of 2.155 A, and a X value of 63.57°. Coordinated water
molecules form hydrogen bonded interactions with the ligand
oxygen atoms, with 05-03 (011-07) and 06-01 (012--09)
distances of 2.710 (2.689) and 2.717 (2.689) A, respectively.

Journal Name

Crystal structure of 6

Complex 6, the homoleptic analogue, crystallized in the
monoclinic space group C2/c. 6 consists of three protonated
HL, two BF; anions and twelve water molecules. The tris-
chelate complex [Fe(HL)s]?* molecule has a two-fold rotation
axis passing through the Fe ion and dissecting the N2 — N2*
vectors (symmetry code: *, -x+1, +y, -z+1/2).

Magnetic properties

Magnetic susceptibilities of all complexes were measured on
polycrystalline samples. Temperature dependent magnetic
susceptibilities are shown in Figure 4. Complexes 1 and 2 show
similar SCO behavior. On the other hand, complexes 3 and 4
are diamagnetic, and complexes 5 and 6 are paramagnetic
without remarkable change in ymT values, suggesting no SCO.
In1and 2, the ymT value at 300 K is 3.21 and 3.29 emu mol? K,
respectively. On cooling, the values of ynT drop gradually
around Ty, = 218 and 204 K, respectively, which are
determined by a plot of the first derivative of ymT vs. T (Figure
S3). The spin transitions are almost complete at 100 K. The
xmT values at 100 K are 0.06 and 0.07 emu mol?! K,
respectively. These SCO properties were confirmed by single
crystal X-ray analyses and Mossbauer studies (vide infra).
Thermodynamic parameters of the spin transition were
obtained using the regular solution model of Schlichter and
Drickamer,15 which leads to the following equation for the high
spin (HS) molecular fraction, ys:
In[1-ps]/ sl = [AH + T11-2ms)]/RT-AS/R

where AH and AS are the enthalpy and entropy changes
associated with spin transition, and 7" is the interaction
parameter characterizing cooperativity. Figure S4 illustrates
the simulated spin-crossover behaviour with parameters of AH
=11.7 k) mol1, AS =52.9 ) mol1 K1, and /"= 1.82 k)l mol* for 1,
AH = 13.1 k) mol?, A4S = 65.0 J mol? K1, and /"= 0.26 k] mol?
for 2. The calculated thermodynamic parameters are close to
those typically observed for mononuclear iron(ll) SCO
complexes.16

Fig. 3. Molecular structures of (a) 5 and (b) 6 at 100 K. Lattice solvents have been
omitted for clarity. Colour code: C, gray; N, light blue; Fe(ll), magenta.
code: *, -x+1, +y, -z+1/2).
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Fig. 4. Temperature-dependent magnetic susceptibility data for all complexes.
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Complexes 3 and 4 are predominantly low spin. The ymT
values at 300 K for 3 and 4 are 0.05 and 0.15 emu mol? K,
respectively. These values are close to the expected spin only
value for a diamagnetic low spin iron(ll) ion. The ymT values
In the low
temperature region the ymT values for 3 and 4 decreased to
0.03 and 0.07 emu mol1 K at 10 K, respectively.

are almost constant from 300 K to 30 K.

In the case of complexes 5 and 6, ymT values at 300 K for 5 and
6 are 3.65 and 3.44 emu mol? K, respectively. The values are
almost constant between 300 K and 50 K, and are close to the
theoretical value expected for a high spin iron(ll) ion (S = 2).
Below 50 K, these ymT values abruptly decreased with
decreasing temperature. At 1.8 K, ymT values of 5 and 6 are
1.49 and 1.66 emu mol? K, respectively. This decrease will be
derived from intermolecular antiferromagnetic interactions
and zero field splitting effects.

Considering ligand field strength of L1, L2 and water molecule,
the magnitude can be described as H,0 < L2 < L1177 |n keeping
with this trend, complex 5 with two water molecules is in the
high spin state, and complexes 1 and 2 show spin crossover
The transition temperature of 1 and 2 seem to
This fact suggest that
appropriate selection of a secondary ligand can effectively

behavior.
change according to this order.

tune the SCO transition temperature.

Maossbauer spectra

The electronic states of the iron ions for all complexes were
confirmed by M&ssbauer spectroscopic analyses. For 1 and 2,
distinct changes in their spectra between 20 K and 300 K were
observed, indicative of spin crossover behavior (Figures S5 and
S6). In the case of complexes 3-6, spectra were collected at 20
K (Figures S7 and S8). Considering the fitting parameters for
the observed doublet peaks, it is concluded that the iron ions
of 3 and 4 were in the low spin state and those of 5 and 6 were
in high spin state (Table S3). Note that slightly large
quadrupole splitting parameters for 3 and 4 may arise from
the asymmetric coordination geometry of two L- ligand and
the oxidized L3 and L* ligands and the different electron
donation characters of different ligands.

Conclusions

Here we have described the synthesis, structures and magnetic
properties of a family of new heteroleptic iron complexes with
a naphthoquinone-type ligand, 2-(pyridin-2-yl)-1H-
naphtho[2,3-d]imidazole-4,9-dione (HL). Two spin-crossover
complexes 1 and 2 were structurally characterized at 100 K
and 270 K, and their gradual spin-crossover behaviors were
observed by magnetic susceptibility ~measurements.
Complexes 3 and 4, bearing non-innocent ligands, were found
to remain in the low spin state in the range of 2-300 K. The
analogous aqua complex 5 and the homoleptic trischelate
complex 6 were found to exist in the high spin state due to
their weak ligand fields. These spin states were confirmed by

This journal is © The Royal Society of Chemistry 20xx

Mossbauer spectroscopy. The variation of spin state of these
heteroleptic complexes with naphthoquinone ligands can be
treated as a new class of useful spin crossover complexes,
which can be finely tuned by the exchange of secondary
ligands.
active materials will

The next generation of functional spin-crossover-
depend on the fine-tuning of the
phenomenon as presented here, and possibly the coupling of
secondary tuneable ‘tags’, such as redox-active antenna that
modify electronic structure, and Brgnsted moieties that
facilitate proton-driven dynamic molecular switching.
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