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Mononuclear [Fe(H,L™),>* and dinuclear [Feo(HoL™)s]** (R = H, 2-Me, 5-Me) complexes containing the new
imidazole-4-carbaldehyde azine ligand (H,L") and its derivatives (H,L>M® and H,L5™®) prepared from the
condensation reaction of 4-formylimidazole or 2-methyl- or 5-methyl-4-formylimidazole with hydrazine (2:1) were
prepared, and their magnetostructural relationships were studied. In the mononuclear complexes, H,L" acts as an
unsymmetrical tridentate ligand with two imidazole nitrogen atoms and one azine nitrogen atom, while in the dinuclear
complexes, HoL™ acts as a dinucleating ligand employing four nitrogen atoms to form a triple helicate. At room
temperature, [Fes(HoL")3](ClO,), and [Fea(HoL2™®)5](CIO,), were in the high-spin (HS) and low-spin (LS) states,
respectively. The results are in accordance with the ligand field strength of H,L2™® with electron-donating methyl
groups being stronger than H,L", with the order of the ligand field strengths being H,L>™® > H,L". However, in the
mononuclear [Fe(HoL™),](CIO,), and [Fe(H,L?M®),](CIO,), complexes, a different order of Iizgand field strengths,
HoL™ > HoL2Me was observed because [Fe(HoL™),](CIO,), was in the LS state while [Fe(HoLZM®),](ClO,4), was in
the HS state at room temperature. X-ray structural studies revealed that the interligand steric repulsion between a
methyl group of an H,L2™® ligand and the other ligand in [Fe(H,L2™®),](CIO.), is responsible for the observed change
in the spin state. Two kinds of crystals, needles and blocks, were isolated for [Fes(HoL")s](BF4)s, and both exhibited a
sharp spin transition, [LS—HS] <> [HS—HS]. The spin transition of the block crystals is more abrupt with a hysteresis,

y

Tt=190 K and T} = 183 K with AT=7K.

Introduction

Increasing attention is being paid to bistable molecules
because they can be used as molecular memories and switches
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in electronic devices." The phenomenon of spin-crossover
(SCO) between the low-spin (LS) and high-spin (HS)
states, which is observed in some octahedral 3d” (4 < n <
7) metal complexes, is the most spectacular example of
molecular bistability. SCO can be brought about by external
perturbations such as variation in the temperature or pres-
sure, or by counterions or even solvent molecule exchange,
light irradiation, a magnetic field, or soft or hard X-ray
irradiation.>

Busch and Stratton reported in papers in 1958 and 1960
that the 2-pyridinealdazine (= bis(pyridylimine)) ligand,
PAA (Scheme 1), could form two types of metal comp-
lexes, [M(PAA),]*" (M" = Fe, Ni) and [M,(PAA);]*" (see
Scheme 2).% In the former mononuclear complex, PAA acts
as an unsymmetrical tridentate ligand with two pyridyl
nitrogen atoms and one azine nitrogen atom. In the latter
complex, PAA was assumed to act as a dinucleating ligand
employing all four nitrogen atoms. The workers recognized
that the dinuclear species must consist of three strands
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Scheme 1. Ligands, PAA, H,L", H,L>™¢ and H,L>M¢
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Scheme 2. Two Coordination Modes Adapted by PAA

wrapped around two metals in a spiral fashion.>* Both the
iron(II) complexes, [Fe(PAA),]*" and [Fe,(PAA);]*", were
reported to be in the LS state.” An imidazole nitrogen atom
usually exhibits a weaker ligand field strength than a pyridine
nitrogen atom does,” and we expect that the imidazole
analo%}'le of PAA, H,LY", and its methyl derivatives,
H,L*™¢ and H,L>™¢ (Scheme 1), will have the necessary
ligand field strength to form SCO iron(II) complexes. The
incorporation of imidazole groups has another advantage
because the uncoordinated NH groups can be involved in
hydrogen bond formation to increase cooperativity. For
example, we have reported that Fe complexes with a tripodal
ligand involving three imidazole groups have a 2-dimensional
(2D) extended network structure based on imidazole—imi-
dazolate hydrogen bonds and that they exhibit steep and
multistep SCO behaviors.’

Dinuclear SCO Fe'' complexes have attracted attention
because they can combine two properties like magnetic
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coupling and SCO in the same molecule, as well as the
possibility of investigating new cooperative behavior.® In
such complexes, the iron centers are coupled by intramole-
cular interactions, and three different spin-pair states, [LS—
LS], [LS—HS], and [HS—HS], are possible. Actually, some
complexes exhibit a two-step spin-crossover phenomenon,
[LS—LS] < “[LS—HS]” <> [HS—HS].”® However, the half-
SCO species, “[LS—HS]”, can consist of either a 1:1 mixture
of [LS—LS] and [HS—HS] complexes or a distinct [LS—HS]
complex. Kaizaki and co-workers reported that the “[LS—
HS]” species of their doubly pyrazolate-bridged two-step
SCO diiron(IT) complex is a mixture of [LS—LS] and [HS—
HS] complexes.® Recently, Murray and co-workers con-
firmed for the first time the existence of the mixed spin state
[LS—HS] from X-ray crystallographic data of the doubly
1,2,4-triazole-bridged complex.” Amoore et al. structurally
characterized the three spin states, [LS—LS], [LS—HS], and
[HS—HS], for the first time.”® Only a limited number of
papers have dealt with dinuclear Fe'' SCO helicate com-
plexes. Williams et al. have reported an Fe'' helicate involving
benzimidazole ligands showing two-step SCO with negative
cooperativity.'” The Fe"'—imidazolimine complexes with a
supramolecular triple-helicate structure exhibiting various
SCO behaviors were also studied.*!" The SCO of this system
was reinterpreted by Giitlich and co-workers.'? Very re-
cently, Pelleteret et al. reported LIESST (li%ht-induced ex-
cited spin state trapping) in a dinuclear Fe'' helicate with
ligands containing imidazolimine groups.'?

Here we report the synthesis, characterization, structure,
and magnetic properties of mononuclear [Fe(H,L¥),]*" (R =
H, 2-Me, 5-Me) and dinuclear [Fe,(H,L®);]*" complexes,
where H,LY, H,L*M¢ and H,L>™° denote imidazole-
4-carbaldehyde azine, 2-methylimidazole-4-carbaldehyde
azine, and 5-methylimidazole-4-carbaldehyde azine, respec-
tively. Comparison of the SCO behaviors of the mononuclear
complexes with those of the dinuclear triple-helicate com-
plexes involving the same ligands is particularly important
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Figure 1. Synthetic procedures yielding the H,L® (R = H, 2-Me, 5-Me) ligands and the mononuclear and dinuclear Fe'" complexes.

in studying the structural effects. Part of this work has been
communicated previously.'*

Results and Discussion

Synthesis and Characterization. The synthetic proce-
dures yielding the H,L® (R = H, 2-Me, 5-Me) ligands
and the Fe'' complexes are shown schematically in Fig-
ure 1. The ligands were prepared by condensation of
4-formylimidazole, or its derivatives, 2-methyl- or 5-meth-
yl-4-formylimidazole, with hydrazine in a 2:1 mol ratio in
methanol. Although the ligands are sparingly soluble in
common solvents, they react with an Fe" ion. The mono-
nuclear complex, [Fe(H,L"),](Cl04),-MeOH (1H-
Cl0,), was prepared by reaction of H,L™ and Fe(ClOy), -
6H,0 in a 2:1 mol ratio in methanol. The color of the
mixture changed from orange to dark purple as the
reaction proceeded, and on addition of diethyl ecther,
the perchlorate of 1H, [Fe(H,L"),](ClO,),-MeOH
(1H- ClOy,), was isolated as dark purple crystals. A similar
color change from red to blue was reported during the
preparation of [Fe(PAA),]*". The helical [Feo(PAA);]*"
complex, which formed first, underwent exchange reac-
tions on heating or standing in methanol to form the
mononuclear complex [Fe(PAA)J*".*'> Thus, 1H is
suggested to form by way of the dinuclear complex,
[Feo(H,L™);]*" (2H). The corresponding 2-methyl and
5-methyl derivatives, [Fe(H,L>™¢),](ClO,),+H,0O (1Me-
Cl0y) and [Fe(H,L>™¢),](Cl04),-1.5H,0 (1Me’ - ClOy),
were prepared in a similar manner and isolated as reddish
orange crystals and dark purple crystals, respectively. The
distinct color difference, dark purple (1H, 1Me’) versus
reddish orange (1Me), suggested that the complexes were
in different spin states. The dinuclear complexes,
[Fea(H,L)5](ClO,)4 (2H - ClOy). [F e(H,L7™M€)3)(Cl0y),
(2Me-ClOy), and [Fe,(H,L"™¢);](Cl0O,); (2Me'-ClOy)
were prepared by reaction of the respective ligand and
Fe(ClOy),-6H,0 in nitromethane in a 3:2 mol ratio. Once
again, the colors of the compounds were different: orange

(14) Fujita, K.; Kawamoto, R.; Tsubouchi, R.; Sunatsuki, Y.; Kojima,
M.; lijima, S.; Matsumoto, N. Chem. Lett. 2007, 36, 1284—1285.

(15) Stratton, W. J.; Rettig, M. F.; Drury, R. F. Inorg. Chim. Acta 1969, 3,
97-102.

(2H - ClOy,) and reddish or dark brown (2Me- ClQy). The
dinuclear complexes are stable only in such solvents as
nitromethane and acetonitrile. The instability of the
complexes in such solvents as methanol and N,N-di-
methylformamide may be related to the coordinating
ability of these solvent molecules. Because of this instabil-
ity, it was difficult to exchange the counterions of the
dinuclear complexes. The [Feo(H,L™);](BF4), (2H-BF,)
comglex, prepared by reaction of Fe(BF,),-6H,O and
H,L"™ in nitromethane, was isolated in two kinds of
crystals, needles and blocks, on crystallization from
nitromethane by slow diffusion of diethyl ether. The
crystals were separated manually under a microscope.
Crystal solvents of the samples of 2H - BF4 were easily lost
on drying in vacuo, and such samples were used for
magnetic studies.

The IR spectra of the H,L® (R = H, 2-Me, 5-Me)
ligands showed strong characteristic absorptions at
1637—1639 cm ™', assignable to the C=N stretching
vibration.'"® The dinuclear complexes showed one
»(C=N) band in the 1617—1634 cm™' region, while the
mononuclear complexes showed two bands in the 1568—
1594 and 1622—1630 cm™ ' regions. The number of
v(C=N) bands, one for the dinuclear complexes and
two for the mononuclear complexes, is in accordance
with the symmetry of the complexes because in the mono-
nuclear complexes the H,L® ligand functions as an un-
symmetrical tridentate ligand. The »(C=N) bands of the
dinuclear complexes were not as sharp as those of the
ligands and the mononuclear complexes, and this may be
related to the fact that the two Fe'' sites are not equivalent
(see below). The electron density in the C=N moiety is
donated to a metal upon coordination, and the double
bond character decreases and the position of the v(C=N)
band should shift to a lower wavenumber region. Thus,
the bands in the lower wavenumber region of the mono-
nuclear complexes (1568—1594 cm™ ") can be assigned to
the coordinated C=N moiety. The bands in the higher
wavenumber region (1622—1630 cm™ ') are observed near
those of the free ligands (1637—1639 cm ™ !), and they can

(16) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Co-
ordination Compounds, Part B, 5th ed.; John Wiley and Sons: New York, 1997.
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Table 1. UV-vis Spectral Data of the H,LH Ligand in Methanol, and the
Mononuclear (1H, 1Me, 1Me’) and the Dinuclear (2H, 2Me, 2Me’) Complexes in
Acetonitrile at 295 K

complex Amax/nm (/M ™" em™h

H,L" 205 (9300) 312 (33600)

1H 301(29700) 326 (25800) 343 (21900) 363 (sh, 6360) 557 (3840)
IMe 330 (64100) 488 (820)

IMe' 348 (35900) 410 (sh, 1380) 556 (4070)

2H 293 (56300) 463 (4790) 570 (sh, 830)

2Me 306 (61700) 467 (sh, 1100) 565 (sh, 180)

2Me’ 319 (55200) 463 (sh, 4210) 570 (sh,1230)

be safely assigned to the uncoordinated C=N moiety.
Close inspection of the positions of the lower wavenum-
ber region bands reveals that 1H-ClOy4 (1588 cm ™ ') and
1Me’-Cl0, (1568 cm ™ ') show the bands at lower energy
than the 1Me-ClOy4 (1594 cm™'). This difference can be
explained in terms of the different spin states of these
complexes. We have reported that the C=N vibration of
the iron(I1) complexes with a tripodal Schiff base ligand is
sensitive to the spin state of iron; a complex in the LS state
shows the band at a lower wavenumber than the HS
complex.'* This trend holds for the present complexes:
1H-ClO4 and 1Me'-ClO4 are in the LS state, while
1Me-ClOy, is in the HS state at room temperature (see
below). IR spectroscop]y has been used to study the spin
states of other SCO Fe' complexes.'’

UV—vis spectral data of the mononuclear (1H, 1Me,
1Me’) and dinuclear (2H, 2Me, 2Me’) complexes in
acetonitrile at 295 K are listed in Table 1. All complexes
have an intense absorption band attributable to the
metal-to-ligand charge-transfer (MLCT) transition in
the visible region, which is responsible for the deep color,
and thus weak d—d bands are obscured. The 1H and 1Me’
complexes are in the LS state and show a strong absorp-
tion in the longer wavelength region (Figure 2). The 1Me
complex that is in the HS state shows a strong band in the
shorter wavelength region (488 nm).'® All complexes have
an intense band at 293—350 nm assignable to the imine
m—or* transition of the ligands.

The electrochemical properties of 1H and 1Me were
studied by cyclic voltammetry (CV). The measurements
were performed under nitrogen with a glassy carbon
working electrode using an acetonitrile solution contain-
ing (n-Bu)4;NBF, gO.l M) as supporting electrolyte. The
redox couple (Fe™™) of 1H appears at +0.291 V (Epe =
+0.256 V, E,, = 4+0.325 V) versus Ag/Ag" irrespective of
the scan rate (10 < v < 200mV s~ '), the peak current ratio
ipa/ Ipc Was found to be 1.0, (ip, or ipc)/vl/2 was indepen-
dent of v, and the peak separation was 0.069 V (Figure 3).
These results are consistent with an electrochemically
reversible one-electron process; see eq 1.

[Fem(HzLH)]H +e = [FeH(HzLH)]2+ (1)

The methyl derivative, 1Me, shows the reversible
Fe"™ redox couple at E” = +0.444 V (Epe = + 0410V,
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Figure 2. UV—vis spectra for the H,L™ ligand (dotted line, 1) in
methanol, and mononuclear [Fe(H,L™)]>™ (1H, dashed line, 2), dinuclear
[Fe>(H,LM)5]*" (2H, solid line, 3) and mononuclear [Fe(H,L>™M¢)>*
(1Me, dashed-dotted line, 4) in acetonitrile at 295 K.

E,, = +0478 V, AE,, = 68 mV) versus Ag/Ag", which
is more positive than that for IH by 0.153 V. In general, as
the electron-donating ability of the substituent increases,
the observed potential shifts in the cathodic (less positive)
direction and the higher oxidation state of the metal
is stabilized.'® This implies that the substituent group
directly affects the electron density present on the metal
atom. The greater the electron density present on the
metal atom as a result of the electron properties of the
substituent group, the more difficult it should be to
perform a reduction. Thus, replacement of hydrogen
atoms with electron-donating methyl groups would make
the compound easier to oxidize (i.e., the redox potential
becomes less positive). The unexpected result that 1Me is
more difficult to oxidize than 1H can be explained by the
different spin states for 1Me (HS) and 1H (LS). Because a
HS complex gives a weaker ligand field strength than a LS
complex, the former becomes difficult to oxidize. The
effect of the sPin state on redox potential was pointed out
for other Fe!" complexes.?”

CVs for the dinuclear complexes, 2H and 2Me, were
measured under the same conditions as for the mono-
nuclear complexes. The Fe™" redox couple was irrever-
sible for both complexes (Supporting Information,
Figure S1). The anodic peak was observed at E,, =
+0.705 V for 2H and at E,, = +0.690 V for 2Me, while
the cathodic peak was not observed clearly for either
complex. The less positive E,,, value for 2Me is consistent
with the presence of electron-donating methyl groups and
its LS state. The irreversible nature may be related to
instability of the dinuclear complexes in the Fe!'! state.

Magnetic Properties of the Mononuclear Complexes.
The magnetic behaviors of [Fe(H,L"),](ClO,4), (1H-
ClOy) and [F e(Hsz'Me)z](ClO4)2 (1Me- ClOy) are shown
in Figure 4 in the form of y\ 7 versus T plots, where y1 is
the molar magnetic susceptibility and 7 is the absolute
temperature. The mononuclear 1H-ClO4 complex re-
mains in the LS state over the range 5—300 K. The ym T
value of 3.40 cm” K mol ™' of IMe- ClO4at 300 K is within
the range of expected values for a paramagnetic Fe' in its

(17) (a) Herber, R. H.; Casson, L. M. Inorg. Chem. 1986, 25, 847-852.
(b) Zilverentant, C L.; van Albada, G. A.; Bousseksou, A.; Haasnoot, J. G.;
Reedijk, J. Inorg. Chim. Acta 2000, 303, 287-290.

(18) Levy, N. M.; Laranjeira, M. C.; Neves, A.; Franco, C. V. J. Coord.
Chem. 1996, 38, 259—-270.

(19) (a) Patterson, G. S.; Holm, R. H. Inorg. Chem. 1972, 11,2285-2288.
(b) Handy, R. F.; Lintvedt, R. L. Inorg. Chem. 1974, 13, 893-896. (c) Ma, G.;
Kojima, M.; Fujita, J. Bull. Chem. Soc. Jpn. 1989, 62, 2547-2552.

(20) Hoselton, M. A.; Wilson, L. J.; Drago, R. S. J. Am. Chem. Soc. 1975,
97, 1722-1729.
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Figure 3. (a) Cyclic voltammograms of [Fe(H,L™)]** (1H) in acetonitrile containing 0.1 M (n-Bu)sNBF, at a glassy carbon electrode as a function of the
sweep rate: 10, 20, 50, 100, and 200 mV s~ '. (b) CV of [Fe(H,L>™®)]>* (1Me) under the same conditions as for (a) at 100 mV s .
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Figure 4. Magnetic behaviors of (a) [Fe(H,L"),J(ClO4), (1H-ClOy)
and (b) [Fe(H,L*™¢),](Cl0,), (IMe-ClOy) in the form of y\T versus
T plots. The samples were quickly cooled from 300 to 5 K, and yu
was measured successively during heating (5—300 K, A) and cooling
(300—5 K, ¥) modes, at a sweep rate of 2 K min~"'.

HS state with some orbital contributions. The drop of
xm T below 50 K may be a combined effect of SCO and
zero-field splitting (ZFS) of Fe'' in the HS state. The
magnetic measurements clearly indicate that 1H-ClO4
and 1Me- ClOy are in the LS and HS states, respectively,
at least above 50 K. These results are unexpected, because
the ligand field strength of the H,L>™¢ ligand will be
larger than that of the H,L"™ ligand because of the
presence of electron-donating methyl groups, and 1Me-
ClOy is expected to be in the LS state. The reason for
1Me- ClO,4 being in the HS state can be explained in terms
of intramolecular steric repulsion between a methyl group
of an H,L*™¢ ligand and the other ligand in the complex
(see later). The [Fe(H,L>™¢),](ClO,), (1Me'-ClOy)
complex does not involve such a steric congestion, and
the ym 7 value stays at almost 0 cm® K mol™" over the
whole temperature range demonstrating the LS state. The

7
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Figure 5. Magnetic behaviors of [Feo(H,L™)3J(ClO,), (2H- ClOy, blue)
and [Fes(H,L*M¢);](C10y)s (2Me- ClOy, red) in the form of a xm 7 versus
T plot.

substituent effect on the spin equilibrium was also ob-
served for Fe'' complexes with hexadentate ligands.?
Magnetic Properties of the Dinuclear Complexes. The
magnetic behaviors of [Fe,(H,L™)3](ClO4)s (2H-Cl0y)
and [Fe,(H,L>™M®)3)(ClO,)s (2Me-ClOy4) are shown in
Figure 5 in the form of a y\7 versus T plot. Complex
2Me- ClOy4 stayed in the LS state over the entire tempera-
ture range, and this result is in accordance with the strong
ligand field strength of the H,L*>™® ligand caused by the
presence of electron-donating methyl groups. Complex
2H-ClOy4 exhibited an abrupt SCO behavior at about
240 K. Above 250 K, the y\ 7 value was nearly constant
at 6.6 cm® K mol ™!, which is close to the calculated spin-
only value for the ma§netically uncoupled [HS—HS]
system (ym7 = 6.0 cm® K mol™'). In the temperature
range 30—220 K, the value of 7 was nearly constant at
3.3 cm® K mol ™!, indicating that 50% of the Fe'' sites
were in the HS state. The half-SCO state was trapped, the
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Figure 6. Mdassbauer spectra for [Feo(H,L);](ClO,)s (2H - ClOy) at 78,
240, and 298 K.

complex was locked into it, and it did not change into the
[LS—LS] state on further cooling. The decrease in yp T
observed below about 20 K is probably due to the ZFS
effect.!” Three different spin-pair states are possible in
diiron(IT) complexes: [LS—LS], [LS—HS], and [HS—HS].
Actually, some complexes exhibit a two-step spin-cross-
over phenomenon, [LS—LS] < “[LS—HS]” < [HS—HS]."*
The half-SCO species, “[LS—HS]”, can consist of either a
1:1 mixture of [LS—LS] and [HS—HS] complexes or a
distinct [LS—HS] complex. That the half-SCO species of
[Feo(H,LM)3](C104)s has a mixed-spin state, [LS—HS],
was verified by X-ray crystal structure analysis (see later).

The temperature dependence of Mdssbauer spectra of
2H - ClOy4 agrees with the magnetic susceptibility results.
At 298 K, the Mossbauer spectrum consists of a single
quadrupole doublet (6 = 0.99 mm sfl,AEQ = 1.82mms ),
demonstrating the sole existence of HS Fe'' (Supporting
Information, Table S1 and Figure 6). We noticed that the
bands were broad, with a full width at half-height of T =
0.44 mm s~ '. This suggests that the Fe'' sites are not
equivalent. At 78 K, the spectrum consists of two doublets
exhibiting quadrupole splitting (HS Fe'', 0 = 1.11mms ',
AEqg = 344mms ' andT = 026 mms ;LS Fe', 0 =
0.44mms~ !, AEg = 0.12mm s ! andT = 0.29 mm s_l).
Deconvolution of the spectrum at 78 K revealed the mole
fraction of the HS Fe" species to be 44%. These results
agree with the magnetic susceptibility results.

As described above, [Fex(H,L™)3](BF4), (2H - BF,) was
obtained in two kinds of crystals, needles and blocks, and
they exhibited different SCO behaviors. The needles
showed an abrupt spin transition at 254 K (Supporting
Information, Figure S2) with behavior similar to that of
2H-ClOy4. The block crystals exhibited a more abrupt
spin transition at about 190 K accompanied by a hyster-
esis, T.t = 190 K and TJ = 183 K with AT = 7 K
(Figure 7). The correlation between the structure and
magnetic properties of the two forms of 2H-BF4 will be
discussed later in the section concerning X-ray structures.

Differential scanning calorimetric (DSC) measure-
ments of the two crystal forms of 2H-BF4 were carried
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Figure 7. Magnetic behavior of the block crystals of [Fes(H,LM)5)-
(BF4)4 (2H-BFy) in the form of y\ 7 versus 7 plots. A hysteresis (inset)
is observed; 7.} = 190 K and T} = 183 K with AT = 7K.

out in the 120—280 K temperature range at a rate of
5 K min~'. The temperature dependence of heat flow
during heating and cooling for the two samples is shown
in Supporting Information, Figure S3. Anomalies in the
heat flow for needle crystals appear during heating at
T.} = 258.0 K and T = 257.2 K during cooling. These
values agree reasonably well with those observed from the
ymT versus T plot. The overall enthalpy (AH) and
entropy (AS) variations associated with the SCO deter-
mined from the DSC curves are AH = 5.6+ 0.4 kJ mol ™
and AS = 21.7 £ 1.6 J K~ ' mol ! for the heating mode,
and AH = —6.14£0.13kJmol ' and AS = —23.9£0.5
J K" mol™! for the cooling mode. The block crystals
exhibited anomalies in the heat flow at 7.} = 188.7 K and
T = 182.4 K, which match reasonably well with the
magnetic data. A shoulder observed in the heating mode
may be due to the presence of an impurity. The thermo-
dynamic parameters are AH = 9.0 & 0.4 kJ mol~ " and
AS = 48 + 2 J K ' mol™! for the heating mode, and
AH = —9.39£0.10kJmol ' and AS = —51.5+0.5J K™
mol ™! for the cooling mode.

The [Fe,(H,L>™¢);](Cl0,),4 (2Me’ - C10,4) complex was
in the LS state over the temperature range 5—300 K. This
result indicates that the H,L>"™¢ lif%and exerts a stronger
ligand field strength than the H,L" ligand because of the
presence of electron-donating methyl groups.

X-ray Crystal Structures

Structure of the H,L*™* Ligand. Crystals of H,L*>™M¢
suitable for X-ray crystal structure analysis were grown
from a methanol solution in a refrigerator. The ligand
crystallizes in the space group Pbca (No. 61) with Z = 4.
The crystallographic data are collated in Table 2, and
selected bond lengths and angles are listed in Supporting
Information, Table S2. Figure 8 shows an Oak Ridge
Thermal Ellipsoid Plot (ORTEP) drawing with atom
numbering scheme. There is a crystallographic inversion
center at the midpoint of N(3) and N(3)". The molecule is
the E-Eisomer. The nitrogen—nitrogen bond N(3)—N(3)'
(1.409(3) A) can be formally defined as a single bond and
compares closely with the N—N bond distance in
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Table 2. X-ray Crystallographic Data for HoL>™¢, [Fe(H,L"),](C104),-2CH;CN (1H- ClOy), [Fe(H,L>™¢),](C104), - 1.6CH;CN (1Me- ClO,), [Fe(H,L>™M),](ClO,), - H,0
(IMe' - C10y), [Feo(H,LM)3](C10,)4- SCH3NO, (2H- Cl0y), [Fes(H,L>™M°)3](ClO,)s (2Me- Cl0), and [Fey(H,L)3](BF,),- 7TCH;NO, (2H-BF,)

H,L*Me 1H-C10, 1Me- Cl1O, 1Me'- C10,4

formula CioH2Ng CyoH2:ClLFeN ;4,05 C116H144Cl10FesNggOag CyH26CLFeN ;09
formula weight 216.24 713.24 3764.61 705.25
crystal system orthorhombic monoclinic tetragonal monoclinic
space group Pbca (No. 61) P2{/n (No. 14) 141/a (No. 88) P2{/n (No. 14)
alA 9.5559(17) 11.2951(6) 22.8537(12) 9.40352(19)
b/A 8.0270(11) 13.0064(5) 22.8537(12) 25.7816(7)
c/A 14.798(3) 19.6897(7) 31.4028(15) 11.7835(4)
o/deg 90 90 90 90
f/deg 90 98.1490(17) 90 97.9137(11)
y/dueg 90 90 90 90
VIA® 1135.1(3) 2863.4(2) 16401.4(13) 2829.56(13)
T/K 293 103 200 163
VA 4 4 4 4
Deate/g cm > 1.265 1.654 1.524 1.655
ujem™! 0.847 7.849 6.892 7.936
R“[I > 20(D)] 0.0721 0.0414 0.0720 0.0493
wR," [all data] 0.2623 0.1075 0.2060 0.1311

2H-ClO4 2Me- ClO4 2H-BF,
formula CroH39Cl4FeaN23006 C30H36C14FeaN 13016 Ce1HgoBgF30Fe4Ng9On7
formula weight 1379.27 1158.23 2858.49
crystal system monoclinic trigonal triclinic
space group P2,/c (No. 14) P3¢l (No. 165) P1 (No. 2)
alA 16.1920(5) 16.0009(10) 10.031(2) 11.5903(7)
b/A 17.7330(4) 17.2727(10) 10.031(2) 15.5367(10)
c/A 19.9849(6) 19.8102(11) 24.859(6) 17.4994(10)
o/deg 90 90 90.2947(18)
[/deg 102.1350(12) 102.5478(19) 90 90.2919(18)
y/deg 90 120 108.5083(18)
N 5610.1(3) 5344.3(5) 2166.2(9) 2988.1(3)
T/K 293 103 93 173
Z 4 2 1
Deare/g cm™? 1.633 1.714 1.776 1.588
ujem”! 8.081 8.482 10.082 6.104
R“[I > 20(D)] 0.0557 0.0649 0.0393 0.0682
wR," [all data] 0.1657 0.1736 0.1188 0.2158

“Ry = YlIFo| = |Fl/SIFol. " wRy = [ w(IFo| = |FE owlFo ]2,

Figure 8. X-ray molecular structure of the H,L>™¢ ligand with atom
numbering scheme. The superscript i denotes the atoms generated by
symmetry operation with operator of 1—x, —y, —z.

hydrazine (1.45 A). The C—N bond C(5)—N(3) (1.278(4)
A) is considered to have full double-bond character.
Supporting Information, Figures S4 and S5 show the
packing diagrams. Imidazole N(1)—H(4) is hydrogen
bonded to N(2) of the neighboring molecule, N(1)—H-
(4)- -+ N(2) 2.845(3) A, to form a 2D sheet structure in the
ac-plane (Supporting Information, Figure S4). The imi-
dazole groupsin the neighboring sheets are linked by 7—m
stacking interactions (3.53 A) to form a 3D structure
(Supporting Information, Figure S5).

Structure of [Fe(H,L"),](C10y4),-2CH;CN (1H- ClOy,).
The crystal structure of 1H-ClOy4, which crystallizes in
the space group P2;/n (No. 14) with Z = 4, was deter-
mined at 103 K. The asymmetric unit consists of one

[F e(HzLH)z]2+ cation, two ClO,4 anions, and two aceto-
nitrile molecules. An ORTEP drawing of 1H:ClQy is
shown in Figure 9. The Fe'' ion binds two H,L" ligands
and has a pseudo-octahedral coordination geometry.
Eachligand in the Z-E configuration serves as a tridentate
ligand and coordinates meridionally to the metal ion with
two imidazole nitrogen atoms and one azine nitrogen
atom, and the other azine nitrogen atom remains unco-
ordinated (Scheme 2).*! Thus, the H,L" ligand becomes
unsymmetrical upon coordination to form a five-mem-
bered and a six-membered chelate. This creates disorder
in the moieties involving azine: C(4)—N(3)—N(4)—C(5)
(Occ = 0.56) and C(6)—N(5)—N(6)—C(7) (Occ = 0.44),
and C(14)—N(11)=N(12)—C(15) (Occ = 0.78) and
C(16)—N(13)—N(14)—C(17) (Occ = 0.22). Selected bond
lengths and angles are listed in Table 3. All of the Fe—N
coordinate bond distances (1.950(2)—2.021(12) A) are
typical for LS Fe'' in accordance with the magnetic
study.”® The crystal structure is shown in Supporting
Information, Figure S6. Two imidazole hydrogen atoms,
N(8)—H(9) and N(9)—H(12), are linked to O(6) and O(5),
respectively, of a ClO,4 ion, by hydrogen bonds with

(21) Karmakar, R.; Choudhury, C. R.; Batten, S. R.; Mitta, S. J. Mol.
Struct. 2007, 826, 75-81.
(22) Beattie, J. K. Adv. Inorg. Chem. 1988, 32, 1-53.
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Figure 9. X-ray molecular structure of [Fe(H,L"),](ClO4),-2CH;CN
(1H- ClO4) with an atom numbering scheme showing the 50% probability
ellipsoids. The hydrogen atoms and acetonitrile molecules have been
omitted for clarity. Color code: purple, LS Fe; blue, N; black, C; yellow,
Cl; and red, O. The structure suffers from disorder at the azine moieties.

Table 3. Relevant Bond Lengths (A) and An'%les (deg) with Their Estimated
Standard Deviations in Parentheses for [Fe(H,L"),](ClO4),-2CH;CN (1H- Cl0y)

Bond Distances/l&
Fe(1)—N(2) 1.950(2) Fe(1)—N(10) 1.979(2)
Fe(1)-N(3) 1.992(5) Fe(1)—N(11) 1.975(3)
Fe(1)—N(6) 1.973(6) Fe(1)—N(14) 2.021(12)
Fe(1)—N(7) 1.951(2) Fe(1)—N(15) 1.9656(19)

Bond Angles/deg
N(2)—Fe(1)—N(3) 78.13(17) N(6)—Fe(1)—N(7) 77.0(2)
N(2)—Fe(1)—N(6) 95.9(2) N(6)—Fe(1)—N(10) 94.31(19)
N(2)—Fe(1)—N(7) 172.73(9) N(6)—Fe(1)—N(11) 167.2(2)
N(2)—Fe(1)-N(10)  87.73(9) N(6)—Fe(1)—N(14) 162.5(3)
N(2)—Fe(1)=N(11)  95.08(11) N(6)—Fe(1)—N(15) 93.56(19)
N(Q2)—Fe(1)-N(14) 96.2(3) N(7)—Fe(1)—N(10) 91.29(8)
N(2)—Fe(1)—N(15)  89.81(8) N(7)—Fe(1)—N(11) 91.83(11)

N(G3)=Fe()-N(7)  94.75(17)  N(7)—Fe(1)-N(14)  91.1(3)
N(3)—Fe()-N(10)  93.50(15)  N(7)=Fe(1)=-N(15)  92.10(8)
N(3)—=Fe()=N(11)  170.62(18) N(10)—Fe()~N(11)  79.65(11)
N(3)—Fe(1)-N(14)  166.23)  N(10)—Fe(1)-N(14)  98.9(3)
N(3)—Fe()-N(15)  93.48(15)  N(10)—Fe(1)~-N(15)  171.96(8)
N(11)—Fe(1)=-N(15)  92.96(11)
N(14)—Fe(1)=-N(15)  73.8(3)

distances of N(8)- - - O(6) = 3.006(3) and N(9)- - - O(5) =
2.889(3) A, and N(16)—H(19) is linked to the azine N(4)
atom with a distance of N(16)---N(4) = 2.969(4) A.
Because the azine moiety is disordered, there are two
situations. When N(3) and N(4) atoms exist, a 2D sheet is
formed in the ab-plane, while there is a 1D chain when N(5)
and N(6) atoms exist instead of N(3) and N(4). The last
imidazole hydrogen atom, N(1)—H(2), is linked to O(2) of
ClO; by a hydrogen bond with a distance of N(1)- - -
O(2) = 2.935(3) A. However, it does not participate in
forming dimensionality. The imidazole N(8)—H(9) hydro-
gen atom is also hydrogen bonded to N(17) of acetonitrile
with a distance of N(8)- - -N(17) = 3.131(4) A, which also
does not participate in forming dimensionality.
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Structure of [Fe(H,L>™¢),](C104),-1.6CH5CN (1Me-
Cl0,4). Magnetic studies revealed that 1Me- ClOy4 stays in
the HS state over the 5—300 K temperature range, and the
crystal structure was determined at 200 K by the X-ray
diffraction method. The complex crystallizes in the space
group /4;/a (No. 88). The asymmetric unit consists of 1.25
[Fe(H,L>™M¢),]**, 2.5 C1O,~ anions, and two acetonitrile
molecules. As Supporting Information, Figure S7 shows,
there are two complex cations involving Fe(1) and Fe(2)
in the crystal. The overall molecular structure is similar to
that of 1H - ClOy. In either complex cation, one of the two
H,L*M¢ligands suffers from disorder in the azine moiety.
In the complex containing Fe(l), the Occ values for
C(15)—N(9)—N(10)—C(16) and C(17)—N(11)—N(12)—
C(18) were 0.53 and 0.47, respectively, while in the other
complex containing Fe(2), both Occ values for C(27)—
N(17)—N(18)—C(28) and C(28)—N(18)—N(17)—C(27)
were 0.5. Selected bond lengths and angles are listed in
Supporting Information, Table S3. All of the Fe—N
coordinate bond distances (2.147(3)—2.245(12) A) are
typical for HS Fe'' in accordance with the magnetic
study.?” The crystal structure is shown in Supporting
Information, Figure S8. The imidazole N(1)—H(4),
N(6)—H(9), N(7)—H(16), and N(14)—H(23) groups of
the complex containing Fe(l) are hydrogen bonded
to O(1), O(6), O(8), O(9), and O(10) of ClO, with
distances of N(1)---O(1) = 2.971(6), N(6)---O(8) =
3.089(5), N(6):--0(9) = 3.106(6), N(7)---0O(10) =
3.140(5), N(7)---O(10) = 3.008(4), and N(14)---
O(6) = 2.915(4) A. The imidazole N(15)—H(30) group
of the complex containing Fe(2) is hydrogen bonded to
O(2) of ClIO4 with the distance of N(15)---0(2) =
3.061(7) A. A 3D structure is formed by these hydrogen
bonds.

Figure 10 compares intramolecular steric interactions
in 1H-ClO4 and 1Me-ClOy4. In 1Me- ClOy4, one of the
azine moieties of the complex is disordered, while
1H: ClOy suffers from disorder at both azine moieties.
In Figure 10, one of the ligands of each complex cation is
in the plane of the paper, and the other ligand is perpen-
dicular to the paper. The N(2)—Fe(1)—N(7) bond of
1H:ClQy is almost linear (172.73(9)°), while the corre-
sponding bond of 1Me-ClQy is bent (161.29(11)°), and
the latter is attributable to the steric effect of the methyl
group. The least-squares plane (P;) of the H,L*M¢ligand
(or the H,L" ligand), which is perpendicular to the paper,
and the angles between Py and Fe(1)—N(2) and Fe(1)—
N(7) or Fe(1)—N(5) were defined as in Figure 10. The
angle between Py and Fe(1)—N(5) for 1Me-ClOy4
(107.3(2)°) is much larger than the corresponding angle
between Pp and Fe(1)—N(2) for 1H-ClO4 (95.6(6)°)
because of steric effects. To cope with the steric crowding,
the HoL*™¢ ligand deviates from planarity as evidenced
by Figure 10 (b). Such steric crowding will lengthen the
Fe—N bond, resulting in the HS state. Thus, the unusual
order in ligand field strength, H,L™ > H,L*™¢, in the
mononuclear complexes can be accounted for by steric
effects.

Structure of [Fe(H,L>™¢),](C10,), - H,0 (1M¢' - C10y).
Magnetic studies revealed that 1IMe’- ClO4stays in the LS
state over the temperature range 5—300 K, and the crystal
structure was determined at 163 K by the X-ray diffrac-
tion method. The complex crystallizes in the space group
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(ClOy), 1.6CH;CN (1Me- ClQy). Severe steric repulsion exists between a methyl group of a H,L

Figure 10. Comparison of the intramolecular steric interactions in (a) [Fe(HzLH)z](Clg)ﬂ?z-ZCH

Sunatsuki et al.

sCN (IH-ClO4) and (b) [Fe(H,L*™M¢),)-
°ligand and the other H,L>™°® ligand in 1Me- ClOy.

Table 4. Relevant Bond Lengths (A) and Angles (deg) with Their Estimated Standard Deviations in Parentheses for [Fe,(H,L")35](C1O,)4- SCH;NO, (2H- ClOy) at 103 and

293K
Bond Distances (A)
Fe—N(imidazole) Fe—N(azine)
293 K 103 K 293 K 103 K
Fe(1)—N(2) 2.116(2) 1.979(3) Fe(1)—N(3) 2.187(2) 1.971(3)
Fe(1)—N(8) 2.116(2) 1.972(3) Fe(1)—N(9) 2.177(2) 1.972(2)
Fe(1)—N(14) 2.122(2) 1.979(2) Fe(1)—N(15) 2.196(2) 1.977(3)
Fe(2)—N(4) 2.238(2) 2.215(3) Fe(2)—N(5) 2.142(2) 2.150(3)
Fe(2)—N(10) 2.238(2) 2.221(3) Fe(2)—N(11) 2.151(2) 2.157(2)
Fe(2)—N(16) 2.238(2) 2.218(3) Fe(2)—N(17) 2.175(2) 2.174(3)
Fe(l)---Fe(2) 4.0362(7) 3.8507(8)
Bond Angles (deg)
293 K 103K
N(2)—Fe(1)—N(3) 75.26(10) 80.03(13)
N(8)—Fe(1)—N(9) 75.65(10) 80.27(12)
N(14)—Fe(1)—N(15) 75.18(10) 80.07(12)
N(4)—Fe(2)—N(5) 74.33(10) 74.15(12)
N(10)—Fe(2)—N(11) 73.79(9) 73.89(11)
N(16)—Fe(2)—N(17) 74.00(9) 74.35(11)
Torsion Angles (deg)

293 K 103 K
C(4)—N@3)—N#)—C(5) 63.6(3) 62.2(4)
C(12)—N(9)—N(10)—C(13) 62.7(3) 58.8(4)
C(20)—N(15)—N(16)—C(21) 51.8(3) 48.4(4)

P2y/n (No. 14) with Z = 4. The overall molecular
structure (Supporting Information, Figure S9) is similar
to that of 1H-ClO4. All the Fe—N coordinate bond
distances (1.942(2)—1.989(12) A) are typical for LS Fe"'
in accordance with the magnetic studies.

Structure of [Fey(H,LM)3](Cl0,)4- 5CH3;NO, (2H - C10,).
Because 2H - C104 shows SCO around 240 K, the X-ray
crystal structure analysis was carried out at two tempera-
tures, 103 and 293 K.'"* The crystallographic data are
summarized in Table 2. The same space group, P2;/c (No.
14) is retained at both temperatures. Selected bond
lengths and angles are collated in Table 4. Figure 11
shows an ORTEP drawing of 2H-ClOy4 at 293 K, with
the atom numbering scheme. The structure is a dinuclear
triple-helicate, with each ligand bound as a bis(bidentate)
ligand to two different iron centers. Each Fe'' center binds

to three ligand strands to attain a pseudo-octahedral
coordination geometry. Each complex is chiral, with
either a A (clockwise) or a A (anticlockwise) configura-
tion because of the screw coordination arrangement of
the three ligands around Fe". Both iron centers shown in
Figure 11 have the A configuration, and thus this is a
homochiral A—A pair. Because the complex crystallizes
in a centrosymmetric space group P2;/c, molecules with
the A—A and A—A pairs coexist in the crystal to form a
racemic crystal. In other words, 2H - C1O4 does not under-
go spontaneous resolution. All of the Fe—N coordinate
bond distances (2.116(2)—2.238(2) A) are in the range for
HS Fe''. The two iron centers, Fe(1) and Fe(2), are in
different environments. The average Fe(1)—N bond
length (2.153 A) is smaller than that of Fe(2)—N (2.197
A)at 293 K.
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Figure 11. X-ray molecular structure of the cation of [Fey(H,L™);]-
(ClOy4)4: SCH3NO, (2H- ClOy4) at 293 K with an atom numbering scheme
showing the 50% probability ellipsoids. Color code: orange, HS Fe; blue,
N; black, C; light blue, H.

At 103 K, the average Fe(1)—N bond length (1.975 A) is
shorter by 0.178 A than that at 293 K (2.153 A) demo-
nstrating that the SCO occurs at the Fe(1) site, while
the Fe(2) site remains in the HS state (average Fe(2)—N
bond length = 2.189 A), to form a mixed-spin state [LS—
HS] complex. The N—Fe(1)—N five-membered chelate
angles (average angle = 80.12°) are larger than the N—
Fe(2)—N angles (average angle = 74.13°), and the octa-
hedron is markedly less distorted at the LS Fe(1) site than
at the HS Fe(2) site. The intraligand dihedral angles
between the two imidazolylimine groups decrease
with decreasing temperature from 50.5(1), 53.2(1), and
41.5(1)°at293 K t047.4(2),47.6(1), and 38.1(2)°at 103 K.
The Fe(1)- - - Fe(2) distance decreases from 4.0362(7) Aat
293 K to 3.8507(8) A at 103 K. The unit cell volume of

5610.1(3) A® at 293 K decreases to 5344.3(5) A* at 103 K
(4.7%).

Close inspection of the crystal structures at two differ-
ent temperatures suggests a factor that stabilizes the [LS—
HS] state. The dinuclear complex is linked to a neighbor-
ing dinuclear unit by hydrogen bonds to form a zigzag 1D
structure along the c-axis (Figure 12). Fel and Fe2 are in
different environments and the two neighboring Fel sites
are effectively linked by hydrogen bonds. In a previous
paper, we showed that the effect of hydrogen bonds is
similar to that of ligand deprotonation: it stabilizes the LS
state.” Thus, Fel tends to assume the LS state and the
mixed-spin [LS—HS] state is stabilized.

Structure of [Fe;(H,L2™¢)3](C104), (2Me- ClOy). The
temperature dependence of the magnetic susceptibility of
2Me- ClO4 demonstrated that the complex stays in the LS
state over the temperature range 5—300 K, and X-ray
structure analysis was carried out at 293 K. Supporting
Information, Figure S10 shows the molecular structure of
the complex cation with the atom numbering scheme. The
complex assumes a triple helicate structure as [Fe,-
(H,L™);]*". The Fe—N coordinate bond distances
(1.936(2) and 1.989(2) A, Supportmg Information, Table
S4) are typical for LS Fe'!, and the average (1.963 A) is
close to that of the LS site for 2H-ClO4 at 103 K (1.975
A). The N-—Fe(l)—N five-membered chelate angle
(79.94°) is also close to that of the average (80.12°) for
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Figure 12. Crystal structure of [Fe,(H,LM™)3](ClO4),-5MeNO, (2H-
ClO,) at 103 K, with a selected atom numbering scheme. Perchlorate
anions and solvent molecules not participating in hydrogen bonding have
been omitted for clarity. Color code: orange, HS Fe; purple, LS Fe; blue,
N; light blue, H; yellow, CI; red, O. The red and green colored molecules
denote the A—A and A—A pair, respectively.

the LS site for 2H- ClO4 at 103 K. The Fe(LS)- - Fe(LS)
distance (3.4842(7) A) is much smaller than the Fe(LS)- -
Fe(HS) distance (3.8507(8) A) for 2H-ClO4 at 103 K
Unlike the mononuclear complex [Fe(H,L* Me)z](CIO4)2
1.6CH;CN (1Me-ClOy), 2Me- ClO4 involves no signifi-
cant intramolecular steric repulsion between the methyl
groups of an H,L?>M¢ ligand and the other ligands. The
H,L*M¢ ligand involving an electron-donating methyl
group on each imidazole group exerts greater ligand field
strength than the H,L" ligand. Thus, 2Me- ClQy is in the
LS state even at room temperature. The crystal packing
diagrams of 2Me- ClQy4 are shown in Supporting Infor-
mation, Figure S11. The A—A pair and the A—A pair
stack alternately along the c-axis (Supporting Informa-
tion, Figure S11 (a)). There is no intermolecular interac-
tion between the ions.
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Structure of the Block Crystal of [Fe;(H,L");](BF,),-
6.5CH3NO,-0.5H,O (2H:BF,4). As described above,
when [Fe,(H,L")3](BF,)4 (2H-BF,) was crystallized from
nitromethane by slow diffusion of diethyl ether, two kinds
of crystals (polymorphs), needles and blocks, were ob-
tained, and they were separated manually under the micro-
scope. We determined the structure of the block crystals by
X-ray diffraction. The crystals were extremely effluores-
cent, and high-quality diffraction data were not available.
However, we could analyze the structure to provide neces-
sary information. The block crystals exhibited an abrupt
spin transition at about 190 K, and we determined the
structure at 180 K. The complex crystallizes in the space
group Pl (No. 2). The asymmetric unit consists of one
[Fe,(H,L")5]*" cation, four BF, ™ anions, and 6.5 nitro-
methane and 0.5 water molecules. Supporting Informa-
tion, Figure S12 shows the molecular structure of the
complex cation with the atom numbering scheme, and
selected bond lengths and angles are collated in Supporting
Information, Table S5. The complex assumes a mixed-spin
[LS—HS] state at 180 K, and thus the molecular structure
is similar to that of [Fey(H,L™)3](ClO4),-5CH;NO,
(2H-ClQy) at 103 K, which also has a mixed-spin [LS—
HS] state. The Fe(1)—N bond lengths (1.965(2)—1.987(3)
A) and Fe(2)—N bond lengths (2 144(3) —2.247(6) A) are
typical for LS Fe'' and HS Fe", respectively. The N-
(imidazole)—Fe(1)—N(azine) five—membered chelate an-
gles (79.56—79.76°) are larger than the N(imidazole)—
Fe(2)—N(azine) angles (73.24—74.19°), and the octahe-
dron is markedly less distorted at the LS Fe(1) site than at
the HS Fe(2) site. The crystal packing diagrams of 2H - BF4
are shown in Supporting Information, Figure S13. Sup-
porting Information, Figure S13(a) shows that all six
imidazole N—H groups of a [Fe,(H,L™);]*" complex
cation, N(1)—H(2), N(6)—H(7), N(7)—H(10), N(12)—
H(15), N(13)—H(18), and N(18)—H(23), are connected
to the BF,  anions by hydrogen bonds to form a homo-
chiral 2D sheet structure in the ab-plane. The hydrogen-
bonding schemes around the two SCO sites are different, in
harmony with the different SCO behaviors. All of the
complex cations shown in Supporting Information, Figure
S13(a) are A—A pairs. Sheets with A—A and A—A pairs
stack alternately along the c-axis (Supporting Information,
Figure S13(b)).

It is well established that the elastic interaction be-
tween SCO sites within a crystal lattice is the predomi-
nant factor governing cooperativity. The abrupt spin
transition accompanied by hysteresis (Figure 7) observed
for the block crystals of 2H - BFy may be accounted for by
the 2D sheet structure involving strong intermolecular
interactions.

Conclusion

Imidazole-4-carbaldehyde azine and its derivatives, H,LR
(R = H, 2-Me, 5-Me), were prepared by condensation of
4-formylimidazole, or its derivatives, 2-methyl- or 5-methyl-
4-formylimidazole, with hydrazine in a 2:1 mol ratio in
methanol. The H,L® ligands are imidazole analogues of
PAA (2-pyridinealdazine). The H,LR® ligands afforded
mononuclear [Fe(H,L®),]*" and dinuclear triple-helicate
[Fes(H,L®);]*" complexes, and their magnetostructural re-
lationships were studied. In contrast to [Fe(PAA),]*" and
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[Fes(PAA)s]*", both of which are in the LS state, the H,L®
complexes showed a variety of magnetic behaviors depending
on such factors as the nuclearity, the kind of substituents, and
counterions. When a hydrogen atom at the 2-position of
imidazole in H,L™ is replaced by an electron-donating
methyl group, the ligand field strength becomes stronger
and the complex tends to assume the LS state. This trend was
observed in the dinuclear complexes; [Feo(H,L™);]*" and
[Feo(HoL?™M¢)5]*" assume the [HS—HS] and [LS—LS] spin
states, respectively, at room temperature. However, the mono-
nuclear Fe'' complexes, [Fe(H,L™),** and [Fe(H2L2 Mey 1P,

afforded a different order of ligand field strengths

[Fe(HzLH)z]2+ is in the LS state while [Fe(H,L*™®),]"" i

in the HS state at room temperature. X-ray structural studles
revealed that the interligand steric repulsion between a
methyl group of an H,L>™¢ ligand and the other ligand in
[Fe(H,L>™M¢),]*" is responsible for the observed change
in the spin state. In this case, the steric effect outweighs the
electron-donating effect of the methyl group. [Fe,(H,L™)5]-
X4 (X = ClOy4, BF,) exhibited a sharp spin transition, [LS—
HS] < [HS—HS], and the existence of the mixed spin state
[LS—HS] was confirmed from X-ray crystallographic data.
The uncoordinated NH groups of the imidazole moiety of
[Feo(H,LR);]*" can be partly deprotonated to form inter-
molecular N—H- - -N hydrogen bonds. Because the dinuc-
lear complexes have a homochiral structure, A—A or A—A,
controlled deprotonation of [Fes(H,L®);]*" may form a
homochiral SCO complex with high dimensionality. Studies
along this line are in progress in our laboratories.

Experimental Section

Caution! Perchlorate salts of metal complexes are poten-
tially explosive. Only small quantities of material should be
prepared and the samples should be handled with care.

Materials. All reagents and solvents used in the syntheses
were of reagent grade and they were used without further
purification.

Ligands, H,L, H,L>™¢, and H,L¥™¢, The H,L" (= imida-
zole-4-carbaldehyde azine), H,L*™® (= 2-methylimidazole-
4-carbaldehyde azine), and H,L™™® (= 5-methylimidazole-
4-carbaldehyde azine) ligands were prepared by condensation
of hydrazine and 4-formylimidazole or 2-methyl- or 5-methyl-
4-formylimidazole in a 1:2 mol ratio in methanol. The repre-
sentative method is given for H,LY. A methanol solution
(10 mL) of hydrazine monohydrate (1.75 g, 35 mmol) was added
to a warm methanol solution (90 mL) of 4-formylimidazole
(6.71 g, 70 mmol). The mixture was stirred for 1 h, and a pale
yellow precipitate was collected by filtration. H,L": Yield:
5.68 g(86%). Anal. Found: C, 51.14; H, 4.09; N, 44.62%. Calcd
for CgHgNg: C, 51.06; H, 4.28; N, 44.66%. IR (KBr disk): vc=n
(imine) 1639 cm ™!

Hsz'Me: Yield: 79%. Anal. Found: C, 55.46; H, 5.51; N,
38.69%. Calcd for C;oH2Ng: C, 55.54; H, 5.59; N, 38.86%. IR
(KBr disk): ve—n (imine) 1638 cm ™. Crystals suitable for the
X-ray structure analysis were obtained by slow evaporation of
the filtrate.

H,L>™¢: Yield: 74%. Anal. Found: C, 55.29; H, 5.26; N,
38.54%. Calcd for C;oH2Ng: C, 55.54; H, 5.59; N, 38.86%. IR
(KBr disk): ve—y (imine) 1637 cm ™!

[Fe(H,L"),](C104),- CH;0H (1H-ClOy). Fe(ClOy),-6H,0
(0.363 g, 1.0 mmol) was added to a suspension of H,L" (0.376
g, 2.0 mmol) in methanol (20 mL). The color of the mixture
changed from reddish orange to purple on heating at 60 °C for
1 h. The solution was filtered, and diethyl ether (60 mL) was
added to the filtrate. Dark purple crystals deposited on standing
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in a refrigerator were collected by filtration. Yield: 66%. Anal.
Found: C, 30.74; H, 2.88; N, 25.13%. Calcd for C;7H,oCl,Fe-
N1,09: C, 30.79; H, 3.04; N, 25.34%. IR (KBr disk): vc=n
(imine) 1622, 1588 cm™'; vo_o (ClO,7) 1143, 1088 cm™ .
Crystals suitable for the X-ray structure analysis
([Fe(H,L™),](Cl04),-2CH;CN) were obtained by recrystalliza-
tion from acetonitrile—toluene.

[Fe(H,L7™¢),](C10y), - H,0 (1Me- ClOy). This complex was
prepared by the same method as for 1H-ClOy4 except that
H,L*™¢ was used instead of H,L"Y, and the complex was
obtained as dark red crystals. Yield: 92%. Anal. Found: C,
34.12; H, 3.74; N, 23.53%. Calcd for C,yH,¢Cl,FeN;,0q: C,
34.06; H, 3.72; N, 23.83%. IR (KBr disk): vc—y (imine) 1630,
1594 cm™ ! ve_o (ClO47) 1118, 1088 cm ™!, Crystals suitable
for the X-ray structure analysis ([Fe(H,L>™),](ClO4),-
1.6CH;CN) were obtained by diffusion of diisopropyl ether to
an acetonitrile solution of the complex.

[Fe(H,L3™¢),](Cl104),-1.5H,0 (1M¢' - ClOy). This complex
was Erepared by the same method as for 1H-ClQ4 except that
H-L>™¢ was used instead of H,L"Y, and the complex was
obtained as purple crystals. Yield: 78%. Anal. Found: C,
3370, H, 371, N, 23.29%. Calcd for C20H27C12F€N]209_5I C,
33.63; H, 3.81; N, 23.59%. IR (KBr disk): vc—n (imine) 1628,
1568 cm™ ' ve1—o (ClO4 ) 1087 cm ™.

[Fe,(H,LM)3](C10,)4 (2H- C10,). Fe(ClO4),-6H,0 (0.726 g,
2.0 mmol) was added to a suspension of H,L™ (0.564 g, 3.0
mmol) in nitromethane (30 mL), and the mixture was stirred in
an ice-bath for 2 h. The reaction mixture was filtered to remove
any undissolved substance, and diethyl ether (60 mL) was added
to the filtrate to form orange crystals. Yield: 0.603 g (56%).
Anal. Found: C, 27.00; H, 2.38; N, 23.11%. Calcd for
CoHy4ClyFesN 13046 C, 26.83; H, 2.25; N, 23.47%. IR (KBr
disk)l: Veen (imine) 1629 cm™!; ve_o (ClO,7) 1144, 1118, 1088
cm .

[Fex(H,L>™¢);](Cl0,)4 (2Me- ClO,). This complex was pre-
pared by the same method as for 2H - ClO4 except that H,L*"™¢
was used instead of HoLY, and the complex was obtained as
dark brown crystals. Yield: 80%. Anal. Found: C, 30.78; H,
303, N, 21.43%. Calcd for C30H36CI4F32N13016: C, 3114, H,
3.13; N, 21.76%. IR (KBr disk): vc—y (imine) 1617 cm™ ! vei—o
(ClO47) 1111 ecm ™",

[Fey(H,L™¢);](C10,4)4 (2Meé’ - C10y). This complex was pre-
pared by the same method as for 2H - ClO4 except that H,L>"™¢
was used instead of H,L", and the complex was obtained as
reddish brown crystals. Yield: 20%. Anal. Found: C, 31.29; H,
346, N, 21.75%. Calcd for C30H36C14F62N18016: C, 31]4, H,
3.13; N, 21.76%. IR (KBr disk): vc—y (imine) 1634 cm™ ! ve1—o
(Cl047) 1088 cm ™.

[Fe,(H,LM)3](BF,)4 (2H - BF,). Fe(BF,), - 6H,0 (0.450 g, 1.33
mmol) was added to a suspension of H,L (0.376 g, 2.0 mmol) in
nitromethane (20 mL), and the mixture was stirred in an ice bath
for 30 min. The reaction mixture was filtered to remove any
undissolved substance, and diethyl ether (60 mL) was added to
the filtrate to form two kinds, block and needle, crystals. Yield:
0.40 g (59%). They were separated manually.

Needle Crystals. Anal. Found: C, 28.13; H, 2.20; N, 24.21%.
Calcd for C24H24B4F16F62ng: C, 2816, H, 236, N, 24.63%.

Block Crystals. Anal. Found: C, 28.22; H, 2.03; N, 24.54%.
Calcd for C24H24B4F16F62N181 C, 28.1 6; H, 236, N, 24.63%.1R
(KBr disk): ve—x (imine) 1628 cm™'; vg_p (BF4 ) 1118, 1084,
1039 cm™'. Diffusion of diisopropyl ether to a nitromethane
solution of the complex also yielded a mixture of needle crystals
and block crystals, and the block crystals were suitable for the
X-ray structure analysis.

Physical Measurements. Elemental analyses (C, H, N) were
performed on a Perkin-Elmer 240011 elemental analyzer. IR
spectra were recorded on a JASCO FT/IR FT-550 spectro-
photometer with the samples prepared as KBr disks. UV—
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visible absorption spectra were recorded with a JASCO Ubest-
550 spectrophotometer. Cyclic voltammetry measurements
were performed using a Fuso HECS 321B potential sweep unit
with acetonitrile solutions containing (n-Bu);NBF,4 (0.1 M) as
supporting electrolyte. The electrochemical cell was a three-
electrode system consisting of a glassy carbon working elec-
trode, a platinum wire auxiliary electrode, and an Ag/Ag™ (Ag/
0.01 M AgNO3) reference electrode. As an external standard,
the Fc/Fc' (Fc = ferrocene) couple was observed at +0.077 V
versus Ag/Ag" under the same conditions. Differential scanning
calorimetry (DSC) measurements were performed with a Per-
kin-Elmer Pyris 1. The samples were located in sealed samples
pans, and the DSC profiles were recorded at a rate of 5 K min ™.
Magnetic susceptibilities were measured with a Quantum De-
sign MPMS SQUID magnetometer in the 5—300 K temperature
range at 2 K min~ ' sweep rate under an applied magnetic field of
1 T. Corrections for diamagnetism were applied using Pascal’s
constants. The Mossbauer spectra were recorded by using a
Wissel 1200 spectrometer and a proportional counter. >’Co-
(Rh), moving in a constant acceleration mode, was used as the
radioactive source. The hyperfine parameters were obtained by
least-squares fitting to Lorentzian peaks. The isomer shifts are
reported relative to metal iron foil at 293 K. The sample
temperature was controlled by a Heli-tran liquid transfer re-
frigerator (Air Products and Chemicals, Inc.) with an accuracy
of £ 0.5 K.

X-ray Data Collection, Reduction, and Structure Determina-
tion. The X-ray data were collected using a Rigaku RAXIS
RAPID II imaging plate area detector employing graphite
monochromated Mo Ka radiation (A = 0.71073 A). The
structures were determined by direct methods (SHELXS 97 or
SIR97%) and expanded using Fourier techniques®* and succes-
sive Fourier difference methods with refinement of full matrix
least-squares on F2. The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were introduced in calcula-
tions using the riding model. All calculations were performed
using the Crystal Structure 3.8 software package.?® Disorders
were treated using SHELXL 97.
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