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of 1-aminoindoles that could formerly be synthesized by only
limited methods./®! This methodology also allows sequential
reactions of this new cyclization and known palladium-
catalyzed reactions with nucleophilic reagents in a single
procedural operation to furnish indole derivatives with
substituents on the carbocyclic rings. Indole derivatives that
are not functionalized at both the 2- and 3-positions could be
synthesized by using arylacetaldehyde hydrazones as substra-
tes. Such compounds are important for the synthesis of more
elaborate indole derivatives, because these positions can be
easily functionalized by several methods.’*® Furthermore,
this methodology can be extended to the construction of six-
membered ring systems such as 4H-quinolines.
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enable a highly efficient information storage.l'! Towards this
end, a promising and challenging field of research is the study
of spin crossover (SC) compounds.??! The phenomenon of spin
crossover between low-spin (LS) and high-spin (HS) states is
one of the most appealing examples of molecular bistabil-
ity.? 4

It has been shown that molecular systems of the [2 x 2] grid
type with exactly four precisely located transition metal ions
are accessible by self-organization.> °) With respect to poten-
tial addressability, such architectures can be ordered on
surfaces in regularly packed domains of monolayers, and even
single molecules can be manipulated by means of scanning
tunneling microscopy (STM).[! The transition metal ions in
[2 x 2] grid-like structures are situated in an octahedral ligand
field. Introduction of sterically demanding substituents at-
tenuates the ligand field strength to a magnitude that enables
SC behavior for certain metal ions. Herein, we present the
first triply switchable system, the Fell [2 x 2] grid 1, in which
SC can be triggered by temperature, light, and pressure.

[Fe,L,]J(ClO,)s (1) was synthesized by spontaneous assem-
bly from the ligand 4,6-bis(2',2"-bipyrid-6’-yl)-2-phenyl-pyr-
imidine® (L) and Fe(ClO,), x 6H,O in acetonitrile at room
temperature, followed by precipitation with diethyl ether. The
composition of 1 was confirmed by FAB mass spectrometry
and elemental analysis.
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Indications of SC behavior in solution were first obtained in
the course of '"H NMR investigations (Figure 1). At 308 K, 1
exhibits the number of signals expected for a symmetrically
coordinated ligand, in a range from ¢ = — 20 to 130, typical for
paramagnetic HS species.’l Upon stepwise cooling to 228 K,
several peaks between 0 =0 and 10, that is the typical region
for diamagnetic LS species, emerge at the expense of the
paramagnetic peaks, ending up in a mainly diamagnetic
situation.

The structure of 1 was determined by single-crystal X-ray
diffraction at 293 K and 100 K (Figure 2).['Y The investigation
reveals a tetranuclear complex in which each of the Fe!' ions is
in a pseudooctahedral arrangement with a pronounced axial
distortion (A, =ca. —0.1 A) Each metal ion is surrounded by
six nitrogen atoms arising from the pyrimidine and bipyridine
units. Since the Fe—N bond lengths differ considerably
between the HS and LS case (Ad =0.2-0.3 A), the averaged
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Figure 1. Variable-temperature 'H NMR studies of 1 exhibiting the
increase of LS fraction at the expense of the HS fraction on lowering the
temperature (in [D4]acetone/[Dg)acetonitrile).

bond lengths can be directly related to the actual spin state of
each Fel'ion. At room temperature, three of the Fe!! ions stay
in the HS state (d(Fe—N)=2.086(5)-2.287(4) A) with the
fourth exhibiting bond lengths intermediate
between both states (d(Fe—N)=1977(5)-
2.162(4) A). At 100K, three of them are
between the LS and HS state but closer to the
LS state (d(Fe—N)=1.895(6)-2.117(5) A),
while the fourth remains in the HS state
(d(Fe—N)=2.116(6)-2.282(5) A). This de-
crease in bond lengths, which is significantly
larger than the thermal contraction, indicates
clearly a SC behavior from HS to LS for some
Fe!' ions. The same space group P1 for 1, is
retained at both temperatures; there is no
crystallographic phase transition.

The magnetic properties of 1 are represented
in Figure 3a in the form of the y\7/4 versus T
curve, in which yy is the molar magnetic
susceptibility, corrected for diamagnetic con-
tributions (yp=—357.8 x 10° cm®*mol~!) using Pascal’s con-
stants, and 7 is the temperature.

At room temperature, y\,7/4 is equal to 2.5 cm®* K mol~! and
thus in the range of values expected for three HS Fe!' ions and
one LS Fe!! jon, since the spin-only value for a Fe!' ion in the
HS state (§=2) is 3.0 cm*Kmol~!. On lowering the temper-
ature, y\71/4 progressively decreases reaching a value of
1.4 cm3>Kmol~! at 30 K; below this temperature, y,7/4 drops
down. This can be attributed to zero-field splitting. No
hysteresis was observed.

We also investigated the magnetic properties of the BF,~
salt of 1 under pressure (because of the hazard of explosion
with perchlorate salts). Pressure dramatically affects the SC
curve, decreasing the y,7/4 values over the whole temperature
range (e.g. by 0.5 cm®*Kmol~! at 300 K and 8.4 kbar). This
corresponds to a shift of the SC curve to higher temperatures
as a result of the lower volume for the LS Fe!! ions.
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Figure 2. Molecular structure of the cation of 1 at 293 K (anions and
solvent molecules are omitted for clarity). The structure of 1 has also been
determined at 100 K. The averaged Fe—N distances [A]: 1) at 293 K: 2.19(1)
(HS), 2.17(1) (HS), 2.07(1) (HS/LS), 2.17(1) (HS); 2) at 100 K: 2.20(1)
(HS), 2.01(1) (LS/HS), 1.99(1) (LS/HS), 2.01(1) (LS/HS).
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Figure 3. a) Calculated (circles) and experimental (squares) yy7/4 versus
T plots for a powder sample of 1 (calculated y,7/4 values derived from
molar fractions); b) HS (squares) and LS (points) molar fractions plotted
versus T showing the thermally induced SC; c¢) LIESST (light-induced
excited spin state trapping; irradiation at A =514 nm at 4.2 K) and LITH
(permanent irradiation at A =514 nm under variation of temperature). All
molar fractions are calculated from Mossbauer spectra.

The very gradual increase of y\7/4 versus T suggests a
practically noncooperative one-step SC situation with a
residual HS fraction at low temperature.’! The Mdossbauer
effect, a microscopic tool, has been used to probe the spin and
oxidation states of the metal ions (Figure 4).'1 At 4.2 K, two
doublets are found: the first one with an isomer shift of 0 =
0.402(6) mms~! (relative to a-iron) and a quadrupole splitting
of 1.37(1) mms~, is typical for Fe! ions in the LS state, the
second one with an isomer shift of 4 =1.090(8) mms~' and a
quadrupole splitting of 2.17(1) mms™' typical for Fe" ions in
the HS state.'!l Taking equal Lamb—Madssbauer factors for
both spin states, the LS and HS molar fractions are
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Figure 4. Selected Fe Mgssbauer spectra for 1 at various temperatures
and after irradiation at 4 =514 nm at 4.2 K (LIESST).

approximately equal to the area fractions giving a population
of 54 and 46 %, respectively, at 42 K (Figure 3b). Upon
increasing the temperature, the LS doublet loses intensity in
favor of the HS doublet. At 300 K, the HS and LS states are
observed in populations of 80 and 10 %, respectively. This
unambiguously indicates the occurrence of SC behavior.
Above 193 K, an additional small signal appears, growing in
intensity with increasing temperature. This could be attrib-
uted either to a new species, most likely Fe'' in the HS state,
or it could be based on a texture effect,'!] where the extra
signal would result from the data reduction procedure
assuming equal area fractions of the Fe!' HS doublet.!?]

Compound 1 can also be switched by light (LIESST
effect)* as documented in the Mdssbauer spectra in Figure 4.
Irradiating the sample with green light (4=514nm,
15 mWcem~2) at 4.2 K results in an increase of the population
of the HS state from 46 to 70 % (Figure 3 c). Switching back to
the LS state with red light, that is the reverse LIESST effect,?!
cannot be achieved because of the unfavorable position of the
Fe!! LS MLCT bands.

Mossbauer spectra have also been recorded in the heating
and cooling mode under permanent irradiation (1 =514 nm,
15 mW cm—2) and revealed a light-induced thermal hysteresis
(LITH,™ Figure 3¢). The occurrence of the LITH effect
implies the presence of cooperativity among the Fe!! centers.
Therefore, the Boltzmann-shaped SC curve observed by
magnetic susceptibility measurements (Figure 3a) is due to
the macroscopic compensation between long-range (mainly
intermolecular) and opposite directed short-range (mainly
intramolecular) interactions. This indicates unambiguously
intramolecular cooperativity. Therefore, the four Fe!' centers
within the tetranuclear grid unit communicate and cannot
display the same SC behavior. This excludes a single-step and

1433-7851/00/3914-2506 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 14



COMMUNICATIONS

implies a multistep SC process, which has been already
discussed for two-step SC compounds.”! However, the multi-
ple steps are not resolved macroscopically. This is attributed
to the disorder of the anions and solvates around the
tetranuclear grid cations, as indicated by the X-ray crystal
structures, inasmuch as even the second HS Fe!! at 100 K is
distributed over three coordination sites. This disorder con-
tributes to a smooth SC curve, hiding the multistep character
of the spin transition. We believe that this problem could be
overcome by ordering the present system on a surface as a
monolayer.[’]

The present results show that, in addition to the potential
addressability of the [2 x 2] grid system,”] this supramolecular
entity can also be switched by several external perturbations.
In particular, the Fel [2x2] grid 1 represents a unique
prototype of a multiply switchable multilevel device present-
ing three magnetic levels (3HS/1LS, 2HS/2LS and 1HS/3LS)
and driven by three different triggers (temperature, pressure,
and light). Future work may allow improvements in the
multistability of such systems and achieve further manipu-
lations (e.g. applying an electric potential), in order to explore
possible applications of [2 x 2] grid-type systems in informa-
tion storage and nanotechnology.

Experimental Section

A solution of LI (20.3 mg, 44 mmol) and Fe(ClO,),-6H,0 (15.9 mg,
44 mmol) in acetonitrile (5 mL) was stirred at room temperature for 6 h.
Compound 1 was isolated as a dark green solid by precipitation with diethyl
ether in quantitative yield. For ¥Fe Mossbauer experiments, samples were
enriched by 33% of YFe'l. The BF, salt of 1 was synthesised by the same
procedure using Fe(BF,),- 6 H,O. The obtained product exhibits identical
spectroscopic properties as 1. 'H NMR (200 MHz,[D;]acetonitrile, 298 K):
0=126.1, 676, 612, 55.8, 52.0, 47.1, 14.1, 9.2, 6.1, 0.3, — 0.2, —8.4, —15.5;
FAB-MS (NBA): m/z: 2776.7 [M — ClO,]*; 2677.6 [M —2ClO,]*; 2578.6
[M —3ClO,]*; 2478.7 [M —4ClO,]*; 2378.7 [M —5ClO,]*; 23783 [M —
6ClO,]*; 13388 [M —2CIO,**; 12893 [M —3CIO,**; 12388 [M—
4ClO,)**; 1189.4 [M — 5CIO J**; 1140.9 [M — 6 C1O,)*; UV/Vis (acetoni-
trile, nm): 4 =379 (n-x*); 622 (MLCT); elemental analysis calcd (%) for
Ci20H106N2ClgFe,O,5: C 46.33, H 3.43, N 10.80; found: C 46.54, H 3.72, N
10.41.

The magnetic measurements were carried out with a Foner susceptometer
working in the 4.2-300 K temperature range. The applied magnetic field
was 1 Tesla. A hydrostatic high-pressure cell with silicon oil as the pressure
transmitting medium has been used. The pressure determination was
achieved by using the known pressure dependence of a superconducting
transition of an inner tin manometer.

Mossbauer spectra were recorded in transmission geometry with a Co/Rh
source kept at room temperature and a conventional spectrometer
operating in the constant-acceleration mode. The samples were sealed in
a plexiglass sample holder and mounted in a helium-bath cryostat for
temperature variation between 4.2 and 300 K. The spectra were fitted to
Lorentzian-shaped lines using a nonlinear iterative minimization routine
(MOSFUN). For the LIESST experiments, approximately 20 mg of the
polycrystalline compound was placed in a disc-shaped polished PMMA
container (ca. 3 cm? surface). The sample was irradiated at 4.2 K with an
Ar-ion laser (514 nm, 15 mWcem™2) for 20 min within the cavity of the
Maossbauer spectrometer.
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