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Supramolecular Photomagnetic Materials: Photoinduced Dimerization of
Ferrocene-Based Polychlorotriphenylmethyl Radicals

Imma Ratera,'®! Daniel Ruiz-Molina,”! José Vidal-Gancedo,'®! Juan J. Novoa,"
Klaus Wurst,'! Jean-Francois Letard,'"! Concepcié Rovira,”! and Jaume Veciana*'*!

Abstract: New ferrocenyl Schiff-base
polychlorotriphenylmethyl radicals
have been synthesized and character-
ized. The imino group of one such radi-
cal undergoes an irreversible trans to
cis structural isomerization induced by
light. Such photoinduced isomerization
has been monitored by UV/Vis and
ESR spectroscopy and also monitored
by HPLC. ESR frozen solution experi-
ments at low temperature revealed that
the cis isomer dimerizes, showing a
strong antiferromagnetic interaction.
Although numerous photochromic

scribed, such a photoinduced self-as-
sembly process represents the first ex-
ample of a one-way photoswitchable
magnetic system in which a conversion
between a doublet and a singlet ground
state species is promoted by a photoin-
duced dimerization process driven by
the formation of hydrogen bonds. DFT
calculations on the minimized structure
and on the rotational barriers have
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been performed to establish the origin
of such behavior. The effect of the sub-
stituents and the media polarity on the
photoisomerization of this imine chro-
mophore have also been studied. It has
been observed that the efficiency of
the process is markedly dependent on
the presence and characteristics of
electron-donor and electron-acceptor
substituents of the ferrocenyl Schiff-
base polychlorotriphenylmethyl radi-
cals as well as on the polarity of the
solvent.

supramolecular systems have been de-

Introduction

There is currently great interest in the preparation of photo-
magnetic materials whose magnetic properties may be con-
trolled by using light.">% Such control of magnetic proper-
ties by optical stimuli may have applications in magneto-op-
tical devices. Several examples of photomagnetic devices in
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i) inorganic magnetic systems, ii) covalently linked organic
polyradicals, and iii) organic/inorganic magnetic systems,
have already been described.”>* Indeed, Prussian Blue ana-
logues are examples of inorganic photomagnetic systems in
which long-range magnetic ordering is modified by pho-
tons."! Further examples of inorganic photoinduced magnet-
ic systems are photoswitchable coordination compounds
that interconvert reversibly between two isomers with differ-
ent magnetic properties, such as spin-crossover™® or valence
tautomerism.”” Different examples of photoinduced magnet-
ization changes in purely organic materials have also been
described. For instance, the photoisomerization of a carbene
compound™™ or the spin isomerization of a non-Kekulé dir-
adical are representative examples of such a kind of com-
pounds.' More recently, Irie and Matsuda described an or-
ganic photochromic system that interconverts reversibly be-
tween a singlet and a triplet state.'” Iwamura et al. have
also reported a diradical species bearing two stable nitroxide
radicals connected through an isomerizable unit."”®! The
third family of photomagnetic molecular materials is com-
posed of organic/inorganic hybrid systems where a magneti-
cally active transition-metal ion is coordinated with a photo-
responsive magnetic coupler.¥

Even though several examples of molecular photomagnet-
ic materials have been studied, to the best of our knowledge,
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there are no previous examples of supramolecular photo-
magnetic materials despite their enormous future potential.
Indeed, supramolecular self-organization is considered very
important for the development of functional materials. Ac-
cordingly, supramolecular photochromic materials, photo-
variable helical supramolecular structures for reversible op-
tical data recording, and photoswitchable self-organized
peptide systems have already been reported. In addition,
the construction of ordered arrays of nanostructures by em-
ploying organic self-assembly techniques provide alternative
strategies for the production of nanodevices.'” From the
magnetic point of view, the synthesis of supramolecular
magnetic materials based on the self-assembly of open-shell
molecules, have attracted much more interest.'” The con-
struction of such solids requires that the structural subunits
exhibit noncovalent interactions that can be controlled in a
predictable form and that are able to transmit efficiently the
magnetic interaction. Up to now, the different types of non-
covalent intermolecular interactions that have been used for
such a purpose are hydrogen bonding,'” s~ stacking,['®
transition-metal ligation," and bridging of ion radicals by
their counterions.”” Among them, hydrogen bonding has
emerged as a particularly useful and efficient supramolec-
ular tool. Moreover, transmission of magnetic interactions
through hydrogen bonds has been demonstrated to be quite
efficient in metal complexes®! and in several hydrogen-
bonded organic magnets.'”! Despite the interest of having
switchable magnetic materials, hydrogen-bonded supra-
molecular magnetic materials, whose properties may be sys-
tematically tuned and/or controlled by external stimuli, are
limited to one example.’” This compound, synthesized and

Abstract in Catalan: Han estat sintetitzats i caracteritzats
nous radicals policlorotrifenilmetilics connectats a una unitat
de ferroce mitjancant una base de Schiff. El grup imino d'un
d'aquests radicals experimenta una isomeritzacié estructural
irreversible de trans a cis mitjancant la llum. Aquesta isome-
ritzacié fotoinduida ha estat seguida amb les técniques d
UV/Vis, espectroscopia de RPE aixi com també mitjancant
cromatografia d HPLC. L'espectre de RPE d'una solucié
congelada revella que L'isomer cis dimeritza mostrant una
forta interaccio antiferromagnética entre monomers. Malgrat
els nombrosos sistemes supramoleculars fotocromics que han
estat descrits fins ara, aquest procés dautoassemblatge fotoin-
duit representa el primer exemple d'interruptor magneétic fo-
toinduit d'un sol sentit en el qual té lloc una conversié de
doblet a singlet de L'espéecie en estat fonamental promoguda
per un procés dautoassemblatge mitjangant la formacié d'en-
llagos d'hidrogen. S'han realitzat cdalculs de DFT de les es-
tructures minimitzades i de les barreres rotacionals per tal de
poder establir L'origen d'aquest comportament. També s'ha
estudiat L'efecte dels substituents i de la polaritat del medi en
la fotoisomerizacio d'aquests cromofors d'imina. S'ha obser-
vat que L'eficiéncia del procés té una dependencia molt mar-
cada amb la preséncia de substituents electro donadors aixi
com també amb la polaritat del dissolvent.

604 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

trans-1 Cl
Cl
FI '
o N D
=y

Cl
trans-2

studied by some of us, is the ferrocene-based polychlorotri-
phenylmethyl radical 1.%2

Here we report further studies with this ferrocene-based
radical 1 as well as the nonamethylated ferrocenyl radical 2.
Both compounds are built up from three different units: the
ferrocene unit, the polychlorotriphenylmethyl radical, and a
connecting conjugated bridge. Such a conjugated bridge was
designed to fulfill two main requirements: i) it should expe-
rience a reversible photoinduced structural change, such as
a trans—cis photoinduced isomerization, and ii) it must pro-
mote the formation of supramolecular species through non-
covalent interactions, such as hydrogen-bonding. Imino
groups seemed to be excellent candidates as a photosensi-
tive bridge since they are not only expected to exhibit a
trans/cis photoisomerization but they might also induce the
formation of weak hydrogen bonds. Another advantage of
imino groups is their low thermal barrier for the intercon-
version between the two isomers. The relaxation from a
photoinduced geometrical change in these imino compounds
is extremely rapid and this feature may offer advantages for
some light-driven devices. For instance, in 1977 Maeda and
Fisher reported the photoinduced trans/cis isomerization of
a number of N-benzilidenanilines and from experiments at
—70°C they were able to characterize the thermally labile
cis isomers.*)

For the ferrocenyl imino radical 1, two different isomeric
forms were found and isolated, the trans-1 and cis-1 isomers.
The trans-1 isomer exists in solution as a monomeric species
while the cis-1 isomer dimerizes in solution forming a ther-
modynamically stabilized hydrogen-bonded diradical spe-
cies, (cis-1),. Radical trans-1 interconverts by irradiation into
dimeric species (cis-1),, in which relatively strong antiferro-
magnetic interactions are developed. Finally, the noname-
thylated ferrocenyl imino radical trans-2 was also synthe-
sized and its photochemical responses studied and compared
with those found for the non-methylated radical trans-1.

Results and Discussion

Synthesis: The non-methylated ferrocenyl imino radical 1
was obtained by a condensation reaction between the ferro-
cene monocarboxaldehyde and the (4-amino-2,6-dichloro-
phenyl)-bis(2,4,6-trichlorophenyl)methyl radical (4;
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trans-1 crystallizes in the
monoclinic space group P2,/n
with four molecules in the unit
cell. The ORTEP plot of trans-1
(Figure 1a)  reveals  almost
eclipsed cyclopentadienyl rings,
a transoid configuration of the
CH=N unit and a propeller-like
conformation of the polychlori-
nated triphenylmethyl unit. De-
spite the available resonance
pathway and the trans configu-
ration of the imino bridge, the
cyclopentadienyl (Cp) ring and
the C¢H,Cl, ring are twisted by
a dihedral angle of 28°. The
lack of coplanarity may origi-
nate either from the presence
of steric interactions between
the hydrogen atom of the Cp
ring and one of the ortho-hy-
drogen atoms of the triphenyl-

Recrystallitzation

z—cr-no /
e A \

cis-1 + trans-1

Toluene, 55°C

Chromatography

Toluene, 55°C

trans-2

Scheme 1.

Scheme 1).% Since this condensation reaction is not stereo-
selective, the trans and cis isomers of compound 1 were
formed in the reaction. Both isomeric forms, trans-1 and cis-
1, were isolated as stable species in solution and in the solid
state. The trans-1 isomer was isolated as a dark brown mi-
crocrystalline material by recrystallization from n-hexane,
whereas the cis-1 isomer was isolated as a dark green
powder by flash chromatography. The nonamethylferrocenyl
imino radical 2 was also obtained by means of a condensa-
tion of the amino-substituted radical 4 and the correspond-
ing nonamethylferrocene monocarboxaldehyde (Scheme 1).
In this case, the condensation takes place as for radical 1, al-
though the reaction rates are considerably slower. This fact
is attributed to the deactivation of the nonamethylferrocene
aldehyde in front of the nucleophilic attack of the amino
radical group, due to the presence of deactivating methyl
substituents. Moreover, it has to be emphasized that for rad-
ical 2, only the trans isomer was isolated as a stable species.
This fact has been attributed to high steric hindrance be-
tween the methyl groups of the ferrocene unit and the chlor-
ine atoms of the triphenylmethyl radical in the cis configura-
tion. Finally, compounds 1 and 2 were characterized by dif-
ferent techniques such as elemental analysis, LDI-TOF/MS,
HPLC, cyclic voltammetry, FT-IR, UV/Vis-NIR, and ESR
spectroscopies.

Physicochemical characterizations: X-ray characterization:
Single crystals of trans-1 were grown by slow evaporation of
a carbon tetrachloride/hexanes (1:1) mixture and used for
X-ray crystal determination.”” It must be also emphasized
that despite the recurrent use of different crystallization
techniques and solvents, the obtaining of crystals suitable

for the determination of the X-ray structure of the cis-1 Figure 1. a) The structure of the radical trans-1 (ORTEP molecular repre-
isomer®® and trans-2 remained elusive. sentation). b) Crystal packing of radical trans-1.
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methyl unit and/or from the overlap between of the lone
pair of electrons on the nitrogen atom and the & electrons
of the triphenylmethyl unit.

The solid-state packing of trans-1 (Figure 1b) is best de-
scribed as centrosymmetrically-related pairs of molecules.
Stacking of these related pairs occurs with continuous stag-
gering along the ¢ axis and with a head-to-tail pairing along
the b axis. The relative arrangement and the large distances
between neighboring molecules
excludes the presence of hydro-
gen bonds among neighboring
CH=N units. Under these cir-
cumstances, the largest driving
forces for such molecular pack-
ing are van der Waals, w7
and short Cl--H—C interac-
tions, which lead to efficient
space filling.

Theoretical calculations: To ra-
tionalize the properties of the
trans and cis isomers of radicals
1 and 2, we decided to perform
ab initio calculations to evalu-
ate their structural and elec-
tronic properties. We have car-
ried out UB3LYP calculations
on the doublet ground state of
the two isomers of radicals 1
and 2 using the LANL2DZ
basis set, which uses the Wadt-
Hay effective core potentials
for the core electrons, while a
basis set of double zeta quality
is used for the outer electrons.
The ground state is, for these
radicals, the doublet state and
presents a very small spin con-
tamination at the UB3LYP/
LANL2DZ level. The calcula-
tions were carried out using the
crystal geometry of the trans-1
isomer, while the optimum
UB3LYP/LANL2DZ geometry
of the doublet was used for all
other isomers as no crystal
structure is available for them.
Figure 2 shows the optimized
geometry of these three isomers
along with the geometry of
trans-1 found experimentally.

cis-1

cis-2

found for the two isomers of each radical. Also worthy of
note is the lack of planarity between the Cp ring of ferro-
cene and the C4H,Cl, ring connected to the bridging group.
This lack of planarity, which is ascribed to steric hindrance,
makes the overlap between the m orbitals of nearby units
difficult, thus lowering the delocalization over the whole
radical. As such non-planarity is found in the isolated radi-
cals, it must be considered as an intrinsic property of the

trans-1

trans-2

Figure 2. Minimized structures for the cis-1, cis-2, and trans-2 isomers according to DFT calculations. For the
trans-1 isomer the crystal structure is shown.

Table 1. Main structural parameters describing the geometries of the cis and trans isomers of radicals 1 and 2.
Bond lengths [A] and angles [°] and dihedral angles [°].

Table 1 collects the main struc-  Radical d,® ;" il ! ot vt o
tural parameters defining the trans-1 1.237 1.474 1.422 121.7 120.2 9.0 22.7
relative disposition of the three cis-1 1.237 1.475 1.421 121.7 120.2 14.6 279
main units of these radicals: the trans-2 1.306 1.465 1.399 131.0 127.5 38.0 30.6
: cis-2 1.309 1.465 1.401 130.9 127.3 37.9 36.9

ferrocene, -C=N-, and poly-
hlorinated triphenvimethvl [a] Bond length of N=C. [b] Bond length between C atoms of N=C—Cp. [c] Bond length between C and N
chiornate I'.lp eny n‘.le ) Y1 atoms of N=C and triphenylmethyl units. [d] Bond angle between N=C—C(Cp). [e] Bond angle between -C=N-
groups. Interestingly, —similar C(C¢H,CL). [f] Dihedral angle between the Cp ring and the plane defined by N=C—C(Cp) atoms. [g] Dihedral

bond lengths and angles were
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angle between the C4H,Cl, ring and the plane defined by the N=C—C(Cp) atoms.
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radicals, and not just being a consequence of intermolecular
interactions in the crystal. Finally, the isomers of the nona-
methylated radical 2 have similar structural parameters to
those of the non-methylated ones, although it is worth men-
tioning the increase of 0.07 A in the C=N bond, and the in-
creased non-planarity between the three main units.

The electronic structure of studied radicals can be descri-
bed by the shape and energetic distribution of the highest
occupied (HOMO) and the lowest unoccupied (LUMO)
molecular orbitals. Figure 3a shows the energetic distribu-
tion of these orbitals for the cis-1 isomer which is nearly
identical to that obtained for the trans-1, while the shape of
these orbitals is depicted in Figure 4 for cis-1 (see Figure S2
in the Supporting Information for the orbitals of trans-1).
The energies of the four orbitals of Figure 3a are —0.20, 2 x
(—0.22), and —0.25 Hartrees. The single-occupied molecular
orbital (SOMO) is mostly placed on the a-carbon atom (C,)
of the triphenylmethyl unit, with a small contribution on the

4} 1y 138
9 50 f ; 1
92
A
di
iy
[Fcsz-CHNH] TTM
cis-[FeCpy-CHNH-TTM]
b)
k1] oo
49 50 173 174
1
1
L 92
Iy
{
[FeCps -CHNH] TTM

cis-[FeCp,-CHNH-TTM]

Figure 3. Qualitative partial molecular orbital diagrams of the studied
radicals. a) cis-1 radical showing the frontier orbitals of the ferrocene
fragment and of the tris(trichlorophenyl)methyl (TTM radical) fragments
at both sides. Orbitals 49 and 50 are the HOMO orbitals corresponding
to the ferrocene fragment, 92 is the SOMO orbital of the TTM radical
and 138 is the SOMO orbital formed for the corresponding cis-1 isomer.
b) cis-2 radical showing the frontier orbitals. Orbitals 49 and 50 are the
HOMO orbitals corresponding to the methylated ferrocene fragment, 92
is the SOMO orbital of the TTM radical, 173 and 174 are the HOMO or-
bitals formed for the corresponding cis-2 isomer and 172 is the SOMO
orbital where the unpaired electron resides.

Chem. Eur. J. 2004, 10, 603—-616 www.chemeurj.org

six-membered ring attached to the C=N group, and also on
the C=N group (see Figure 4). Below the SOMO, one finds
two occupied molecular orbitals (HOMO-1 and HOMO-2),
which are degenerate and placed on the Fe atom of the fer-
rocene unit. The LUMO is also located on the ferrocene
unit, FeCp,, with a small contribution on the C=N unit.

Figure 3b and Figure 5 show, respectively, the energy dia-
gram and the shape of the frontier orbitals of the cis-2
isomer (see Figure S3 in the Supporting Information for the
frontier orbitals of trans-2). Once again, in the energy dia-
grams of the two isomers there is a one-to-one correspond-
ence between the orbitals of cis-2 and trans-2 (not shown)
compounds, their energies being 2x(—0.20), —0.21, and
—0.22 Hartrees. The SOMO orbital is mostly located on the
C, atom of the triphenylmethyl fragment for both isomers.
However, in the trans-2 and cis-2 isomers the doubly degen-
erate HOMO-1 and HOMO-2 orbitals sitting on the Fe
atom of the nonamethylated ferrocene, Fe(Cp’), fragment
are now energetically above the SOMO orbital. An energy
diagram like that in Figure 3b corresponds to the ground
state of this system, despite the fact that the SOMO orbital
is not the highest in energy. The reason is that the orbital
energy is not the only term in the Hartree-Fock or DFT
energy.””! The origin of the change in the relative stability of
the SOMO orbital is double: a) a decrease in the stability of
the Fe(Cp"), orbitals compared to the Fe(Cp), orbitals (the
relative ordering of the orbitals in Fe(Cp"), and Fe(Cp), is
the same, and so their energetic separation), and b) a de-
crease in the bonding—antibonding energy splitting for the
combination of the tris(2,4,6-trichlorophenyl)methyl (TTM
radical) and the HN=C orbitals. The second effect is in-
duced by the increase in the non-planarity of these two units
in the trans-2 and cis-2 isomers—notice the larger dihedral
angles mentioned above.

As the studied systems have open-shell electronic struc-
tures it is interesting to know the spin distributions over the
molecules. Consequently, we have computed for the four
isomers studied here, in doublet ground states, the integrat-
ed spin density on each atom™®! according to the Mulliken
population scheme,® and also the spin density and the hy-
perfine coupling constants on each nucleus. These are rele-
vant parameters to understand the experimentally observed
ESR hyperfine coupling constants. We have performed all
these calculation on the experimental geometry or, when
not available, on the optimized B3LYP/LANL2DZ geome-
try. The results, collected in Table 2 (see also Figure S4 in
the Supporting Information), show that the spin density is
mostly located on the C, atom of the triphenylmethyl unit,
with a small delocalization over the Fe(Cp), unit in the cis-1
case. This spin distribution is a consequence of the shape of
the SOMO orbitals, though the spin map also indicates the
presence of a small spin polarization on other atoms where
the SOMO orbital has almost no weight. This is consistent
with the integrated atomic spin populations, whose largest
component is placed also on the C, atom (see Table 2). Be-
sides this, the integrated atomic spin populations show a
sign alternation between neighboring atoms. It is interesting
to note the small—but nonzero—amount of spin on the N
and H atoms of the C=N unit.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 607
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LUMO

HOMO-1

HOMO-3

Figure 4. Molecular orbitals of cis-1 according to DFT calculations.

Table 2. Integrated atomic spin populations (first row, in atomic units)
and isotropic hfc constants (in Gauss, second row), of the most relevant
nuclei, obtained by DFT calculations (see text).

Radical C, Crige!™ Cprupel® N H(C=N)
trans-1 +0.76 —0.12 +0.10 —0.02 ~0.002
+482 ~153 +13.4 —0.18 —0.63
cis-1 +0.58 —0.12 +0.11 —0.01 ~0.003
+364 ~143 +125 +2.18 ~1.04
trans-2 +0.74 —0.12 +0.08 —0.01 ~0.001
+63.8 —134 +12.9 ~0.02 ~0.04
cis-2 +0.74 —0.11 +0.09 —0.01 ~0.001
+63.8 ~13.6 +115 +0.42 ~0.32

[a] The values for Cyq,. and C,,, are averaged over the three and six
atoms that share such a condition.

To obtain out more information about the trans/cis iso-
merization process in these systems, we have also investigat-
ed the shape of the potential energy curve for the trans—cis
isomerization of radicals 1 and 2. For such a study we com-
puted the optimum structure of the doublet ground state at
various values of the dihedral angle 6-defined in the inset of
Figure 6, which describes the relative arrangement of ferro-
cene, -C=N-, and triphenylmethyl units.®@ The potential
energy curve computed after a full optimization of the ge-

608 ——
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ometry of the radical for each
value of 6 is shown in Figure 6
for radicals 1 and 2. The in-
terconversion curves for both
radicals are very similar and
present only two minima, one
for the cis and another for the
trans isomer, separated by an
energy barrier. In neither of the
two minima are the ferrocene,
bridge and phenyl units com-
pletely coplanar, while the max-
imum separating both minima
occurs at a 6 value of about
60°. Surprisingly, the energy
barrier is not strongly influ-
enced by the presence of the
methyl groups in the ferrocene
unit. In fact, it is only 5 kcal
mol~! smaller for 2 than for 1
due to the presence of a stabi-
lizing CH--m interaction in
compound 2, an interaction that
does not exist in compound 1.
In both cases the trans form is
more stable than the cis isomer,
the energy difference between
them being very similar (4 and
6 kcalmol ™' for radicals 1 and
2, respectively). In principle,
the population of the cis and
trans isomers at room tempera-
ture for both isomers of radical
1 and 2 should be very similar
at least in the absence of signif-
icant solvent effects, or when these effects are not specific to
one of the isomers.

Since one of the species involved in the trans—cis isomeri-
zation of radicals 1 and 2 exists in solution as a dimer (vide
infra), we have also studied the energies involved in the di-
merization of cis and trans isomers of radicals 1 and 2.
Figure 7 shows the optimized geometry found for the result-
ing dimer of the cis-1 radical, using the AM1 semiempirical
method. This dimer has C, symmetry with the two moieties
arranged in a head-to-tail manner by means of two equiva-
lent and complementary C—H--N H-bonds, with a H--N dis-
tance of 2.8 A. Using the AMIl-optimized geometry, we
have done a B3LYP/LANL2DZ calculation of the interac-
tion energy of the dimer. To lower the computational cost,
the two external phenyl rings of both triphenylmethyl units
were substituted by H atoms without relaxing the geometry
of the dimer. The BSSE-corrected interaction energy of the
dimer is —2.5 kcalmol ™. This is a lowest energy limit (we
have estimated using models that the effect of relaxing the
geometry, and the inclusion of the external phenyl rings,
which would allow the formation of new C—H:-m bonds,
would raise the interaction energy up to around —10 kcal
mol ™). The dimer is in a triplet electronic state and the two
ferrocene groups of the two bonded molecules are in up-

SOMO
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LuUMO

HOMO-1 HOMO-2

Figure 5. Molecular orbitals of cis-2 according to DFT calculations.
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Figure 6. Calculated potential energy curves for the trans/cis interconver-
sion of radicals 1 and 2. Inset: Definition of the torsion angle 6 from
which the potential energy curve have been calculated.

down positions with respect to the plane (reference plane)
defined by the two bonded HC=N units, although the
energy does not change significantly if both ferrocene
groups are at the same side of the reference plane. In radical
2, the steric hindrance makes the formation of (cis-2),
dimers very unstable energetically since short H---H contacts
between the meta-H atoms of the triphenlymethyl units and
the methyl groups of the Fe(Cp"), units occurs. On the other
hand, the specific geometries of the trans isomers of radicals

ranged, is identical to that ob-
tained at §=270° (see Figure S5
in the Supporting Information).
This result proves that the iso-
merization process in this radi-
cal takes place through a mech-
anism that involves a semi-
linear geometry of the excited
transition state with an inver-
sion of the bond angle at the ni-
trogen atom in contrast with
the isomerization mechanism of
stilbene that isomerizes by an
internal rotation about the eth-
ylene bond angle.”? A similar
mechanism has been proposed
for the isomerization of other
imines derivatives.

UV/Vis-NIR spectroscopy: The
absorption spectra of radicals 1
and 2 in CH,Cl, are character-
ized by an intense absorption
band at 377 nm with a shoulder
at 420 and a weak band around

HOM
i 580 nm. For radical trans-2 a

Figure 7. Optimized structure with AM1 semi-empirical methods of the
supramolecular H-bonded dimeric (cis-1), species formed by radical cis-
1.

very weak broad band at 800 nm was also observed. Table 3
gathers the most relevant data observed for radicals 1 and 2.
The bands at 377 and 580 nm are ascribed to radical chro-
mophores since this kind of radical usually shows an intense
absorption centered at 380 nm and two weaker bands cen-

Table 3. Relevant UV/Vis-NIR data obtained in CH,Cl, solution at room
temperature (4, in nm; ¢, in m'cm™").

Radical A A A3 Ay
1 and 2 avoid the formation of dimers by means of two com- (ex107%) (ex107%) (ex1073)
plementary C—H--N interactions. Thus, the only dimer that 5 386(28.2) 430(15.9) 567(1.5) _
is energetically favored is the (cis-1),. trans-1 377(22.0) 410(16.3) 563(1.5) -
Interestingly, the optimized geometry obtained for cis-1 at cis-1 377(28.6) 415(15.8) 584(3.9) -
6=90°, which has the three C—C=N atoms linearly ar- trans-2 378G.2) 436(167) 393(5.6) 800(0.4)
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tered around 565-605 nm. Consequently the band observed
at 410 nm is unprecedented in unsubstituted polychlorinated
triarylmethyl radicals and can be therefore ascribed either
to intrinsic ferrocene transitions and/or, to the electronic de-
localization of the unpaired electron into the m-conjugated
system. Indeed, in the case of radicals 1 and 2, due to the
presence of a certain degree of electronic delocalization of
the unpaired electron into the m-conjugated system, batho-
chromic shifts with enhanced absorptivities, compared to un-
substituted chlorinated triarylmethyl radicals, would be ex-
pected. Such behavior has already been observed for a relat-
ed p-bromostyryl-substituted monoradical (5).**! On the
other hand, unsubstituted ferrocene exhibits two weak
bands at 325 and 440 nm.P¥ The shorter wavelength band is
assigned to a Fe(dmn)—Cp(m*) charge transfer, or a m—u*
transition, or a combination of these, whereas the longer
wavelength is assigned to a d—-d transition within the ligand
field formalism. Upon substitution of one of the Cp rings of
ferrocene with conjugated acceptors, one would expect
changes of the visible spectra. Thus, even though the posi-
tion and intensity of the ferrocene bands depends upon the
nature of the chromophore acceptor group, shifts up to
520nm and intensities of eé=1.0x10%*Lmol 'cm™' have
been reported.

More interesting is the observation for radical trans-2 of
an extra broad band at around 800 nm (e=360 Lmol 'cm™)
that is observed neither for substituted polychlorotriphenyl-
methyl radicals nor for substituted ferrocenes. In addition,
such a band follows the Beer—Lambert law, a fact that indi-
cates that this band has an intramolecular rather than inter-
molecular origin. Most likely, such a band may be assigned
to an intervalence band transition®®! associated with an in-
tramolecular electron transfer from the ferrocene unit to the
radical unit, which have electron donor and acceptor charac-
ter, respectively. On the other side, no intervalence band
transition has been experimentally observed for radicals
trans-1 and cis-1. Why do we observe an intervalence transi-
tion exclusively for trans-2? One possible explanation of
this fact is that the intervalence transitions for radicals trans-
1 and cis-1 appear at higher energies as a very broad tail on
the edge of a nearby electronic transition or even complete-
ly masked by it. Thus, the larger electron donor ability of
the nonamethylated ferrocene unit for the trans-2 isomer,
decreases the energy difference between the HOMO and
SOMO orbital, and consequently a decrease of the interva-
lence transition energy occurs. Therefore, an increase of the
wavelength associated to this transition is expected. More-
over, the energetic orbital diagrams for radicals 1 and 2 indi-
cate that one should find low energy excited states, particu-
larly in the case of radical 2. Besides, the small overlap that
the HOMO and SOMO orbitals present in the region of the
C=N bridge unit make feasible the existence of charge
transfer states from the radical unit towards the ferrocene
one.

Electrochemical studies: Cyclic voltammetric studies in
CH,Cl,, with nBu,NPFy (0.1M) as supporting electrolyte
(versus Ag/AgCl) and using Pt wire as a working electrode,
were performed at room temperature (see Figure S8 in the

610 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Supporting Information). The cyclic voltammetric response
of radicals trans-1, cis-1, and trans-2 show two oxidation
processes and one reduction process, all of them reversible.
For radicals trans-1 and cis-1 the first oxidation process
takes place at +0.61 and +0.72 'V, respectively, and the
second one at +1,05 V for both compounds, whereas the re-
duction process is observed at —0,66 and —0.67 V, respec-
tively (versus an Ag/AgCl electrode in CH,Cl,). The cyclic
voltammetric response of trans-2 also show two reversible
oxidation processes at +0.23 V and +1.12 V and one rever-
sible reduction process at —0.60 V, respectively (versus an
Ag/AgCl electrode in CH,CL,). For the studied compounds,
the first oxidation process arises from the oxidation of the
ferrocene unit while the second reversible process is associ-
ated with oxidation of the triphenylmethyl radical unit to
the corresponding carbocation. The reversible reduction
process is associated with reduction of the triphenylmethyl
radical unit to the corresponding carbanion, as ascertained
by UV/Vis and ESR spectroelectrochemical experiments.
The fact that the oxidation potential for the ferrocene units
of radicals 1 and 2 appears at different potentials to those
observed for ferrocene and decamethylferrocene provides
evidence for the presence of an electronic interaction be-
tween the radical and the ferrocene units. ")

Magnetic measurements: Variable-temperature magnetic sus-
ceptibility data have been collected for pure samples of
trans-1, cis-1, and trans-2 radicals in the temperature range
of 2-300 K with an external field of 1 T. The effective mag-
netic moments found at room temperature for the three rad-
icals were in excellent agreement with the theoretical effec-
tive magnetic moment expected for a simple (S=1/2) mono-
radical (0.37 emuK 'mol™"). Then, the %T versus T plots
give straight lines down to low temperatures where small
downward deviations, due to the presence of weak intermo-
lecular antiferromagnetic interactions, are observed.

For radicals trans-1 and trans-2, the magnetic susceptibili-
ty data was nicely fitted to the Curie-Weiss law with Weiss
constants of =-2.5 and —2.1 K, respectively. Such small
values are similar to those found for most polychlorotriphe-
nylmethyl radicals reported up to now. However, in the case
of radical cis-1 the magnetic susceptibility data, depicted in
Figure S9 in the Supporting Information, can be nicely fitted
to a Curie-Weiss law characterized by a larger Weiss con-
stant of #=—15.3 K. Experimental data can also be fitted to
the Bleaney-Bowers model, which describes the behavior
for a dimeric magnetic species, with an exchange coupling
constant between unpaired electrons of J/kz;=—18 K using
the Heisenberg Hamiltoninan formalism H=—2 JS;-S,. Such
a J value, which is unusually large for a member of this
family of free radicals, may be tentatively attributed to pres-
ence of a relatively strong intermolecular antiferromagnetic
interaction between the two radical moieties of the dimer,
although the lack of an X-ray structure prevents us from
knowing the precise arrangement of molecules in the solid
state.

ESR spectroscopy: X-band ESR spectra of a toluene/di-
chloromethane (1:1) solution of radical trans-1 (c=10"> mol
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L) were obtained in the temperature range 160-300 K. At
300 K, the ESR spectrum shows a single central line without
any apparent hyperfine structure, as occurs for most poly-
chlorotriphenylmethyl radicals. To observe the hyperfine
structure of this radical it was necessary to decrease the
temperature down to 220 K. At this temperature, the ESR
spectrum of radical trans-1 (Figure 8a) shows several over-
lapped lines corresponding to the coupling of the unpaired
electron with 'H, '“N, and naturally abundant "*C isotopes at

a)
Experim ental
N Simulated
3345 3350 3355 3360 3365
'Field / Gauss ——
b)

Exp erim ental

Simulated

3320 3340 3360 3380
Field / Gauss ——»

Figure 8. Experimental and simulated X-band EPR spectra of a toluene/
CH,(Cl, (1:1) solution of a) trans-1 at 220 K and b) cis-1 at 160 K.

the alpha and aromatic positions of the triphenylmethyl
unit. Computer simulation of the experimental spectrum
gave an isotropic g value of g;,=2.0030, which is very close
to that observed for other polychlorotriphenylmethyl radi-
cals,” and the hyperfine coupling constants (a): a(**N)=
118G, a('H,u)=025G, a("C,)=285G, a("Cyige)=
12.5 G, a(*C,,;,,)=10.3 G, a(*H,,,,.) =1.06 G.*¥ These values
are similar to those previously described for a related ferro-
cene-based polychlorotriphenylmethyl radical® and close to
those theoretically determined by ab initio calculations, col-
lected in Table 2. Finally, the spectrum of radical trans-1in a
frozen solution at 160 K shows a slightly asymmetric broad
single line that is characteristic of a free radical with a low
magnetic anisotropy in a rigid medium. The absence of any
fine structure under such conditions clearly shows that mole-
cules of trans-1 exists in solution as isolated, magnetically in-
dependent, species; that is as monomeric species.

The ESR spectrum of radical frans-2 in a toluene/di-
chloromethane (1:1) mixture obtained at 220 K (see Fig-
ure S10 in the Supporting Information) was more complicat-
ed, since it shows an overall spectral asymmetry in spite of
being recorded under isotropic conditions. Thus, such a
spectrum consists of several overlapped lines, centered
around a g value of 2.0037, that show distinct intensities and
linewidths at both sides of the spectrum making it difficult
to determine the experimental isotropic hfcc values. Such a
spectral asymmetry is ascribed to the existence of a valence
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tautomerism phenomenon and in particular to the presence
in solution of a thermally accessible doublet excited state in-
volving a ferricinium cation, with an iron(1), and a carban-
ion on the triphenylmethyl unit. This charge-separated state
is in equilibrium with another electronic isomer having a fer-
rocene unit, with iron(i), and the unpaired electron mostly
localized at the triphenylmethyl unit. The presence of two
species with slightly different g values in equilibrium might
explain the observed spectral asymmetry for radical trans-2.
This valence tautomerism seems to be favored in the case of
radical trans-2 because of the larger strength as electron
donor of the nonamethylated ferrocene unit. This favors the
intramolecular electron transfer from the Fe(Cp’,) to the
radical center, that acts as an electron acceptor, forming the
charge-separated species. In order to support this possible
explanation, we computed such a charge-separated species
by transferring the electron from the HOMO to the SOMO
orbital. To lower the computational cost, we performed such
a calculation on the small model of the frans-2 radical used
before in our calculations of the cis—trans potential energy
curves.’') At the optimum ground state geometry the
HOMO —SOMO excited state lies 16.8 kcalmol ' above the
ground state energy, but after a geometry optimization, the
excited state is just 4.4 kcalmol™' above the optimum
ground state energy, thus opening the door for a small ther-
mal occupation of this state at room temperature. At the op-
timum geometry of the excited state the SOMO orbital is
the LUMO orbital of the ground state (see Figure S7 in the
Supporting Information). Such a change in the shape of the
SOMO implies a charge transfer from the ferrocene to the
triphenylmethyl radical unit. Consequently, there is an in-
crease of the dipole moment of the excited state compared
to the ground state value (their respective values are 9.2 and
5.9 Debye). The intramolecular electron transfer also affects
the hfcc values since the hfcc of 'Fe is smaller than 5.0x
107° G in the ground state but it becomes 3.8x107* G in the
excited state. The values of the atomic spin populations are
also affected by the charge transfer since while in the
ground state the electron is mostly located on the C, atom
of the triphenylmethyl unit (0.71 electrons) and almost no
spin is found on the Fe atom of the ferrocene unit (0.09
electrons). In the excited state the situation is reversed and
the C, atom holds —0.57 electrons while 1.92 electrons are
placed on the Fe atom. The valence tautomerism phenom-
enon proposed for radical trans-2 in solution has been re-
cently observed for a related ferrocene-based polychlorotri-
phenylmethyl radical in the solid state.[*”) Further studies to
fully confirm the existence of valence tautomerism for radi-
cal trans-2 in solution are in progress.

More interesting results were obtained from the ESR
spectrum of radical cis-1, in a toluene/dichloromethane (1:1)
mixture at 220 K. Such a spectrum (Figure 8b) exhibits a
fine structure, characteristic of a triplet species, instead of
showing the hyperfine structure due to the coupling of mag-
netically active nuclei with the unpaired electron. The obser-
vation of a triplet species for cis-1 is explained by the forma-
tion of a supramolecular dimeric species directed by inter-
molecular C—H--N hydrogen bonds between the -CH=N-
groups of two different molecules oriented in a head-to-tail
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manner similar to that depicted in Figure 7. As already men-
tioned in the theoretical calculation section, this dimeric
structure has a C, symmetry and is stabilized with respect
the monomer species by 10 kcalmol™ because of the com-
plementary H-bonds formed between head-to-tail oriented
CH=N groups.Experimental zero-field splitting (zfs) param-
eters |D’| and | E’'| determined from the frozen ESR spec-
trum, given in Gauss, provide information about the struc-
ture and electronic distribution of the H-bonded (cis-1), spe-
cies."l Thus, the zfs parameters obtained by a computer
simulation of the spectrum obtained at 160 K were |D'|=
252G and |E'|20."" The null value determined for |E'|
suggests that the dimeric species has a quasi-axial symmetry,
a result that is in agreement with the symmetry of the opti-
mized structure of the dimer with the AM1 semiempirical
method. Moreover, from the absolute value of the zfs pa-
rameter |D/hc|, given in cm™!, and using [Eq. (1)]," an
average interspin separation of 10.3 A was found.

3¢ 1
"= e 1D Jhe] M

Such an averaged interspin separation is somewhat small-
er than the nominal through-space separation of 14 A be-
tween the two a-carbon atoms of two radical moieties deter-
mined from the optimized structure (Figure 7). This result is
in agreement with the existence of a certain degree of spin
delocalization over the imino bridges in the dimeric struc-
ture that reduces the effective separation of the two spins in
the diradical species and, therefore, favor the presence of in-
termolecular magnetic exchange interactions.*” The exis-
tence of (cis-1), as a triplet species was confirmed by the ob-
servation of the forbidden Ams==+2 transition appearing at
the half-field region of the spectrum. Its peak-to-peak inten-
sity (1,,) was measured in the 4-100 K temperature range.
Since the experimental value of 1,,T is proportional to the
population in the triplet state, the fact that 1,,7 decreases
with decreasing temperature indicates that the ground state
of the dimeric species is in the singlet state while the triplet
should be associated with a thermally accessible excited
state. A separation of 54+2K (38cm™') between both
states was obtained from the fitting of the experimental data
to a Bleaney-Bowers equation.”! This value corresponds to
an intermolecular exchange coupling of J/kz=—27 K, which
is close to that observed in the solid state (see Magnetic
Measurements Section). The small difference could be ex-
plained by differences in the geometries of the H-bonded
(cis-1), dimer in solid and in solution produced by the sol-
vent molecules.

Towards the development of a photomagnetic supramolec-
ular device: The interconversion between the trans-1 isomer,
which exists in solution as a monomeric species, and cis-1,
which spontaneously aggregates in solution generating the
H-bonded (cis-1), dimer, is important for the development
of a new kind of photomagnetic supramolecular device. For
this reason we performed a detailed study of the photo-
chemically and thermally induced interconversions of radical
1 monitoring the changes with ESR and UV/Vis spectroscopy.
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Photochemically induced isomerization: Methylcyclohexane
was initially chosen as a solvent for this study because it
makes a good glass when it is frozen at low temperature,
avoiding the scattering of the light used for irradiation. At
the same time, the high viscosity of the medium at low tem-
perature hinders the mobility and tumbling of the species
permitting, therefore, the observation of the ESR fine struc-
ture of triplet species produced by the dipolar interaction
between the two unpaired electrons. Furthermore, methylcy-
clohexane is a nonpolar solvent that generally disfavors
those intermediates showing a high polarity. The ESR spec-
trum of trans-1 in frozen methylcyclohexane exhibited a
time dependence behavior under in-situ irradiation at
415 nm,"“*! with the appearance of spectral features that are
consistent with the conversion from the trans-1 to the (cis-
1), (see Figure 9). After eight hours of irradiation a mixture
with a cis:trans ratio of 90:10, as confirmed by computer
simulation, was obtained.

The photoinduced trans-1 to cis-1 isomerization in methyl-
cyclohexane at room temperature was also monitored by
UV/Vis spectroscopy. Indeed, both trans-1 and cis-1 isomers
show two absorption bands at 377 and 410 nm that are ascri-

1 1 1 1 1
3345 3360 3375 3390 3405

H/Gauss ——»

Figure 9. Photoinduced trans—cis isomerization of radical frans-1 in a
methylcyclohexane solution monitored by ESR spectroscopy. Spectra
were taken after irradiating the sample for: a) t=0, b) 1, ¢) 3, d) 5, and
e) 8h.

bed, as already mentioned, to the radical and the conjugated
ferrocene chromophores, respectively. The main difference
between the two isomers lies in the relative intensity of both
bands. In the case of the trans-1 isomer, the band at 377 nm
exhibits a lower absortivity, whereas the band at 408 nm ex-
hibits a higher absortivity than those reported for the cis-1
isomer.””! These changes also allowed us to study the effect
of irradiation upon a solution of frans-1 in methylcyclohex-
ane by absorption spectroscopy. Thus, the in situ irradiation
of trans-1 was carried out using a 415 nm light in a quartz
cell at room temperature for 2 h. During the irradiation of
the trans-1 solution, the absorption of the band at 377 nm
increased whereas that of the band at 408 nm decreased
with the appearance of an isosbestic point at 382 nm con-
firming a neat transformation from the trans-1 to the cis-1
isomer. It must be emphasized that irradiation of a cis-1 sol-
ution in methylcyclohexane with different wavelengths (415,
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380, 540 nm) did not lead to the reverse photoisomerization
process, as observed by using ESR and UV-Vis spectrosco-
py. The stability of (cis-1), species under irradiation is ascri-
bed to the unfavorable energy requirements associated with
its conversion into the trans isomer. It is well know that the
efficiency of a trans—cis isomerization is markedly dependent
on the polarity of the solvent. For this reason we also stud-
ied the isomerization of frans-1 in solvents with larger polar-
ities, like toluene and dichloromethane, observing that trans-
1 is photoinactive in both solvents. In marked contrast to
the trans-1 derivative, the irradiation at 415 nm of trans-2,
both in nonpolar and polar solvents, did not exhibit any sign
of isomerization.

In summary, the trans-1 derivative is photoactive but only
in nonpolar media, whereas both the cis-1 and trans-2 deriv-
atives do not exhibit any photoinduced change either in
non-polar or polar solvents. These results may be explained
for trans-1 if two alternative pathways with a common excit-
ed state, trans-1*, like those shown in Scheme 2, are opera-

Cl Cl\ *
O T S o
s A
trans-1 cl trans-1 Cl

back electron trans-1 to cis-1

intramolecular

transfer isomerization
electron cl
transfer
i o)
| Cl
o | N> D
N @CI = &l Cl
o & Q cl Q
= Cl e Cl
< cis-1

Scheme 2. The photoactivity of trans-1.

tive.[*¥l One such pathway is favored in non-polar media and
leads to an efficient trans to cis conversion while the other
pathway involves a charge-separated intermediate that re-
verts rapidly into the starting trans isomer avoiding the con-
version to the cis isomer. The latter pathway is preferential
in polar media and for those compounds having strong elec-
tron donor and acceptor groups linked to the isomerizable
unit. Consequently, only the compound with the weaker
electron-donor group (here the ferrocene) and held in sol-
vents of low polarity shows a considerable photoactivity.

Thermally induced interconversion: The thermally induced
isomerization process from trans-1 to cis-1 has also been
studied in three different solvents having distinct polarities,
such as acetonitrile, toluene, and methylcyclohexane. Initial-
ly, a degassed solution of trans-1 was warmed up to 80°C
and its evolution over time was monitored by HPLC chro-
matography and UV/Vis spectroscopy. The experimental re-
sults confirmed that, independently of the solvent used and
in the absence of light irradiation, the thermally induced
trans-1—cis-1 isomerization takes place. As an example, the
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evolution over time of an acetonitrile solution of trans-1 at
80°C, as monitored by HPLC, is shown in Figure 10. The in-
itial chromatogram shows only the characteristic peak of the
trans-1 isomer. In the second chromatogram, obtained after
approximately one hour, the intensity of the peak corre-
sponding to the trans-1 form decreases whereas the intensity

cis A frans ¢= 300 min

£ =155min
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Figure 10. Evolution of the conversion of isomer trans-1 in acetonitrile at
80°C, as monitored by HPLC.

of a new peak, appearing at a lower retention time, that cor-
responds to the cis-1 isomer increases. Such a trend contin-
ues with time and after five hours, a mixture with a cis-
1:trans-1 ratio of 95:5 is obtained. We have also examined
the thermal behavior of a pure sample of cis-1 at 80°C in
the same three solvents (methylcyclohexane, toluene and
acetonitrile) but no evidence of a thermally induced back-
ward cis-1 to trans-1 isomerization was observed. Thus, as
summarized in Scheme 3, the trans-1 to cis-1 isomerization
process takes place thermally while the reverse process do
not takes place in any of the three studied solvents.*!

(cis1 )2

Scheme 3. cis-1—trans-1 isomerization.

The irreversibility of this one-way photoinduced isomeri-
zation process has been attributed to the stabilization of
radical cis-1 in solution due to the formation of the thermo-
dynamic stable H-bonded dimeric (cis-1), species, as con-
firmed by theoretical DFT calculations and experimental
spectroscopic evidence.

Conclusion

In summary both the trans and cis isomers of radical 1 have
been isolated, whereas only the trans isomer of the noname-
thylated derivative 2 can be isolated. Interestingly, the cis-1
isomer aggregates in solution at low temperatures generat-
ing the thermodynamically stabilized H-bonded diradical
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(cis-1), species, in which strong antiferromagnetic interac-
tions develop. The head-to-tail arrangement of the radicals
and the spin density on the bridge HC=N unit are responsi-
ble for the presence of antiferromagnetic interactions. It is
clear that the existence of a certain degree of delocalization
over the imino bridge enhances the presence of magnetic
exchange interactions between the two radical moieties.
Due to high steric hindrance the corresponding dimer of the
cis-2 radical cannot be formed.

Photoinduced trans-1—cis-1 isomerization has been
shown to take place but only in apolar solvents. On the con-
trary, irradiation of a cis-1 solution at different wavelengths
did not provide any evidence about the presence of a back-
ward photoisomerization processes. This one-way photoin-
duced self-assembly process represents an interesting exam-
ple of a photomagnetic system based on a supramolecular
phenomenon in which a doublet species is converted into a
singlet one. This concept might be extended to the synthesis
of novel compounds bearing other organic and inorganic
magnetic units providing valuable access to this interesting
class of supramolecular magnetic materials with which inter-
esting supramolecular devices could be achieved.

Experimental Section

Computational methodologies: The minimization of the geometries of
radicals 1 and 2 and the molecular orbital calculations were carried out
at the UB3LYP level on the doublet ground state of the four isomers
using the LANL2DZ basis set (which uses the Wadt—Hay effective core
potentials for the core electrons, while a basis set of double zeta quality
was used for the outer electrons). The doublet state for these radicals is
the ground state and presents a very small spin contamination at the
UB3LYP/LANL2DZ level. The calculations were done on the crystal ge-
ometry of the trans-1 isomer, while the optimum UB3LYP/LANL2DZ
geometry of the doublet was used for all other three isomers,*” as no
crystal structure was available for them. In the initial input geometries
the N=C bridge and the phenyl and Cp rings of the ferrocene unit were
kept planar; the dihedral angles defined by the N=C bridge and the
phenyl and Cp rings were set to 0°. Moreover, for each radical, two dif-
ferent initial input conformations differing by a 180° rotation around one
of the single bonds that connects the phenyl unit and the C=N unit were
used. It is important to note that independent of the input model used,
the minimized geometries converged in similar close-lying minima.
Starting materials: All solvents were reagent grade from SDS and were
used as received or otherwise distilled as indicated. All reagents, organic
and inorganic, were of high purity grade and obtained from E. Merck,
Fluka Chemie, and Aldrich Chemical Co.

Experimental methodologies: Elemental analyses were obtained in
Servei d’Analisis de la Universitat Autonoma de Barcelona (UAB). The
MALDI/TOF mass spectrometer used was an Analytical Kompact LDI I1
from Kratos operating in positive mode and high power. Electrochemical
experiments were performed with an EG and PAR potenciostat/galvano-
stat, using a Pt wire as working electrode and an Ag/AgCl electrode as
reference electrode. Anhydrous CH,Cl, freshly distilled over P,Os under
nitrogen was used as a solvent and tetrabutylammonium hexafluorophos-
phate (Fluka, electrochemical grade) as the supporting electrolyte. EPR
spectra were recorded on a Bruker ESP-300E spectrometer operating in
the X-band (9.3 GHz). Signal-to-noise ratio was increased by accumula-
tion of scans using the F/F lock accessory to guarantee a high-field repro-
ducibility. Precautions to avoid undesirable spectral line broadening such
as that arising from microwave power saturations and magnetic field
over-modulation were taken. To avoid dipolar broadening, the solutions
were carefully degassed three times using vacuum cycles with pure Ar.
The g values were determined against the DPPH standard (g=2.0030).
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To obtain accurate temperature measurements between 4 and 100 K that
ensure the validity of the experimental results, the spectrometer was
equipped both with a flowing-helium Oxford EPR-900 cryostat, control-
led by an Oxford ITC4 temperature control unit, and with a calibrated
custom-made double temperature control system for accurately deter-
mining the sample temperature. The program used to simulate the spec-
tra were Win-EPR from Bruker (Germany) and Sinfonia v.1.0 from
Bruker Instruments Billerca, MA (USA). Direct current (dc) magnetic
susceptibility measurements were carried out on a Quantum Design
MPMS SQUID susceptometer with a 55 kG magnet and operating in the
range of 4-320 K. All measurements were collected in a field of 1.0 T.
Background correction data were collected from magnetic susceptibility
measurements on the holder capsules. Diamagnetic corrections estimated
from the Pascal contents were applied to all data for determination of
the molar paramagnetic susceptibilities of the compounds. HPLC chro-
matography was performed on a LC10-A Series Shimadzu spectropho-
tometer equipped with a diode array detector (1 =250-800 nm), an exter-
nal computer and a Perkin Elmer Series pump system. The inverse phase
chromatographic columns were ODS-2 of Teknokroma. X-ray data col-
lection: Nonius Kappa CCD diffractometer with an area detector and
graphite-monochromized Moy, radiation (1=0.7106 A). Cell constants
were derived from the least-squares fit to the setting angles for 25 select-
ed reflections with 10°<6>15°. The structures were solved and refined
using the SHELL-93 software and the measured reflections were correct-
ed with the program Scaalepack. UV-Vis-NIR spectra were recorded
using a Cary SE Varian spectrophotometer. IR spectra were recorded
using a Perkin Elmer spectrum one FT-IR spectrometer. The photochem-
ical trans—cis isomerizations were followed by UV/Vis spectroscopy and
supported by HPLC analysis. The UV/Vis in situ irradiation followed
with a UV/Vis spectrometer were preformed with a 150 W xenon arc-
lamp filtering the light through a monochromator set at a wavelength
close to the absorption maximum of the chromophore. In situ irradiation
experiments with the ESR technique were performed with a power of
10 mW cm 2 using a fiber optic illuminator Oriel model 77501, that uses a
quartz tungsten halogen lamp, and various interference filters, centered
from 350 to 450 nm.

Preparation of (trans)-4-(ferrocenylimino)bis(2,4,6-trichlorophenyl)-2,6-
dichlorophenyl methyl radical (trans-1) and (cis)-4-(ferrocenylimino)-
bis(2,4,6-trichlorophenyl)-2,6-dichlorophenyl methyl radical (cis-1): Fer-
rocene monocarboxaldehyde (80 mg, 0.37 mmol) was added to a dry solu-
tion of (4-amino-2,6-dichlorophenyl)bis(2,4,6-trichlorophenyl)methyl rad-
ical (200 mg, 0.37 mmol) in toluene, which was obtained as previously de-
scribed,? over molecular sieves. The mixture was heated up to 60°C and
stirred for 48 h in the dark. The reaction was monitored by silica thin
layer chromatography first eluted with a 5% TEA solution of 75% tetra-
chloride and 25% n-hexane. After removing the molecular sieves and
evaporation of the solvent, a brown precipitate was obtained. This con-
densation reaction is not stereoselective so the reaction products contain
a mixture of cis and trans isomers of compound 1. The trans-1 isomer
(50 mg) was isolated in 20 % yield as a dark brown microcrystalline mate-
rial by recrystallization from n-hexane. The cis-1 isomer (15 mg) was iso-
lated in 6% yield as a dark green powder by flash chromatography,
eluted with carbon tetrachloride, on a Florisil (magnesium silicate)
column.

trans-1: Elemental analysis caled (%) for C;)H(ClgFeN: C 49.4, H 2.21,
N 1.90; found: C 49.6, H 1.8, N 2.0; IR (KBr): #,,,,=3420, 2967, 2913,
1631, 1556, 1536, 1465, 1371, 1261, 1225, 1182, 1137, 1104, 1021, 858,
809 cm~!, UV/Vis (methylcyclohexane): A, (¢): 377 (20300), 409 (14
900), 565nm (1863 mol 'dm*cm™); cyclic Voltammetry: —0.661V,
+0.609 V, and +1.054 V versus Ag/AgCl; EPR (isotropic solution of tolu-
ene at 220 K): g=2.0030; hyperfine coupling constants: a(N)=1.1837 G;
a('H,) =1.0569 G; a('H,,,) =0.2453 G; a(PC,)=28.5 G; a("Chrigee) =
125G, and a(**C,,,;,) =10.3 G; reverse-phase HPLC: 7'=25°C; mobile
phase: AcCN/THF; 70/30; flow: 1 mLmin ! detectors at 220, 377, and
590 nm: one peak at 7.9 min; MS-LDI-TOF (positive-mode): m/z/uma/e”
[M*]: 729 [M]*, 694 [M—35]*, 659 [M—70]*, 533 [M—196]*.

cis-1: Elemental analysis calcd (%) for C;H,ClsFeN: C 494, H 2.21, N
1.90; found: C 49.8, H 2.0, N 2.2; IR (KBr): #,,,,=3434, 2925, 2849, 1715,
1631, 1552, 1526, 1487, 1383, 1371, 1292, 1227, 1182, 1134, 1076, 1057,
926, 858, 817, 788 cm™'; UV/Vis (methylcyclohexane): ... (£): 377 (23
300), 407 (13600), 578 nm (2940 mol'dm’*cm™); cyclic voltammetry:
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—0.669V, +0.723 V, and +1.056 V versus Ag/AgCl; EPR (isotropic solu-
tion of toluene at 160 K): zero field splitting parameters: |D'|=25.2G, |
E'|=0; reverse-phase HPLC: T=25°C; mobile phase: AcCN/THF; 70/
30; flow:1 mLmin™'; detection at 220, 377, and 590 nm one peak at
6.7 min; MS-LDI-TOF (positive mode): m/z/umale” [M**]: 729 [M]*, 694
[M-35]*, 659 [M—T70]%, 533 [M—196]".

Preparation of the (trans)-4-(nonamethylferrocenylimino)-2,6-dichloro-
phenyl)bis(2,4,6-trichlorophenyl) methyl radical (2): Nonamethylferro-
cene monocarboxaldehydel®" (318 mg, 0.936 mmol) was added to a dry
toluene solution of (4-amino-2,6-dichlorophenyl)bis(2,4,6-trichlorophe-
nyl)methyl radical (500 mg, 0.936 mmol), which was obtained as previ-
ously described,?! over molecular sieves. The mixture was heated up to
60°C and stirred for 24 h in the dark. The reaction was monitored by
silica thin layer chromatography first eluted with a 5% TEA solution of
75% tetrachloride and 25% n-hexane. After removing the molecular
sieves and evaporation of the solvent, a brown precipitate was obtained.
The resulting solid was purified with basic Al,O; chromatography, using
carbon tetrachloride as eluent, yielding pure trans-2 (160 mg: 20 % yield)
as a dark brown microcrystalline powder.

trans-2: Elemental analysis calcd (%) for C3H3,ClgFeN: C 54.7, H 3.97,
N 1.63; found C 54.48, H 4.48, N 1.73; IR (KBr): ,,,,=3435, 2923, 2850,
1716, 1631, 1555, 1523, 1454, 1370, 1288, 1183, 1137, 1075, 1024, 857, 809,
562 cm™Y; UV/Vis (CHCL): A (£): 378 (31200), 593 (5600), 800 nm
(400 mol'dm?’cm™); cyclic voltammetry: —0.59 V, +0.233V, +1.121 V
versus Ag/AgCl; MS-LDI-TOF (positive mode): m/z/umale™ [M]*: 935
[M]*, 900 [M—35]*, 865 [M—70]*.
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