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In order to understand and predict structural, redox, magnetic, and optical properties of more complex
and potentially mesogenic electroactive compounds such as [CoIII(Lt-BuLC)2]ClO4 (1), five archetypical
complexes of general formula [CoIII(LRA)2]ClO4, where R = H (2), tert-butyl (3), methoxy (4), nitro (5),
and chloro (6), were obtained and studied by means of several spectrometric, spectroscopic, and
electrochemical methods. The complexes 2, 4, and 6 were characterized by single-crystal X-ray
diffraction, and show the metal center in an approximate D2h symmetry. Experimental results support
the fact that the electron donating or withdrawing nature of the phenolate-appended substituents
changes dramatically the redox and spectroscopic properties of these compounds. The 3d6 electronic
configuration of the metal ion dominates the overall geometry adopted by these compounds with the
phenolate rings occupying trans positions to one another. Formation of phenoxyl radicals has been
observed for 1, 3, and 6, but irreversible ligand oxidation takes place upon bulk electrolysis. These data
were compared to detailed B3LYP/6-31G (d)-level computational calculations and have been used to
account for the results observed. A comparison between compound 1 and archetype 3, validates the
approach of using archetypical models to study metal-containing soft materials.

Introduction

Interest in metal-containing soft materials has increased due
to applications towards molecular electronics1 and magnetic
films.2 These materials are usually composed of an organic
fragment attached to a ligand capable of coordinating metals.
Rigid ligands such as terpy (2,6-di(pyridin-2-yl)pyridine) and
R2bzimpy (2,6-bis[N ′-R-benzimidazol-2-yl]pyridine, R = H, Me)
have been used to append different groups, thus forming building
blocks for molecular transistors,3 polymers,4 liquid crystals,5

and plastics.6 More flexible alkylpyridyl ligands have been used
for sensing purposes,7–9 whereas asymmetric tridentate ligands
remain largely unexplored. The design of soft materials based
on these ligands leads to unique physical properties associated
with dissimilar donor sets and metallation is expected to allow
for some control over the final behavior of these materials.10

Our group is interested in soft materials with electroactive and
metallomesogenic properties as alternatives to phase-dependent
spin-crossover switching.1 The ground state switching mechanism
in such metallomesogens is supposedly phase-independent, thus
broadening the potential for molecular electronic applications.
Ongoing research in our laboratories focuses on asymmetric
ligands with pyridine and phenol pendant-arms, and we have
developed a new ligand HLt-BuLC along with its first cobalt
complex [ CoIII( Lt-BuLC )2 ]ClO4 (1). Compound 1 was thoroughly
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Scheme 1

characterized and exhibited a complex electrochemical behavior,
but attempts to obtain crystallographic information failed. In
order to model and predict the behavior of this class of metal-
containing soft material, we have followed the widely accepted
bioinorganic approach of using model complexes to mimic
structural and electronic properties of active centers in enzymes.11

In this bioinspired approach, we investigated a series of discrete
archetypical complexes [CoIII(LRA)2]ClO4 that retain key attributes
of 1 (Scheme 1), by means of mass spectrometry, vibrational,
electronic, and EPR spectroscopy, and electrochemical methods.
The results obtained from these archetypes will allow us to infer
important characteristics of 1 leading to a better understanding of
its behavior, as well as a more rational approach to the synthesis
and expected properties of similar materials. Complexes 2, 4, and 6
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Fig. 1 Synthesis of the ligand HLt-BuLC . (i) Nitrile reduction by LiAlH4 in THF; (ii) Schiff-base condensation with 2-pydinecarboxyaldehyde in MeOH
followed by (iii) reduction with NaBH4.

were studied by X-ray crystallography, and experimental trends are
analyzed via computational calculations. Comparisons between
compound 1 and the archetype 3 are included.

Results and discussion

Syntheses and characterizations

The ligand HLt-BuLC was synthesized by treatment of para-
(heptyloxy)benzenaniline with 2-pyridinecarboxyaldehyde fol-
lowed by reduction and treatment with 2,4-di-tert-butyl-6-
(chloromethyl)phenol as indicated in Fig. 1. The archetypical
ligands were obtained by Schiff-base condensation of appropri-
ately substituted salicylaldehydes and aminomethyl-pyridine in
MeOH followed by reduction with NaBH4 yielding HLA, HLtBu2A

and HLCl2A with ortho- and para tert-butyl and chloro groups
respectively, HLOMeA with an ortho-methoxy group, and HLNO2A

with a para-nitro group. The ligands were characterized by 1H-
NMR, ESI mass spectrometry, and IR spectroscopy, with overall
yields of 80–85%.

Compound 1 was obtained as a waxy material upon treatment
of the ligand HLt-Bu2LC with hexahydrated cobalt(II) perchlorate
in MeOH using triethylamine as base and was characterized by
IR and UV-visible spectroscopy, and mass analysis. Attempts to
obtain the elemental analysis of 1 failed. Nonetheless, the presence
of vibrational modes associated with the ligand, mainly those
related to C–H stretching of the tertiary butyl and heptyl groups
along with perchlorate counterions, clearly indicates complex
formation. Additionally, the ESI mass analysis of 1 shows a
prominent peak cluster at m/z = 1270 indicating the formation of
the cationic species [CoIII(Lt-BuLC)2]+. No evidence of multimetallic
species was found and the nature of the metal ion is confirmed by
the simulation of the isotopic distribution of the above mentioned
cluster (Fig. 2).

The peak pattern for 1 is in excellent agreement with the pattern
observed for archetype 3 and consistent with other compounds
discussed here. These data support a complex formed with a 2 : 1
ligand : metal ratio. The study of the potential metallomesogenic
properties of 1+ is under development with different counterions
to avoid the risks involved with perchlorate chemistry. The results
shall appear in a separate account. Complexes 2–6 were synthe-
sized in a similar way and all complexes show good elemental
analyses and well defined m/z = [MIII(L)2]+ peaks in MeOH, as
observed by ESI mass spectrometry in the positive mode. Peak
simulation showed good agreement between position and isotopic
distributions.12 The analyses suggest that these complexes retain

their structure both in solution and as a solid, as expected for
hexacoordinate complexes of an inert 3d6 ion. All complexes
present a perchlorate counterion found at 1116–1088 cm−1 in the
IR spectrum.

Molecular structures

The molecular structures of archetypes 2, 4, and 6 were determined
by X-ray diffraction of monocrystals grown from MeOH. Fig. 3
displays the ORTEP diagrams of the complex cations and Table 1
shows selected bond lengths and angles. All three structures
are composed of pseudo-octahedral cations with the Co(III) ion
surrounded by two facially-coordinated and deprotonated ligands
(LRA)− with R = H, MeO, and Cl for 2, 4, and 6 respectively.
Complex 2 presents a single discrete cationic species in its unit
cell, whereas 4 exhibits two cations (indicated as #1 and #2) and
three cations are observed for 6 (indicated as #1, #2, and #3).
In each of these cations the tridentate ligands adopt a sym-fac
coordination,13 and the cobalt ions are in an exact or pseudo
centrosymmetric environment described in a Bailar, Miessler,
and Tarr notation14 as [Co〈Nam1Nam2〉〈Npy1Npy2〉〈Ophen1Ophen2〉]. The
equivalent donor sets in both ligands are trans to each other and
the distances and angles are in good agreement with the values
expected for coordination of the Nam, Npy, and Ophen donor sets
with a low-spin cobalt(III) ion with trans-phenolate geometry.15

The Co–Ophenolate distances range from 1.988 to 1.920 Å, with 6

Fig. 2 Isotopic distribution for 1. Bar cluster: experimental. Continuous
spectrum: simulated cluster.
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Fig. 3 ORTEP representations at 50% probability for the cations of
complexes (a) 2, (b) 4, and (c) 6. Counterions, solvents, and hydrogen
atoms excluded for clarity.

grouping at the low end of this range, thus consistent with the
presence of two electron-withdrawing chloro substituents on each
phenolate ring. The Co–Namine and Co–Npyridine distances show less
variation and range from 1.946 to 1.964 Å. Ordered perchlorate
anions are also present and show Cl–O bonds ranging from 1.412
to 1.428 Å. In contrast to the described sym-fac coordination for
these ligands with the cobalt(III) ion, we have recently reported on
the unsym-fac coordination mode for iron(III) complexes16 with the
ligands (LA)− and (Lt-Bu2A)−. The iron(III) complexes are described
as [Fe〈Nam1Ophen2〉〈Nam2Ophen1〉〈Npy1Npy2,〉], thus displaying a cis-
arrangement of the phenolate rings, with the Fe(III) center in an
approximate C2v symmetry. For structures 2, 4, and 6 the cobalt(III)
center adopts an approximate D2h symmetry in which the orbitals

dx2−y2 and dz2 transform as ag, whereas dxy, dxz and dyz transform
respectively as b1g, b2g, and b3g. In order to further understand
the cis/trans geometric preferences observed in these complexes,
computational calculations were performed and analyzed (vide
infra).

UV-visible spectroscopy

The spectra of the archetypical ligands and of compound 1 were
taken in CH2Cl2, and the spectra of archetypes 2–6 were taken
in 1 : 1 mixtures of CH2Cl2–CH3OH to assure homogeneity of
all solutions. The apparent lower extinction coefficients observed
for 1 when compared to 2–6 are due to the higher molecular
mass of the former species. Table 2 summarizes the results and
Fig. 4 shows spectra of the complexes. Intense p → p* intraligand
bands were observed in the UV region for 1–6, whereas ppphenolate

→ dr*cobalt(III) charge transfer bands were found between 430 and
470 nm for all complexes, thus in good agreement with values
reported in the literature.14 Comparison between unsubstituted
and tert-butyl-substituted species shows this LMCT band shifting
from 431 nm in 2 to 470 nm in 3. Therefore, the latter archetypical
complex models the behavior of compound 1, were this transition
is observed at 466 nm. Similar trends were observed for previously
reported iron compounds with comparable ligands.15 Complex 5
presents a broad ppphenolate → pNO2 intraligand charge transfer band
at 377 nm that superimposes the ppphenolate → dr*cobalt(III) transition,
preventing further discussion. This band has been observed for the
protonated and non-metallated ligand at 323 nm. The presence of
several independent cations observed in the crystal structures of
4 and 6 do not pose a problem to the UV-visible studies because
the cations are expected to assume similar and averaged bond
lengths and angles when in solution. The low spin character of
these species was confirmed by EPR spectroscopy and the six
electrons of a cobalt(III) center in a D2h symmetry will be described
by a [b1g

2, b2g
2, b3g

2, ag
0, ag

0] configuration. Dominant r-bonding
interactions will arise because d–d transitions are low in intensity
and occupation of the b1g, b2g, and b3g orbitals precludes the
presence of strong p-bonds, as supported by the relatively long
Co–O bonds observed for 2, 4, and 6. Compound 1 and archetypes
2–6 also exhibit a transition between 560 and 670 nm. This band

Fig. 4 UV-visible spectra of complexes 1–6 in CH2Cl2.
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Table 1 Selected bond distances (Å) and angles (◦) for 2, 4(#1), and 6(#1)

[CoIII(LOMeA)2]ClO4·H2O (4) [CoIII(LCl2A)2]ClO4 (6)

[CoIII(LA)2]ClO4 (2) Cation #1 Cation #1

Co1–O1 1.9158(12) Co1–O1 1.9204(15) Co1–O1 1.8986(13)
Co1–N2 1.9624(15) Co1–N2 1.9590(18) Co1–N2 1.9573(16)
Co1–N1 1.9563(15) Co1–N1 1.9484(18) Co1–N1 1.9611(16)
O1–C13 1.338(2) C13–O1 1.347(2) C13–O1 1.321(2)
C7–C8 1.493(3) C7–C8 1.500(3) C7–C8 1.506(3)
C7–N2 1.495(3) C7–N2 1.492(3) C7–N2 1.497(3)
N2–C6 1.477(3) N2–C6 1.485(3) N2–C6 1.490(3)
C5–C6 1.491(3) C5–C6 1.493(3) C5–C6 1.495(3)
Bite angles:
O1–Co1–N2 94.28(6) O1–Co1–N2 94.48(7) O1–Co1–N2 94.68(6)
N2–Co1–N1 82.84(7) N1–Co1–N2 84.70(8) N1–Co1–N2 84.65(7)
Average distances:
C–C in Py 1.375(9) C–C in Py 1.383(3) C–C in Py 1.383(4)
C–N in Py 1.343(3) C–N in Py 1.350(4) C–N in Py 1.350(4)
C–C in Ph 1.389(12) C–C in Ph 1.395(13) C–C in Ph 1.393(13)

C–Cl 1.742(4)

Table 2 UV-visible and electrochemical parameters for ligands and complexes

k/nm (e/L mol−1 cm−1)a E1/2
1/V (DE/V)b E1/2

2/V (DE/V) E1/2
3/V (DE/V)

HLA 262 (4500); 268 (4350); 278 (3150); 332 (190) Irreversible behavior
HLt-BuA 262 (3750); 268 (3550); 282 (2990) — 0.33 (0.19) 0.84 (0.39)
HLOMeA 262 (3930); 281 (2650) Not measured
HLNO2A 262(5040); 323 (11 100) Not measured
HLCl2A 262 (3680); 293 (2980) Not measured
[Co(Lt-BuLC)2]ClO4 (1) 466 (1463); 672 (495) −0.83(0.26) 0.38 (0.14)
[Co(LA)2]ClO4 (2) 261sh (11 240); 282 (10 680); 431 (2770); 623 (910) −0.91(0.30) — —
[Co(Lt-BuA)2]ClO4 (3) 251sh (19 110); 289 (16 250); 470 (3590); 589 (2080) −0.90(0.38) 0.43 (0.10) 0.78 (0.10)
[Co(LMeOA)2]ClO4 (4) 292 (9140); 471 (3790); 637 (1023) −0.88(0.13) — —
[Co(LNO2A)2]ClO4 (5) 228 (18 650); 369 (15 780): 607 (402) −0.55(0.13) — —
[Co(LCl2A)2]ClO4 (6) 258 (12 450); 286sh (9618); 431 (2850); 564 (966) −0.67(0.20) 0.87 (0.09) 1.29 (0.14)

a Spectra measured in CH2Cl2 for ligands and 1. Spectra in CH2Cl2–MeOH (1 : 1) for 2–6. b All CVs measured in CH2Cl2, with TBAPF6 as the
supporting electrolyte. Scan rate of 100 mV s−1 at RT using a three electrode system (glassy carbon, Ag/AgCl, Pt wire). Potentials referenced vs the
ferrocenium/ferrocene couple.

has been attributed to the d–d transition 1A1g → 1T2g,14 but some
caution is necessary since none of the compounds studied here or
in the cited reference belong to a genuine Oh point group. Even
considering that the 1T2g term splits into 1A1 + 1B1 + 1B2,17 this
band is too intense for a pure d–d transition.

Electrochemistry and EPR spectroscopy

Compound 1 and archetypes 2–6 had their electrochemistry mea-
sured in CH2Cl2, and the data are shown in Table 2. Compound 1 is
characterized by a complex electrochemical behavior that involves
a quasi-reversible reduction at −0.83 V vs Fc+/Fc attributed to the
Co(III)/Co(II) pair and several irreversible follow-up oxidations
attributed to the ligand. If the oxidation stops immediately
after the first oxidative process, reversibility is attained. Since
this process presents ca twice the peak current of the metal-
centered process, it might be associated to a 2e−-process,18 but
further investigation is needed in order to firmly establish the
number of electrons transferred. The Co(III)/Co(II) reduction is
observed between −0.55 and −0.90 V vs Fc+/Fc for archetypes
2 to 6, spanning a 0.36 V window. It follows the expected trend
that electron-donating substituents will increase electronic density
around the metal center decreasing the redox potentials, whereas
electron withdrawing groups will increase these potentials.19 It has

been suggested20 that such a large window indicates occupation
of a dx2−y2 orbital of the metal upon reduction. It reflects the
occupation of an ag molecular orbital with dx2−y2 character in these
D2h species. Calculations support this trend and will be detailed
later in this paper. Interestingly, only 3 and 6 with respectively
appended tert-butyl and chloro groups show reversible or quasi-
reversible ligand-centered processes as seen in Fig. 5. Compound
3 shows processes at 0.43 and 0.78 V, while 6 exhibits much more

Fig. 5 Cyclic voltammograms of 1, 3, and 6 in CH2Cl2.
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positive values. Such processes fall within the range expected for
the conversion of coordinated phenolates into phenoxyl species.21

The archetype 3 was able to model the behavior of compound
1 in regard to potentials and quasi-reversibility of the metal-
centered reductive process. The behavior of the oxidative processes
is more complex, because 3 presents two independent waves while
1 displays a multielectron process. Nonetheless, the archetypical
compound 3 gave pertinent information about the oxidative
potentials. At this point, it is not clear why the appended liquid
crystalline group in 1 causes such changes.

Electrolyses at controlled potentials in CH2Cl2 solutions were
carried out for 3 and 6 to confirm the nature of these processes.
Aliquots were isolated under anaerobic conditions before and after
the electrolysis and EPR spectra were measured at 120 K. Com-
plexes 3 and 6 present silent spectra before the electrolysis, thus
supporting the expected low-spin configuration for the 3d6 ions.
Upon electrolysis of the first and second oxidative processes (at
1.05 V and 1.40 V respectively) an initial EPR signal is observed
at 3300 G with g = 2.004 for 3, as expected for a phenoxyl radical.
However, a broader signal with a 35 G line-width is also present
overtaking the previous signal toward the end of the electrolyses
(Fig. 6). This signal is suggested to arise from a free radical on a
nitrogen atom; such radicals have a nitrogen hyperfine interaction
of ca 15 G which gives a three line pattern about 30 G. A similar
behavior was observed for 6. Post-electrolysis voltammetry rein-
forces the decomposition of 3 and no further analyses were taken.

Fig. 6 EPR of the product from the oxidative electrolysis of 3 at 1.40 V.

Electronic structure calculations and analysis

We have recently reported on iron(III) and gallium(III)16 complexes
with similar imine and amine ligands and we have shown that
tertiary-butyl groups play a pivotal role in the stabilization of
phenoxyl radicals. In the same account we have shown that the
phenolate rings adopt a cis-configuration in Fe(III) and Ga(III)
complexes. Here, we were interested in assessing the energetics
related to the preferential trans coordination of the phenolate
arms in the Co(III) compounds described in this work, as well
as in performing an electronic structure analysis to obtain a
clear description of the molecular orbitals in compounds 2–
6. Calculations were carried out using the GAUSSIAN suite
of electronic structure programs.22 The B3LYP/6-31G(d) level
of theory23 was employed throughout these and the previously

published calculations. Standard methods24 were used to fully
minimize structures without symmetry constraints and located
stationary points were characterized by analytic vibrational fre-
quencies. Reported energies include the zero-point vibrational
correction. Preliminary calculations on the full structures of 2–
6 yielded similar results to [CoIII(LA)2]+. Therefore, we consider
[CoIII(LA)2]+ a suitable model for this set of complexes and
restrict our discusion in this section to this model structure as a
representative case for 2–6. The cation [CoIII(LA)2]+ can adopt two
configurations; one given by [〈Nam1Nam2〉〈Npy1Npy2〉〈Ophen1Ophen2〉]
referred to as “trans-phenolates,” and another given by
[〈Nam1Ophen2〉〈Ophen1Nam2〉〈Npy1Npy2〉] called “cis-phenolates.” The
structures of 2, 4, and 6 present a “trans-phenolates” configuration.
Relative energies for cis- and trans-phenolates [Co(LA)2]+ are
shown together with minimized structures in Fig. 7. Calculated
energies show that the trans-configuration is favored by ca 4 kcal
mol−1, and in spite of a relatively small energy difference, the results
are in good agreement with the trends observed experimentally.

Fig. 7 B3LYP/6-31G(d) minimized geometries and energies for trans-
and cis-[Co(LA)2]+. H atoms have been omitted for clarity.

A qualitative molecular orbital description of these compounds
has been drawn using the partitioning scheme of Whangbo,
Schlegel, and Wolfe,25 and includes Mulliken molecular orbital
percent compositions in terms of fragment orbitals. Two fragments
have been defined: (i) the cobalt(III) center and (ii) the ligands.
Results for the trans- and cis-configurations are summarized in
Table 3. The trans-configuration of [Co(LA)2]+ belongs to the
pseudo point group D2h, and symmetry assignments are based
on the transformations of ligand and metal orbital symmetry
adapted linear combinations (SALCs) in this group. The cis-
configuration suggests a D2v point group, but the orientation of
the two pyridine rings perpendicular to each other lowers the
symmetry and therefore orbital labels are excluded. Molecular
orbital diagrams are given in Fig. 8 projected onto the WSW
fragment orbital basis.

The HOMO and HOMO − 1 molecular orbitals for these
configurations are nearly degenerate and their energies remain
unchanged for both trans- and cis-configurations. Additionally,
the molecular orbital diagrams show that for most occupied
orbitals, energies are independent of the metal center, i.e., the
HOMO, HOMO − 1, HOMO − 2, and HOMO − 3 energies for
[Co(LA)2]+ show a small metal contribution and are characterized
as non-bonding phenolate SALCs. The HOMO and HOMO − 1
molecular orbitals are nearly identical in energy, and it becomes
clear that the observed ligand configuration is not dictated by their
stabilization or destabilization. The highest occupied molecular
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Table 3 Molecular orbital energies and compositions for [Co(LA)2]+ with “trans-phenolates” and “cis-phenolates” configurationsa

Energyb Symmetryc % Metald % Ligand

trans cis trans cis trans cis trans cis

LUMO + 1 −4.48 −4.39 b1u — 0.5 33.5 99.5 66.5
LUMO −4.61 −4.51 ag — 67.9 32.4 32.1 67.6
HOMO −7.86 −7.87 b3g — 8.2 5.6 91.8 94.4
HOMO − 1 −7.89 −7.88 b2u — 0.7 4.7 99.3 95.3
HOMO − 2 −8.96 −8.95 — — 0.1 0.1 99.9 99.9
HOMO − 3 −8.97 −8.96 — — 0.2 0.4 99.8 99.6
HOMO − 4 −9.62 −9.14 b2g — 33.6 27.7 66.4 72.3
HOMO − 5 −9.68 −9.54 b2u — 3.3 10.8 96.7 89.2

a The “trans-phenolates” configuration for [Co(LA)2]+ is described by [Co〈Nam1Nam2〉〈Npy1Npy2〉〈Ophen1Ophen2〉], whereas the “cis-phenolates” configuration
is [Co〈Nam1Ophen2〉〈Ophen1Nam2〉〈Npy1Npy2〉]. The Npy1–Co–Npy2 axis has been placed along the z-direction; the y-axis bisects the Ophen1–Co–Ophen2 angle; the
x-axis bisects the Nam1–Co–Nam2 angle. b Energy given in eV. c Pseudo symmetry labels have been assigned according to the D2h group. For non-bonding
orbitals, pseudo symmetry labels are given only where ligand orbitals mimic symmetry adapted linear combinations. d “% Metal” and “% Ligand”
correspond to the character of the molecular orbitals.

Fig. 8 (a) Molecular orbital energy level diagram for trans- and cis-[Co(LA)2]+ and renderings of selected MOs projected onto the WSW fragment orbital
basis.

orbital displaying significant metal character in both cis- and
trans-phenolate structures is HOMO − 4. In the trans-phenolate
structure this molecular orbital results from a four electron
interaction between the occupied Co-centered dxz orbital and
occupied phenolate SALC that is commonly characterized as the
in-plane O orbital. The HOMO − 4 of the cis-phenolate isomer is
less stable by roughly 0.5 eV. This molecular orbital is derived
from a two electron interaction between the unoccupied Co-
centered dx2−y2 orbital and the same in-plane O centered phenolate
SALC. The LUMO entails 67.9% of metallic character, is labeled
ag and relates to an unoccupied dx2−y2 AO, thus reinforcing the
notion that in the reductive process given by Co(III) (3d6

l.s.) + e−

→ Co(II) (3d7), an electron is promoted to the LUMO. It justifies
the considerable changes in potential for complexes with different
groups attached to the phenolate ring.

Conclusions

In order to understand and predict the properties of more complex
soft materials with potential metallomesogenic properties such as
compound 1, we have investigated the behavior of five cobalt(III)
complexes 2–6. These complexes were excellent archetypes in
delivering fundamental information on structural, UV-visible
and redox behavior of compound 1. Archetype 3 mimicked
accurately the peak position for the ppphenolate → dr*cobalt(III) charge
transfer band and metal and ligand-centered redox potentials.
Based on spectroscopic and spectrometric methods, as well
as by the results of our calculations and by inference from
structural data for the archetypes 2, 4, and 6, compound 1
should exhibit two ligands coordinated in a trans-configuration
[Co〈Nam1Nam2〉〈Npy1Npy2〉〈Ophen1Ophen2〉], with similar bond lengths
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and angles. If aiming at redox-driven switchable materials, design
should be limited to systems in which tert-butyl and chloro groups
are appended to the phenolate rings. These are the only species
showing generation of phenoxyl radicals. Future work will focus
on the mesogenic properties of 1 and in the development of
Fe(III)-containing soft materials. Comparisons between d5

high-spin

and d6
low-spin systems will be possible, as well as the understanding

of the influence of cis and trans coordination of the phenolates to
the metal centers. We are also investigating the cobalt archetypes
of bromo- and iodo-substituted ligands that show absence of
perchlorate counterions in the IR spectrum. It suggests cobalt(II)
stabilization and further NMR and EPR studies are underway.

Experimental

Materials and methods

Reagents were used as received. CH2Cl2 was used from an
Innovative Technologies solvent purification system, and MeOH
was distilled over CaH2. IR spectra were measured on a Tensor
27 FTIR-Spectrophotometer. 1HNMR spectra were taken using
Varian 300 and 400 mHz instruments. ESI(positive) spectra
were measured in a triple quadrupole Micromass QuattroLC
mass spectrometer with ESCi source. Elemental analyses were
performed by Midwest Microlab, Indianapolis-IN, USA. UV-
visible spectroscopy were performed on a Cary 50 spectrometer in
the range 250 to 1000 nm. The samples were mortar-ground and
heat-dried under vacuum overnight to eliminate solvent molecules.
CV experiments were performed using a BAS 50 W voltammetric
analyzer. A standard three-electrode-cell was employed with a
glassy-carbon working electrode, a Pt-wire auxiliary electrode,
and an Ag/AgCl reference electrode under an inert atmosphere at
RT. All potentials are given vs Fc+/Fc.26 First derivative X-band
EPR spectra were performed with a Bruker ESP 300 spectrometer
at 120 K using liquid nitrogen as the coolant.

X-Ray structural determinations for 2, 4, and 6

All data were determined using either a Bruker P4/CCD or a
Bruker X8 APEX-II kappa geometry diffractometer with Mo
radiation and a graphite monochromator. Frame data were

indexed and integrated with the manufacturer’s software27 and
models were refined with SHELX-97.27 Table 4 shows collection
data for the three structures.

[CoIII(LA)2]ClO4 (2) crystallized as irregular dark fragments. A
sample 0.6 × 0.4 × 0.4 mm was used for data collection at 295 K.
2450 frames were collected, yielding 8898 reflections, of which
2953 were independent. Hydrogen positions were observed and
refined, including the amine proton. The cobalt atom occupies
a crystallographic inversion center. The perchlorate anion is on
a 2-fold axis. Diffraction data for [CoIII(LOMeA)2]ClO4·H2O (4)
were collected at 100 K on a crystal 0.15 × 0.04 × 0.02 mm.
A sphere of data was measured at 20 s per frame and 0.3◦ between
frames. 4471 frames were collected, yielding 79107 reflections, of
which 7444 were independent. The hydrogen atoms were placed
in observed positions and refined. The asymmetric unit contains
two half-complexes, one perchlorate anion and one uncoordinated
molecule of water. Both Co(III) atoms occupy inversion centers.
Diffraction data for [CoIII(LCl2A)2]ClO4 (6) were measured on a
red irregular sample 0.18 × 0.16 × 0.15 mm at 100 K. Frames
were collected as a series of sweeps with the detector at 40 mm
and 0.3◦ between each frame. 3334 frames were collected at
10 s per frame, yielding 117026 reflections, with 14459 of them
independent. Hydrogen positions were observed or calculated.
The asymmetric unit consists of 2 half-complexes, one full
complex and 2 perchlorate anions. Co1 and Co2 occupy inversion
centers.

CCDC reference numbers 285941, 285942 and 286103.
For crystallographic data in CIF or other electronic format see

DOI: 10.1039/b514190g

Syntheses

Preparation of the ligand HLt-BuLC . A 30 mL MeOH solution
of para-(heptyloxy) benzenaniline (0.3 g: 1.0 mmol) was treated
with 2-pyridinecarboxyaldehyde (0.11 g: 1.0 mmol) at 50 ◦C for 2 h,
yielding a pale yellow solution. NaBH4 (0.56 g: 1.5 mmol) was than
added at 0 ◦C in small portions. The solution was stirred at room
temperature for 2 h, the solvent was evaporated, and the amine
formed was extracted with dichloromethane, dried over MgSO4

and isolated. The amine so obtained was dissolved in 30 mL

Table 4 Crystal dataa

[CoIII(LA)2]ClO4 (2) [CoIII(LOMeA)2]ClO4·H2O (4) [CoIII(LCl2A)2]ClO4 (6)

Formula C26H26ClCoN4O6 C28H32Co1Cl1N4O9 C26H22Co1Cl5N4O6

M 584.89 662.96 722.66
Space group C2/c P21/n P21/n
a/Å 20.2884(15) 11.8170(8) 11.1872(6)
b/Å 8.4867(7) 14.8833(9) 22.7813(13)
c/Å 15.4068(12) 17.2517(12) 22.1940(13)
b/◦ 109.344(2) 108.448(3) 98.922(2)
V/Å3 2503.0(3) 2878.2(3) 5587.9(5)
Z 4 4 8
T/K 295(2) 100(2) 100(2)
k/Å 0.71073 0.71073 0.71073
Dcalc/g cm−3 1.552 1.530 1.718
l/mm−1 0.843 0.751 1.143
R(F) (%) 3.05 3.93 3.34
Rw(F) (%) 7.45 8.12 7.90

a R(F) = ∑‖F o| − |F c‖/
∑

|F o| for I > 2r(I); Rw(F) = [
∑

w(F o
2 − F c

2)2/
∑

w(F o
2)2]1/2 for I > 2r(I).
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CH2Cl2, and then refluxed in the presence of 2,4-di-tert-butyl-
6-(chloromethyl)phenol (0.26 g: 1.0 mmol) and excess of Et3N
overnight. The reaction mixture was washed with 10% NaHCO3,
the organic layer was isolated and dried over MgSO4 and then
roto-evaporated to yield the ligand HLt-BuLC . IR data (KBr, cm−1):
3456 (O–H); 2953–2859 (s) (C–H), 1608 (s), 1526 (s), 1474 (s)
(C=Npy, C=C aromatic). 1H-NMR data [400 MHz, CDCl3, 300 K]
d (ppm): 0.90 [t, 3H (CH3)]; 1.22–1.46 (overlapped m, 26H (CH2)
and s, tBu (CH3)]; 1.82 [m, 2H (OCH2CH2)]; 3.72 (s, 2H (Ph–
CH2–N–)]; 3.78 [s, 2H (N–CH2–Ar)]; 3.9 [t, 2H (Ar–O–CH2–)];
4.0 [s, 2H (Py–CH2–N–)]; 6.8 [s, 1H (aryl)]; 6.94 [d, 2H (aryl)];
6.96 [d, 2H (aryl)]; 7.16 [d, 2H (aryl)] 7.48 [d, 2 H (aryl)]; 7.51 [d,
2 H (aryl)] 7.2–7.8 [m, 3H (pyridine)]; 8.57 [d, 1 H (pyridine)]. MS
data (ESI+ in MeOH): m/z = 607 [HLt-BuLC + H]+.

Preparation of the ligands HLA, HLt-BuA, HLOMeA, HLNO2A, and
HLCl2A. The ligands HLA and HLt-BuA were obtained according to
literature procedures.29,30 The ligands HLOMeA, HLNO2A, and HLCl2A

were synthesized according to a general procedure in which 2-
aminomethyl-pyridine (1.08 g: 10.0 mmol) and the appropriate
aldehyde (10.0 mmol) were condensed in 20 mL of MeOH at
40 ◦C. After 2 h, NaBH4 (0.5 g: 15 mmol) was added at 0 ◦C. The
solvent was roto-evaporated and the crude product was dissolved
in 100 mL of 5% aqueous NaHCO3. Extraction with 4 × 25 mL
of dicholoromethane took place, and the combined extracts were
dried over MgSO4. The solutions were concentrated and allowed
to stand for several days at 0 ◦C giving microcrystalline solids. The
characterizations follow.

HLOMeA (2-methoxy-6-{[(pyridin-2-ylmethyl)-amino]-methyl}-
phenol}). 2-Hydroxy-3-methoxy-benzaldehyde (1.52 g: 10 mmol)
was used. Yield = 2.0 g (82%); mp = oil. IR data (KBr, cm−1):
3304 (O–H); 1591 (s), 1571 (m), 1464(s) (C=Npy, C=C aromatic);
1274 (s) (C–O). 1H-NMR data [400 MHz, CDCl3, 300 K] d (ppm):
3.85, 3.92 [2 × s, 2 ×1 H (CH2)]; 4.04 [3 × s, 3 × 1 H (CH3)]; 6.6
[d,1 H (aryl)]; 6.7 [t,1 H (aryl)]; 7.1 [d, 1 H (aryl)]; 7.2–7.6 [m, 3 H
(py)]; 8.57 [d, 1 H (py)]. EI data: m/z: 244 [HLOMeA]; 152 [HLOMeA−
(PyCH2–)]; 137 [HLOMeA − (PyCH2NH–)]; 107 [(PyCH2NH–)].

HLNO2A (4-nitro -2 -{[(pyridin -2 -ylmethyl) -amino]-methyl} -
phenol}). 2-Hydroxy-5-nitro-benzaldehyde (1.67 g: 10 mmol) was
used. Yield = 2.2 g (84%); mp (uncorrected) = 151–153 ◦C; IR
data (KBr, cm−1): 3305 (O–H); 1595 (s), 1570 (m), 1477(s)(C=Npy,
C=C ar); 1280 (s) (C–O). 1H-NMR data [400 MHz, CDCl3, 300
K] d (ppm): 3.94, 4.06 [2 × s, 2 × 1 H (CH2)]; 6.9 [d, 1 H (aryl)];
7.2–7.7 [m, 3 H (Py)]; 7.9 [s,1 H (aryl)]; 8.1 [d, 1 H (aryl)] 8.59 [d,
1 H (Py)]. EI data m/z: 259 [HLNO2A]; 107 [(PyCH2NH–)].

HLCl2A (2,4-dichloro-6-{[(pyridin-2-ylmethyl)-amino]-methyl}-
phenol}). 3,5-Dichloro-2-hydroxy-benzaldehyde (1.91 g: 10 mmol)
was used. Yield = 2.4 g (85%); mp (uncorrected) = 110–112 ◦C. IR
data (KBr, cm−1): 3427 (O–H); 1596 (m), 1573(m), 1439 (s)
(C=Npy, C=Car); 1294 (s) (C–O). 1H-NMR data [400 MHz,
CDCl3, 300 K] d (ppm): 3.91, 3.97 [2 × s, 2 × 1 H (CH2)]; 6.8
[s,1 H (aryl)]; 7.1 [s, 1 H (aryl)], 7.2–7.6 [m, 3 H (Py)]; 8.59 [d, 1 H
(Py)]. MS data (ESI+ in MeOH): m/z = 283.0 [HLCl2A + H]+.

Preparation of the compound [Co(Lt-BuLC )2]ClO4 (1). A 25 mL
MeOH solution of HLt-BuLC (0.31 g: 0.5 mmol) and Et3N
(0.14 mL: 1.0 mmol) was treated with a 2 mL MeOH solution
of Co(ClO4)2·6H2O (0.10 g: 0.25 mmol). The resulting brown
solution was stirred at room temperature and filtered to discard
any unreacted solids after 2 h. Slow solvent evaporation yielded

a brown waxy precipitate that was frit-filtered and washed with
water and cold methanol and dried under vacuum. The complex
was characterized by IR and UV-visible spectroscopy, and mass
spectrometry. Yield 70%. IR data (KBr, cm−1) 2950 (C–H stretches
from alkyl chain); 1096 (Cl–O from ClO4

−), 1608 (C=N stretch
form the pyridine ring); MS data (ESI+ in MeOH): m/z = 1270
[CoIII(Lt-BuLC)2]+.

CAUTION! Although no difficulties were experienced, com-
plexes 1–6 were isolated as their perchlorate salts, and therefore
they should be handled as potentially explosive compounds.

Preparation of the archetypes 2–6. Due to similar procedures,
a general synthetic route is described for these syntheses. A solid
sample of Co(ClO4)2·6H2O (0.37 g; 1.0 mmol) was added to a
30 mL MeOH solution containing 2.0 mmol of the appropriate
ligand and Et3N (0.28 mL; 2.0 mmol). After homogenization the
resulting solution is stirred at room temperature for 1 h, when
it is filtered to isolate any solid material. After 24 h dark brown
microcrystalline precipitates were frit filtered and washed with
cold water and diethyl ether, and recrystallized in MeOH by slow
evaporation at ambient conditions.

[CoIII(LA)2]ClO4 (2). Yield 79%. Elemental anal. calcd for
C26H26N4Cl1O6Co1: C, 53.39, H, 4.48, N 9.58%. Found: C, 53.41,
H, 4.53, N, 9.49%. IR data (KBr, cm−1): 1092 (Cl–O from ClO4

−),
1595 (C=N from pyridine). MS data (ESI+ in MeOH): m/z = 485
[CoIII(LA)2]+.

[CoIII(Lt-BuA)2]ClO4·CH3OH (3). Yield 78%. Elemental anal.
calcd for C43H62N4Cl1O7Co1: C, 61.38, H, 7.43, N 6.66%. Found:
C, 61.48, H, 7.38, N 6.77%. IR data (KBr, cm−1): 1108 (Cl–O
from ClO4

−), 2867–2952 (C–H stretches from tert-butyl groups),
3438 (O–H stretch, broad). MS data (ESI+ in MeOH): m/z = 709
[CoIII(Lt-BuA)2]+.

[CoIII(LOMeA)2]ClO4·H2O (4). Yield 75%. Elemental anal.
calcd for C28H32N4Cl1O9Co1: C, 50.73, H, 4.87, N 8.45%. Found:
C, 50.69, H, 4.90, N 8.21%. IR data (KBr, cm−1) 1104 (Cl–O from
ClO4

−), 1244 (s) (C–O from methoxy groups). MS data (ESI+ in
MeOH): m/z = 545 [FeIII(LOMeA)2]+.

[CoIII(LNO2A)2]ClO4 (5). Yield 73%. Elemental anal. calcd for
C26H24N6Cl1O10Co1: C, 46.27, H, 3.58, N 12.45%. Found: C,
46.30, H, 3.54, N 12.31%. IR data (KBr, cm−1) 1092 (Cl–O from
ClO4

−), 1476(s) (N=O stretch from nitro groups). MS data (ESI+

in MeOH): m/z = 575 [CoIII(LNO2A)2]+.

[CoIII(LCl2A)2]ClO4·CH3OH (6). Yield 72%. Elemental anal.
calcd for C27H26N4O7Cl5Co1 C, 42.97, H, 3.47, N 7.42%. Found:
C, 42.91, H, 3.38, N, 7.57%. IR data (KBr, cm−1) 1102 (Cl–
O from ClO4

−). MS data (ESI+ in MeOH): m/z (100%) = 621
[CoIII(LCl2A)2]+.
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