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ABSTRACT: We recently reported the first example of a
europium triple-decker tetrapyrrole with mixed corrole and
phthalocyanine macrocycles and have now extended the
synthetic method to prepare a series of rare earth corrole−
phthalocyanine heteroleptic triple-decker complexes, which are
characterized by spectroscopic and electrochemical methods.
The examined complexes are represented as M2[Pc-
(OC4H9)8]2[Cor(ClPh)3], where Pc = phthalocyanine, Cor
= corrole, and M is Pr(III), Nd(III), Sm(III), Eu(III), Gd(III),
or Tb(III). The Y(III) derivative with OC4H9 Pc substituents
was obtained in too low a yield to characterize, but for the
purpose of comparison, Y2[Pc(OC5H11)8]2[Cor(ClPh)3] was
synthesized and characterized in a similar manner. The molecular structure of Eu2[Pc(OC4H9)8]2[Cor(ClPh)3] was determined
by single-crystal X-ray diffraction and showed the corrole to be the central macrocycle of the triple-decker unit with a
phthalocyanine on each end. Each triple-decker complex undergoes up to eight reversible or quasireversible one-electron
oxidations and reductions with E1/2 values being linearly related to the ionic radius of the central ions. The energy (E) of the
main Q-band is also linearly related to the radius of the metal. Comparisons are made between the physicochemical properties of
the newly synthesized mixed corrole−phthalocyanine complexes and previously characterized double- and triple-decker
derivatives with phthalocyanine and/or porphyrin macrocycles.

■ INTRODUCTION

The design and synthesis of rare earth sandwich complexes
with porphyrin and/or phthalocyanine macrocycles has led to
various applications of these compounds over the last two
decades in the areas of sensors,1 organic thin-film transistors,2−4

molecular magnets,5−13 nonlinear optical materials,14−17 and
nanomaterials.18−20 The ongoing efforts in synthesis and
characterization of new triple-decker tetrapyrroles can be
attributed in large part to their remarkable optical, electrical,
and electrochemical properties that stem from their intriguing
inter-ring π−π interactions and f−f interactions of the metal
ions.20−23 Previously synthesized triple-decker sandwich
complexes with porphyrin and/or phthalocyanine macrocycles
not only display a large number of redox states but also exhibit
reversible electrochemistry and relatively low oxidation
potentials.21−33 For this reason, they have proven to be
excellent candidates for multibit molecular information storage
devices.21−34

Some triple-decker tetrapyrrole derivatives with mixed
porphyrin and phthalocyanine macrocycles contain one
porphyrin and two phthalocyanines where the porphyrin is at
the central part or at the extreme end of the compound,19,30 i.e.,
(Pc)M(Pc)M(Por) or (Pc)M(Por)M(Pc), while others contain
two porphyrins and one phthalocyanine macrocycle where the
phthalocyanine is at the center of the compound,30 i.e.,

(Por)M(Pc)M(Por). The possibility of structurally modifying
the arrangement of macrocycles in these types of mixed
tetrapyrrole complexes provides an effective way to tune the
intramolecular interactions of these complexes and to prepare
specifically desired materials.1−3,35−38 For this reason, we were
interested in investigating rare earth sandwich triple-decker
complexes containing mixed corrole and phthalocyanine
macrocycles rather than only mixed porphyrins and phthalo-
cyanines.
Corroles are well-characterized tetrapyrrolic macrocycles that

are similar to porphyrins and phthalocyanines in many respects
but contain a direct carbon−carbon bond between two pyrrole
rings and carry three, rather than two, NH protons in the inner
core (see Chart 1). The unique properties of corroles, and
especially their metal coordination chemistry, have received a
great deal of attention since the publication of improved
synthetic methods by the groups of Gross, Paolesse, and Gryko
in 1999.39−42 Because corroles contain three NH protons, they
possess a smaller four-nitrogen cavity than porphyrins or
phthalocyanines, and they also act as trianionic ligands that
exhibit both unexpected steric flexibility of the macrocycle and
the ability to stabilize high oxidation states of certain
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coordinated metals.43−48 These special features of the corroles
have led to a wide range of applications in the fields of catalysis,
sensors, solar cells, and photodynamic therapy.49−53

With this in mind, we recently synthesized and structurally
characterized the first example of a Eu(III) triple-decker
tetrapyrrole with mixed corrole and phthalocyanine macro-
cycles.54 In the present article, we have extended our synthetic
method to prepare a new series of rare earth corrole−
phthalocyanine heteroleptic triple-decker complexes with
different metal ions and different phthalocyanine ring
substituents. The examined compounds are characterized in
the present paper by spectroscopic and electrochemical
methods and are represented as Y2[Pc(OC5H11)8]2[Cor-
(ClPh)3] and M2[Pc(OC4H9)8]2[Cor(ClPh)3], where Pc =
phthalocyanine, Cor = corrole, and M is Pr(III), Nd(III),
Sm(III), Eu(III), Gd(III), or Tb(III). The Eu(III) derivative
was also structurally characterized. A detailed examination of
the properties of these new sandwich complexes sheds
additional light on the structural properties on this type of
compound and should lead to a better understanding of the
nature of triple-decker tetrapyrroles with mixed oxidation state
macrocycles as well as provide useful information for future
applications in the area of molecular-based information storage
devices.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Two methods have been

reported for the synthesis of rare earth heteroleptic triple-

decker tetrapyrroles containing porphyrin and/or phthalocya-
nine macrocycles. The most commonly used synthetic method
is shown in Scheme 1 as pathway a and is the so-called “one-
pot” reaction with M(acac)3·nH2O, H2Por, and M(Pc)2 as
starting materials.19,37 A second synthetic method involves the
conversion of M(acac)3·nH2O to the “half-sandwich” M(Por)-
(acac), followed by addition of phthalonitriles (pathway b),55

M(Pc)2 (pathway c),6,31,36 (Por)M(Pc) (pathway d),36,56,57 or
Li2Pc (pathway e)27−30,58 to give the mixed (phthalocyanine)-
(porphyrin) triple-decker complex as schematically illustrated
in Scheme 1. The method in these syntheses is called the “raise-
by-one-story” method.21,22

It is worth noting that pathway b, which was employed by
Jiang and co-workers,55,59,60 is an efficient way to prepare both
heteroleptic bis(phthalocyanine) and mixed (phthalocyanine)-
(porphyrin) rare earth double-decker complexes. Pathways c
and d are also equally suitable for synthesis of heterodinuclear
mixed phthalocyanine or porphyrin rare earth triple-decker
complexes.55,56

A totally different synthetic procedure is used in the present
study for the preparation of the mixed corrole−phthalocyanine
derivatives. This method is shown in eqs 1−3, where the target
complexes 1−7 were obtained by prior generation of the “half-
sandwich” phthalocyanine complex M[Pc(R)8](acac) from
H2[Pc(R)8]

61 and the corresponding metal salt M(acac)3·
nH2O

62 in refluxing DMF (eq 1), followed by treatment with
the free-base corrole H3[Cor(ClPh)3]

63 in n-octanol containing
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) at 170 °C (eq 2)
and purified by repeated chromatography with CHCl3 as
eluent.

· +

⎯ →⎯⎯⎯⎯⎯ +
°

nM(acac) H O H [Pc(R) ]

M[Pc(R) ](acac) 2H(acac)

3 2 2 8

140 C

DMF
8 (1)

+

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
°

‐

2M[Pc(R) ](acac) H [Cor(ClPh) ]

HM [Pc(R) ] [Cor(ClPh) ] 2H(acac)
n

8 3 3
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2 8 2 3

(2)

Chart 1. Schematic Structures of Building Blocks of
Sandwich Complexes

Scheme 1. Methods for the Preparation of Heteroleptic Mixed (Phthalocyaninato)(porphyrinato) Rare Earth Triple-Decker
Complexes (a) by the “One-Pot” Method and (b−e) by the Stepwise Reaction Method, Where TCB = 1,2,4-Trichlorobenzene,
1-ClN = 1-Chloronaphthalene
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A unique structural feature of corroles is that they have a high
NH acidity relative to the NH acidity of porphyrins and
phthalocyanines. Research has shown that the free base corrole,
H3(Cor), when dissolved in a weakly basic solvent will often
exist in its deprotonated form, [H2(Cor)]

−.64 The removal of
one proton from the triprotic free base corrole, H3(Cor), can
release a significant amount of energy due to steric relaxation.
On this basis, the organic base DBU was selected as a promoter
for the preparation of the mixed corrole−phthalocyanine rare
earth triple-decker complexes 1−7 from the “half-sandwich”
complex M[Pc(R)8](acac). The yields of the final products 1−
6 are given in the Experimental Section and range from 16% for
M = Pr(III) to 31% for M = Eu(III), as compared to 15−16%
for the previously synthesized Eu(III) derivatives with OC5H11
and OC8H17 substituents on the phthalocyanine macrocycle.54

The yield of the compound 7 is extremely low (1%) probably
because of the smaller ionic radius of the metal ion as compared
to that of compounds 1−6.
The relatively high yields for the preparation of complexes

1−6 in the present study are believed to be related to the
efficiency of DBU in effectively deprotonating the corrole.65,66

Also, the substantially higher yields for the currently
investigated Eu(III) complex with OC4H9 phthalocyanine
substituents as compared to that for the earlier reported
Eu(III) derivatives with OC5H11 or OC8H17 groups may be
related to the shorter carbon chain of substituents on the
phthalocyanine macrocycle in the present study. But it should
be noted that this does not hold in the case of the Y(III)
derivative as mentioned above.
The final products 1−6 are soluble in most common organic

solvents, such as CHCl3 and CH2Cl2. They were easily purified
by column chromatography, and only a small amount of the
homoleptic phthalocyanine rare earth double-decker compound
was obtained as a byproduct. The double-decker byproduct has
a low polarity as compared to the target compounds and is
easily removed from the desired target molecules. No other
types of sandwich compounds (double- and triple-decker) were
detected in the reaction for compounds 1−6. However, an
unknown byproduct was collected as a fourth band, which
comes out after the target complex 7 during the purification
process. The presence of the unknown byproduct may have
contributed to the low yield of the target molecule.
Satisfactory elemental analyses were obtained for compounds

1−7 after repeated column chromatographic purification and
recrystallization. Unfortunately, satisfactory 1H NMR data
could not be obtained. However, each newly synthesized
triple-decker compound was unambiguously characterized with
a wide range of spectroscopic methods, including UV−vis, IR,
and MALDI-TOF mass spectrometry.
The Nature of the Complexes. All known homo- and

heteroleptic triple-decker complexes with porphyrin and/or
phthalocyanine macrocyles are electronically neutral, having
two +3 metal ions and three −2 macrocycles (Chart 2a). This
contrasts with the related double-decker complexes that can
exist in two different oxidation states in their air-stable form.
The majority of characterized double-decker complexes are

neutral and shown to possess one −2 charged macrocycle and
one −1 charged radical anion macrocycle, as illustrated in Chart
2b. However, other double-decker complexes have been
characterized as containing one cationic M(III) ion and two
−2 charged macrocycles along with a single proton to balance
the charge, as schematically shown in Chart 2e.
It should also be noted that the protonated double-decker

complexes represented in Chart 2e can undergo air oxidation to
give the deprotonated form shown in Chart 2b. Air oxidation to
a radical form can also occur for the currently investigated
corrole−phthalocyanine triple-decker complexes in Chart 2f,
which formally contain two rare earth M(III) ions, one −3
corrole macrocycle and two −2 phthalocyanine macrocycles in
their initial form. If air oxidation occurs as shown in eq 3, the
protonated form would then gradually be converted to a neutral
radical represented as M2(Pc

2−)2(Cor
2−•) (Chart 2c) or

M2(Pc
2−)(Pc−•)(Cor3−) (Chart 2d). Both radical forms

would contain one unpaired π-electron that would be
delocalized over the three macrocycles. This reaction may in
fact have occurred for two earlier reported mixed triple-decker
compounds, which were written as HEu2[Pc(R)8]2[Cor-
(ClPh)3],

54 where R = OC5H11 or OC8H17, but upon further
examination may have been converted to the radical form
Eu2[Pc(R)8]2[Cor(ClPh)3], as shown in the present study for
seven related compounds having similar spectral and electro-
chemical characteristics and structures.

1H NMR spectroscopy has been a powerful method to
determine molecular structure and geometry in solvent.
However, as mentioned above, satisfactory H NMR spectra
could not be obtained for compounds 1−7 in d7-DMF, d8-
THF, CDCl3, or any deuterated solvent containing the
reducing agent hydrazine hydrate, due either to the highly
paramagnetic characteristic of the metal centers or to the
presence of a radical as shown by the structures given in Chart
2c or d. Although not all of the protons on the compounds
could be observed in the 1H NMR spectra, a single resonance
was detected in CDCl3 for fresh compounds 2−4 in the high-
field region of the spectrum. This resonance is assigned to the
N−H proton of the related double-decker complexes67−69 but
in the present series of triple-decker species disappeared after a
few days.
The presence of a radical such as shown in Chart 2c and d

was verified by electron spin resonance (ESR) spectroscopy of
the yttrium compound 7 and the appearance of the ring−ring
charge transfer bands for 1−7 in the near-IR range of the
electronic absorption spectra (discussed below). The ESR
spectrum for 7 recorded in CH2Cl2 or as a solid at room
temperature showed a characteristic organic radical signal at g =
2.002 and 2.003, respectively (see Figure S1). Both signals

Chart 2. Two Forms of Rare Earth Sandwich Complexes: (a)
Neutral Form and (b) Protonated Form
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exhibited a narrow resolved hyperfine structure with a peak to
peak separation of 6.0 and 4.0 G, respectively, thus confirming
the presence of an organic radical.
Electronic Absorption Spectra. Examples of the UV−

visible spectra are shown in Figure 1 for compounds 1, 4, 6, and
7, and a summary of spectral data for complexes 1−7 in
CH2Cl2 are summarized in Table S1, which also includes data
for the earlier reported Eu(III) derivatives.54 As can be seen
from the figure and table, the shape of the spectral envelope is
similar for complexes 1−7, and it is also similar to that for the
previously described Eu2[Pc(R)8]2[Cor(ClPh)3] derivatives
where R = OC5H11 or OC8H17.

54 All nine heteroleptic triple-
decker complexes described in the present study exhibit a
characteristic phthalocyanine N band at 293 nm,70 a split Soret
band at 350−352 and 420−421 nm, and two Q-bands at 535−
539 and 674−691 nm in CH2Cl2. An additional broad near-IR
band from 1350 to 2500 nm can also be observed for
compounds 1−7 and is assigned to the ring−ring charge
transfer band from an anion to a radical form of the
macrocycles.59,60,71 Thus, compounds 1−7 are described as
neutral radicals, in which an unpaired electron is present on one
of the three macrocyclic ligands or delocalized over all three
macrocycles under the given experimental condition. These IR
data described here later have bands characteristic of a −2
charge Pc macrocycle, and this would therefore favor the
formulation of compound with a −2 charge Cor macrocycle.
Four of the five UV−visible bands of the investigated

complexes are virtually independent of the metal ion or
substituents on the phthalocyanine macrocycle, and only the
relatively intense Q-band varies upon going from compound 1
to compound 7. As seen in Figure 1 and Table S1, the position

of this Q-band of the structurally related compounds 1−6 is
systematically shifted from 691 nm to 675 nm with a decrease
in the ionic radius of the M(III) ion, going from 114 pm in the
case of M = Pr to 104 pm for M = Tb.72 The energies (E) of
the main Q-band of compounds 1−6 in CH2Cl2 were
calculated, and the values of E in eV are summarized in
Table S2, which also contains the radius of the rare earth ion of
each compound.
As shown in Figure 2, there is a linear correlation between

the energy (E) of the main Q-band of compounds 1−6 in

CH2Cl2 versus the radius of the metal ion. Compound 7 was
not included in this correlation because of the different R
groups on the phthalocyanine macrocycles. The values of the
energy E for 1−6 decrease with increasing radius of the metal,
thus indicating that ring−ring interactions becomes stronger as
the ring−ring separation decreases; this is because of the
contraction of the radius of the rare earth metal ion. A similar
correlation between the NIR band of a series of lanthanoid
double-decker compounds and the radius of the rare earth ion

Figure 1. Electronic absorption spectra of M2[Pc(OC4H9)8]2[Cor(ClPh)3], where M = (a) Pr 1, (b) Eu 4, (c) Tb 6, and (d)
Y2[Pc(OC5H11)8]2[Cor(ClPh)3] 7, in CH2Cl2 (6.5 × 10−5 mol L−1).

Figure 2. Correlation between the energy for the main Q-band of
complexes 1−6 as a function of ionic radius of MIII (M = Pr−Tb
except Pm) in CH2Cl2.
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was first reported by Buchler and co-workers and was called
“optical detection of the lanthanoid ion contraction”.21,72

IR Spectra. As schematically shown in Chart 2, double- and
triple-decker tetrapyrrole macrocycles can contain monoanionic
radical macrocycles or dinegatively charged macrocycles. IR
spectroscopy has proven to be a useful tool to distinguish these
two states. As described in the literature, significant differences
exist between the IR spectral signature of a dinegatively charged
phthalocyanine macrocycle and a monoanionic phthalocyanine
radical macrocycle in the air-stable form of the rare earth
M(III) tetrapyrrolic complex.58,59,71,73−75 For example, the
double-decker compounds Eu[Pc(R)8]2 where R = OC5H11 or
OC8H17 were shown to possess an intense band at ca. 1310−
1320 cm−1 and a relatively weak band at ca. 1377 cm−1, and on
the basis of these bands one of the two macrocycles was
assigned as a phthalocyanine monoanion radical.73 In contrast,
all known triple-decker phthalocyanines have a weak band at ca.
1310−1320 cm−1 and a strong absorption at about 1380 cm−1,
and in this case, the three macrocycles were assigned as
phthalocyanine dianions.73

IR spectra of the currently investigated triple-decker
complexes were also measured as KBr pellets, and the data
are given in the Experimental Section. Compounds 1−7 all
have a strong absorption at 1377−1383 cm−1 and a very weak
band at 1307−1314 cm−1. The spectra of Eu2[Pc-
(OC4H9)8]2[Cor(ClPh)3] (4) and Eu2[Pc(OC8H17)8]3

76 also
have the same pattern as shown in Figure S2, thus suggesting
the dianionic nature of both phthalocyanine ligands in the
mixed triple-decker complexes. This being the case, the radical
form of the currently investigated complexes is proposed as
M2(Pc

2−)2(Cor
2−•), which is shown in Chart 2c.

Two additional points should be noted. The first is that an IR
characterization of corroles has rarely been given in the
literature. The second is that for the currently investigated
triple-deckers the phthalocyanine absorption band at 1381
cm−1 is less intense than that of Eu2[Pc(OC8H17)8]3, a fact that
can be explained by the different number of phthalocyanine
macrocycles in the two sandwich complexes, three in
Eu2[Pc(OC8H17)8]3 and two in Eu2[Pc(OC4H9)8]2[Cor-
(ClPh)3] (4).
Crystal Structure. The crystal and molecular structure of

Eu2[Pc(OC4H9)8]2[Cor(ClPh)3] (4) was determined by X-ray
diffraction analyses. The crystal data and structure refinement
are shown in Table 1. The compound crystallizes in the triclinic
system with a P1̅ space group. Two additional CHCl3 solvent
molecules are present in the unit cell of 4, which is different
from Eu2[Pc(OC8H17)8]2[Cor(ClPh)3], which contains no
solvent molecules and also crystallizes in the triclinic system
with a P1 ̅ space group.54

Figure 3 displays the molecular structure of Eu2[Pc-
(OC4H9)8]2[Cor(ClPh)3] (4) in two perspective views, with
the chloroform molecules omitted for clarity. Selected bond
distances and angles are given in Table S3. Each europium ion
is sandwiched between an outer Pc(OC4H9)8 ring and one
central Cor(ClPh)3 macrocycle. The europium centers are not
identical in terms of their coordination geometry, and they are
also not equidistant from the Pc(OC4H9)8 and Cor(ClPh)3
rings, as has also been described for other rare earth triple-
decker tetrapyrrole compounds.27 In the case of 4, the Eu1 and
Eu2 ions both adopt a slightly distorted square prism geometry
with screw angles of 10.3° and 9.6°, respectively. Both Eu(III)
ions lie closer to the outer phthalocyanine rings than to the
plane of the central corrole ligand (1.342 vs 1.727 Å for Eu1

Table 1. Crystal Data and Structure Refinement of
Eu2[Pc(OC4H9)8]2[Cor(ClPh)3], 4

complex 4·CHCl3
formula C166H179Cl6Eu2N20O16

fw 3226.91
syst triclinic
space group P1̅
a (Å) 15.493(3)
b (Å) 21.656(4)
c (Å) 26.181(5)
α (deg) 69.81(3)
β (deg) 76.98(3)
γ (deg) 71.60(3)
Z 2
volume (Å3) 7756(3)
absorp coeff (mm−1) 0.975
F(000) 3342
θ range (deg) 3 to 25
R1[I > 2θ]a 0.0927
R2 [I > 2θ]b 0.2604
Rint all 0.1115
Rw2 all 0.2841
S 1.083

aR1 = ∑|Fo − |Fc||/∑|Fo|.
bRw2 = [∑w(Fo

2 − Fc
2)2/∑w(Fo

2)2]1/2.

Figure 3. ORTEP drawing of molecular structure for Eu2[Pc-
(OC4H9)8]2[Cor(ClPh)3] (4) in two perspective views: (a) top view
and (b) side view (the 30% probability level). The hydrogen atoms
and chloroform molecules are omitted for clarity.
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and 1.361 vs 1.803 Å for Eu2). Interestingly, the N−Eu
distances are not equivalent for the two metal ions. The average
Eu1−N[Pc(OC4H9)8] bond length (2.390 Å) is significantly
shorter than the average Eu1−N[Cor(ClPh)3] bond length
(2.578 Å), and the Eu2−N[Pc(OC4H9)8] (2.389 Å) distance is
also shorter than the Eu2−N[Cor(ClPh)3] distance (2.593 Å).
This is because the central Cor(ClPh)3 macrocycle is shared by
two europium ions, while the outer Pc(OC4H9)8 rings are
bound to only a singel metal ion. The same was reported for
the molecular structure of Eu2[Pc(OC8H17)8]2[Cor(ClPh)3].

54

Table S4 lists the structural parameters of Eu2[Pc-
(OC4H9)8]2[Cor(ClPh)3] (4), many of which are comparable
with those of Eu2[Pc(OC8H17)8]2[Cor(ClPh)3], which has
different R groups on the phthalocyanine macrocycles.54 As
shown in Table S4, the metal-to-metal distance between the
two europium atoms in the Eu2[Pc(OC4H9)8]2[Cor(ClPh)3]
(4) molecule changes from 3.586 to 3.574 Å, when the OC4H9

phthalocyanine substituents in 4 are replaced by OC8H17 in
Eu2[Pc(OC8H17)8]2[Cor(ClPh)3], while the average dihedral
angles between the individual isoindole ring with respect to the

N4 mean plane of the corresponding phthalocyanine ring
change from 5.4° to 8.6° with changes of the substituents. Both
molecular structures show the corrole to be the central
macrocycle of the triple-decker unit with a phthalocyanine on
each end. The inner corrole ring is almost planar in
Eu2[Pc(OC4H9)8]2[Cor(ClPh)3] (4) and Eu2[Pc(OC8H17)8]2-
[Cor(ClPh)3],

54 with the average dihedral angle of the
individual pyrrole rings being φ = 2.0° and 1.7°, respectively,
with respect to the corresponding N4 mean plane.

Electrochemical Properties. The electrochemical behav-
ior of the newly synthesized triple-decker complexes 1−7 was
investigated by cyclic voltammetry in CH2Cl2 containing 0.1 M
tetra-n-butylammonium perchlorate (TBAP). Cyclic voltammo-
grams are shown in Figures 4 and S3−5, and the measured half-
wave potentials are listed in Table 2, which also includes
potentials for two related europium double-decker and triple-
decker complexes under the same solution conditions.
Each compound exhibits up to five one-electron oxidations

and three one-electron reductions, all of which can be
attributed to ligand-based redox processes. A comparison of

Figure 4. Cyclic voltammograms of (a) Sm2[Pc(OC4H9)8]2[Cor(ClPh)3] (3.4 × 10−4 mol L−1) and (b) Tb2[Pc(OC4H9)8]2[Cor(ClPh)3] (3.7 ×
10−4 mol L−1) in CH2Cl2 containing 0.1 M TBAP.

Table 2. Half-Wave Potentials (E1/2, V vs SCE)a of Complexes 1−7 in CH2Cl2 Containing 0.1 M TBAPb

aHalf-wave potential (V vs SCE) of the ferrocene/ferrocenium couple, Fe+/Fe, is 0.48 V in CH2Cl2 containing 0.1 M TBAP. bThe similarities in
potentials between the newly synthesized triple-deckers and reference double- and triple-decker europium complexes are highlighted in the table. tw
= this work.
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E1/2 values for 1−7 with potentials for oxidation and reduction
of related double- and triple-decker europium phthalocyanines
is given in Table 2. As seen in the table, the E1/2 values for the
first oxidation and the first two reductions of 1−7 are virtually
identical to E1/2 values for the same redox processes of the
double-decker Eu[Pc(OC8H17)8]2.

77 At the same time, the
second, third, fourth, and fifth oxidations of 1−7 are quite
similar to E1/2 values for the second to fifth oxidations of the
triple-decker phthalocyanine Eu2[Pc(OC8H17)8]2[Pc].

25 It
should be noted that the difference in E1/2 values between

the first oxidation and first reduction of the newly synthesized
triple-decker complexes and the double-decker reference
complex Eu[Pc(OC8H17)8]2 spans a relatively narrow range
of potentials, 0.39−0.46 V, which accords well with previously
reported data for lanthanide(III) double-decker phthalocyanine
complexes.77 It should also be noted that a similar separation in
E1/2 values is also seen between the first and second reductions
of 1−7 and the double-decker Eu[Pc(OC8H17)8]2; these values
are listed as E1/2(Red1−Red2) in Table 2 and range from 1.17
to 1.30 V.

Figure 5. Half-wave potentials of redox processes of M2[Pc(OC4H9)8]2[Cor(ClPh)3] as a function of the ionic radius of MIII (M = Pr−Tb, except
Pm) in CH2Cl2 containing 0.1 M TBAP.

Figure 6. (a) Thin-layer cyclic voltammogram of Nd2[Pc(OC4H9)8]2[Cor(ClPh)3] (2) (5.0 × 10−5 mol L−1) and its UV−vis spectral changes during
controlled potential reduction (b) at −0.40 V and oxidations (c) at 0.50 and (d) at 0.90 V in CH2Cl2 containing 0.1 M TBAP.
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The lanthanoid ion contraction in the presently investigated
compounds can be seen in the redox potentials for oxidation or
reduction. As shown in Figure 5, all the measured half-wave
potentials (five oxidations and three reductions) for the
structurally related compounds 1−6 correlate linearly with
increasing radius of the rare earth ion. The trends of the second
and fourth oxidations differ from trends of the other oxidations
and reductions, which shift in the anodic direction with
increasing ionic radius of the rare earth metal ion. Hence, the
potentials are dependent on the ring to ring interseparations,
indicating that π−π interactions are also present in the
heteroleptic sandwich derivatives 1−6. The illustrated
correlation between redox potentials and rare earth ionic
radius shown in Figure 5 is similar to what has been reported in
the literature for other series of rare earth sandwich tetrapyrrole
complexes.21 The trend of the redox potentials between
compound 7 and Eu2[Pc(OC5H11)8]2[Cor(ClPh)3], which
have the same macrocycles but different central metal ions,
also fits this correlation.
Spectroelectrochemical Properties. The first reduction

and first two oxidations of compound 1−6 were investigated by
thin-layer UV−visible spectroelectrochemistry in CH2Cl2
containing 0.1 M TBAP as supporting electrolyte, and a
summary of spectral data for the reduction and oxidation
products is given in Table S5.
A thin-layer cyclic voltammogram is shown in Figure 6a, and

examples of the spectral changes that result during controlled
potential reduction and oxidations of Nd2[Pc(OC4H9)8]2[Cor-
(ClPh)3] (2) are illustrated in Figure 6b−d. Upon the first
controlled potential reduction at −0.40 V, the bands of the
neutral 2 (293, 352, 421, 535, and 688 nm) decrease in
intensity, while a low-intensity band at 485 nm and a sharp
visible band at 622 nm grow in (Figure 6b). This reduction is
reversible, and the spectrum of the neutral compound was
recovered when the applied potential was set at +0.20 V.
The spectral changes obtained during the first and second

oxidations at controlled potential oxidations of +0.50 and +0.90
V are illustrated in Figure 6c and d. During the first one-
electron abstraction (Figure 6c), a new band at 598 nm appears
and the typical phthalocyanine N band at 293 nm increases
slightly as the Soret band at 351 nm slightly decreases in
intensity. After the abstraction of two electrons, the relative
intensity of phthalocyanine N band is almost equal to that of
the Soret band (Figure 6d). The initial bands at 421 and 688
nm red-shift to 438 and 696 nm during the first oxidation
(Figure 6c) and then further red-shift to 446 and 706 nm
during the second oxidation (Figure 6d). Since the oxidation
state of the central tervalent rare earth ions in triple-decker
complexes does not change,21,25 these redox processes are
attributed to the successive removal of electrons from the
ligand-based orbitals of the compound. The stepwise oxidation
products in the thin-layer cell are assigned as the cation
{Nd2[Pc(OC4H9)8]2[Cor(ClPh)3]}

+ and the dication {Nd2[Pc-
(OC4H9)8]2[Cor(ClPh)3]}

2+.
The first two oxidations of 2 are also reversible, and the

initial spectrum could again be retrieved in the thin-layer cell by
the application of a controlled reducing potential. These results
confirm that the compounds in their +1 and +2 oxidation states
are stable on the time scale of spectroelectrochemisty and that
no chemical reactions are coupled with the electron transfer
process. There is also no evidence for coupled chemical
reactions involving the other redox processes, and the overall

mechanism for oxidations and reductions is given in Scheme
S1.

Fluorescence Properties. The currently investigated
triple-decker complexes were also examined as to their
fluorescence properties in CH2Cl2 at room temperature.
However, none of the compounds were fluorescent, probably
due to fast electron transfer between the face-to-face stacked
tetrapyrrole rings, which is a common property of radical
double-decker complexes having porphyrin and/or phthalocya-
nine macrocyles.15

■ CONCLUSION
In summary, a series of novel rare earth heteroleptic triple-
decker tetrapyrroles with mixed corrole and phthalocyanine
macrocycles were synthesized and characterized by electro-
chemical and spectroelectrochemical techniques. X-ray dif-
fraction analysis confirms the corrole to be in the middle of the
sandwich, with a phthalocyanine macrocycle on each extreme.
The preparation of this series of triple-decker complexes
provides the opportunity for exploration of new structures and
fully enriches the “periodic table of corrole complexes”. In
particular, compounds 1−3 and 7 represent the first
investigated Pr-, Nd-, Sm-, and Y-corrole complexes,
respectively. The observation of up to five cationic states for
each triple-decker complex supports the proposal of Lind-
sey28−33 that this type of complex are potential molecular
materials for information storage devices. In order to explore
the functionalities of this type of complex, further studies about
other properties, such as magnetic and nonlinear optical
properties are in progress.

■ EXPERIMENTAL SECTION
Materials. n-Octanol was distilled from sodium under reduced

pressure prior to use. All other reagents and solvents were purchased
from Sinopharm Chemical Reagent Co. or Aldrich Chemical Co. and
used as received. The compounds H2[Pc(OC4H9)8],

61 M(acac)3·
nH2O,

62 and H3[Cor(ClPh)3]
63 were prepared according to the

literature methods.
Physical Measurements. IR spectra (KBr pellets) were recorded

on an AVATAR-370 spectrometer. 1HNMR spectra were recorded in a
CDCl3 solution at 400 MHz using a Bruker Advance 400 spectrometer
at 25 °C. Chemical shifts (ppm) were determined with TMS as the
internal reference. MALDI-TOF mass spectra were carried out on a
Bruker BIFLEX III ultra-high-resolution Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer with α-cyano-4-
hydroxycinnamic acid as matrix. Elemental analyses were performed
on a FLASH1112A element analyzer. The fluorescence spectrum was
recorded on a CaryEclipse fluoresence spectrophotometer. Electron
spin resonance spectra were recorded in CH2Cl2 or as a solid at room
temperature on a Bruker A300 spectrometer.

Electrochemical and Spectroelectrochemical Measure-
ments. Absolute dichloromethane (CH2Cl2, 99.8%, EMD Chemicals
Inc.) was used for electrochemistry without further purification. Tetra-
n-butylammonium perchlorate, used as a supporting electrolyte, was
purchased from Sigma-Aldrich, recrystallized from ethyl alcohol, and
dried under vacuum at 40 °C for at least 1 week prior to use.

Cyclic voltammetry was carried out at 298 K using a CHI-730C
electrochemical workstation. A homemade three-electrode cell was
used for cyclic voltammetric measurements and consisted of a glassy
carbon working electrode, a platinum counter electrode, and a
homemade saturated calomel reference electrode (SCE). The SCE was
separated from the bulk of the solution by a fritted glass bridge of low
porosity, which contained the solvent/supporting electrolyte mixture.
All potentials are referenced to the SCE. High-purity N2 was used to
deoxygenate the solution, and a stream of nitrogen gas was kept over
the solution during each electrochemical experiment.
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Thin-layer UV−visible spectroelectrochemical experiments were
performed with a home-built thin-layer cell that has a light transparent
platinum net working electrode. Potentials were applied and
monitored with an EG&G model 173 potentiostat. Time-resolved
UV−visible spectra were recorded with a Hewlett-Packard model 8453
diode array spectrophotometer. High-purity N2 from Trigas was used
to deoxygenate the solution and kept over the solution during each
electrochemical and spectroelectrochemical experiment.
X-ray Crystallography. Single crystals of 4 suitable for X-ray

diffraction analysis were obtained by diffusion of methanol onto a
solution of the corresponding compound in chloroform. Crystal data
and details of data collection and structure refinement for 4 are given
in Table 1. Data were collected on a Rigaku Saturn 724+ CCD X-ray
diffractometer by using monochromated Mo Kα radiation (λ =
0.710 70 Å) at 120 K. Final unit cell parameters were derived by global
refinements and reflections obtained from integration of all the frame
data. The collected frames were integrated by using the preliminary
cell-orientation matrix. CrysAlisProAgilent Technologies software was
used for collecting frames of data, indexing reflections, and
determination of lattice constants; CrysAlisPro Agilent Technologies
for integration of intensity of reflections and scaling; and SCALE3
ABSPACK for absorption correction. The structures were solved by
the direct method (SHELXS-97) and refined by full-matrix least-
squares (SHELXL-97) on F2.65 Anisotropic thermal parameters were
used for the non-hydrogen atoms, and isotropic parameters for the
hydrogen atoms. Hydrogen atoms were added geometrically and
refined using a riding model. The “squeeze” command was used to
deal with the disorder of the solvent and molecule moiety. CCDC
1041704 for 4, containing the supplementary crystallographic data for
this paper, can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.
General Procedure for the Preparation of Heteroleptic

Triple-Deckers 1−7. Heteroleptic rare earth triple-deckers 1−7 were
synthesized according to previously reported synthetic procedures.54

First, a mixture of M(acac)3·nH2O (47 mg, ca. 0.1 mmol) and
H2[Pc(R)8] (109 mg, ca. 0.1 mmol), where R = OC4H9 for compound
1−6 and R = OC5H11 for compound 7, in DMF (3 mL) was heated at
140 °C under a slow stream of nitrogen. The progress of the reaction
was monitored by UV−vis spectroscopy and TLC. After the complete
disappearance of starting material (ca. 1 h), the solution was cooled to
room temperature, and the solvent was evaporated to give the
monomeric rare earth phthalocyanine complex M[Pc(R)8](acac). This
was then added to H3[Cor(ClPh)3] (63 mg, 0.1 mmol), which was
dissolved in n-octanol (4 mL) and heated to 170 °C for 2 h in the
presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (20 mg, 0.13 mmol)
under a slow stream of nitrogen. The resulting green solution was
cooled to room temperature, and the volatiles were removed under
vacuum. The residue was chromatographed with CHCl3 as eluent. A
small amount of unreacted H3[Cor(ClPh)3] and the homoleptic
bis(phthalocyanine) rare earth (III) complex M[Pc(R)8]2 were
collected as the first and second fractions, respectively. The target
mixed ring triple-decker products were obtained as the third fraction.
Repeated chromatography followed by recrystallization from CHCl3
and CH3OH gave pure M2[Pc(R)8]2[Cor(ClPh)3] as gray-green
solids.
Pr2[Pc(OC4H9)8]2[Cor(ClPh)3] (1). Yield: ca. 25 mg (16%). MALDI-

TOF mass: calcd 3087.493, found 3087.839. Anal. Calcd (%) for
Pr2C165H180N20O16Cl3 (CHCl3): C 62.17, H 5.69, N 8.74. Found: C
61.56, H 5.92, N 9.07. Main IR band (cm−1): 1377 (s).
Nd2[Pc(OC4H9)8]2[Cor(ClPh)3] (2). Yield: ca. 39 mg (26%).

1H NMR
(400 MHz, CDCl3): δ 3.66 (s, 16 H, OCH2), 2.74 (s, 16 H, OCH2),
1.20 (t, 32 H, CH2), 0.96 (m, 32 H, CH2), 0.52 (t, 48 H, CH3), −2.93
(b, 1 H, H). MALDI-TOF mass: calcd 3094.158, found 3092.997.
Anal. Calcd (%) for Nd2C165H180N20O16Cl3 (CHCl3): C 62.04, H
5.68, N 8.72. Found: C 61.87, H 6.12, N 8.36. Main IR bands (cm−1):
1307 (w), 1383 (s).
Sm2[Pc(OC4H9)8]2[Cor(ClPh)3] (3). Yield: ca. 35 mg (23%). 1H

NMR (400 MHz, CDCl3): δ 4.21 (s, 16 H, OCH2), 3.93 (s, 16 H,
OCH2), 1.81 (t, 32 H, CH2), 1.50 (m, 32 H, CH2), 0.96 (t, 48 H,

CH3), −2.39 (b, 1 H, H). MALDI-TOF mass: calcd 3106.398, found
3106.846. Anal. Calcd (%) for Sm2C165H180N20O16Cl3 (1/2CHCl3): C
62.78, H 5.75, N 8.85. Found: C 62.96, H 6.21, N 8.58. Main IR bands
(cm−1): 1313 (w), 1381 (s).

Eu2[Pc(OC4H9)8]2[Cor(ClPh)3] (4). Yield: ca. 48 mg (31%).
1H NMR

(400 MHz, CDCl3): δ 5.38 (s, 16 H, OCH2), 4.89 (s, 16 H, OCH2),
2.54 (t, 32 H, CH2), 2.17 (m, 32 H, CH2), 1.48 (t, 48 H, CH3), −1.35
(b, 1 H, H). MALDI-TOF mass: calcd 3109.606, found 3108.338.
Anal. Calcd (%) for Eu2C165H180N20O16Cl3 (1/2CHCl3): C 62.72, H
5.74, N 8.84. Found: C 62.59, H 5.74, N 9.06. Main IR bands (cm−1):
1311 (w), 1381 (s).

Gd2[Pc(OC4H9)8]2[Cor(ClPh)3] (5). Yield: ca. 43 mg (28%). MALDI-
TOF mass: calcd 3120.178, found 3119.948. Anal. Calcd (%) for
Gd2C165H180N20O16Cl3: C 63.73, H 5.83, N 9.01. Found: C 63.55, H
6.24, N 8.88. Main IR bands (cm−1): 1314 (w), 1383 (s).

Tb2[Pc(OC4H9)8]2[Cor(ClPh)3] (6). Yield: ca. 44 mg (28%). MALDI-
TOF mass: calcd 3123.529, found 3123.351. Anal. Calcd (%) for
Tb2C165H180N20O16Cl3: C 63.45, H 5.81, N 8.97. Found: C 62.96, H
6.16, N 8.55. Main IR bands (cm−1): 1314 (w), 1380 (s).

Y2[Pc(OC5H11)8]2[Cor(ClPh)3] (7). Yield: ca. 2 mg (1%). MALDI-
TOF mass: calcd 3207.915, found 3204.598. Anal. Calcd (%) for
Y2C181H212N20O16Cl3: C 67.64, H 6.69, N 8.76. Found: C 67.82, H
6.57, N 8.74. Main IR bands (cm−1): 1318 (w), 1380 (s).
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