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Abstract: A series of 14 heteroleptic
rare earth sandwich complexes [MIII-
(nc)(oep)] (M�Y, La ±Lu except Ce
and Pm; nc� 2,3-naphthalocyaninate;
oep� octaethylporphyrinate) have been
prepared by a one-pot procedure from
the corresponding [M(acac)3] ¥ nH2O
(acac� acetylacetonate), metal-free
porphyrin H2(oep), and naphthalonitrile
in the presence of 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) in n-octa-
nol. The molecular structures of four of
these complexes (M� Sm, Gd, Y, Lu)
are isostructural, exhibiting a slightly
distorted square antiprismatic geometry
with two domed ligands. The interplanar
distance decreases from 2.823 to 2.646 ä
along the series as a result of lanthanide
contraction. The whole series of com-
plexes have also been characterized
spectroscopically. All the electronic ab-
sorptions, except the two B-bands due to
nc and the oep rings, are metal-depend-
ent, indicating that there are substantial
� ±� interactions. The hole or the un-
paired electron in these double-deckers

is delocalized over both macrocyclic
ligands, as evidenced by the co-appear-
ance of the IR marker bands for the nc .�

(1315 ± 1325 cm�1) and oep .� (1510 ±
1531 cm�1) � radical ions. Three one-
electron oxidation couples and up to
three one-electron reduction couples
have been revealed by electrochemical
methods. All the potentials are linearly
dependent on the size of the metal
center. The changes in absorption spec-
tra during the first electro-oxidation and
reduction of the LaIII, EuIII, and YIII

double-deckers have also been studied
spectroelectrochemically. The spectral
data recorded for [MIII(nc)(oep)]�

(M�Y, La ±Lu except Ce and Pm)
reduced chemically with hydrazine hy-
drate are in accord with those obtained
by spectroelectrochemical methods. The
first heteroleptic naphthalocyaninate-

containing triple-deckers [MIII
2(nc)-

(oep)2] (M�Nd, Eu) have also been
prepared by a raise-by-one-story meth-
od by using [MIII(nc)(oep)] (M�Nd,
Eu), [M(acac)3] ¥ nH2O (M�Nd, Eu),
and H2(oep) as starting materials. The
compounds adopt a symmetrical triple-
decker structure with two outer oep
rings and one inner nc ring, which has
been confirmed by 1H NMR spectros-
copy and X-ray structural determina-
tion of the Nd complex. Both com-
pounds give a near-IR absorption at
1021 nm (for M�Nd) or 1101 nm (for
M�Eu), which has rarely been ob-
served for neutral (or hole-free) triple-
decker complexes and can be ascribed to
the lowest-energy Q�(0, 0) transition.
Similarly to the double-decker ana-
logues, these triple-decker complexes
undergo a series of one-electron transfer
processes with a relatively small poten-
tial gap (1.1 ± 1.2 V) between the first
oxidation and the first reduction.

Keywords: lanthanides ¥ phthalo-
cyanines ¥ pi interactions ¥ porphyr-
ins ¥ sandwich complexes

Introduction

Phthalocyanines and porphyrins are important classes of
pigments that have applications in various disciplines.[1, 2] Both

series belong to a cyclic tetrapyrrole family in which the four
isoindole or pyrrole nitrogen atoms can form complexes with
a range of metal ions. With large metal centers that favor
octacoordination (for example, rare earths, actinides, Group 4
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transition metals, and main group elements such as In, Sn, As,
Sb, and Bi), sandwich-type complexes in the form of double-
(A) and triple-deckers (B) can be formed (Figure 1).[3]

Because of the intramolecular � ±� interactions and the

Figure 1. Schematic structures of homoleptic and heteroleptic sandwich
complexes with tetrapyrrole ligands.

intrinsic nature of the metal centers, these novel complexes
display characteristic features that cannot be found in their
non-sandwich counterparts and which enable them to be used
in different areas. Bis(phthalocyaninato)lanthanide(���) com-
plexes, for example, are versatile materials for electrochromic
displays,[4] field-effect transistors,[5] and gas sensors.[6] The
bis(porphyrinato)cerium(��) analogues have been put forward
as structural and spectroscopic models for the special pair
found in bacterial photosynthetic reaction centers.[7] Recently,
these complexes have also been used for chirality tran-
scription, as saccharide receptors through positive homotrop-
ic allosterism,[8] and as redox-responsive rotating modules.[9]

Homoleptic sandwich complexes containing the same tetra-
pyrrole ligands have been studied extensively, but relatively
little is known about the heteroleptic counterparts (Figure 1),
partly because of the synthetic barrier and the difficulty of
isolation and purification.[3, 10]

For sandwich complexes with an unpaired electron in one of
the tetrapyrrole ligands, a fundamental question concerns the
extent of hole delocalization. It has been found by spectro-
scopic methods that for [MIII(pc)(tpp)] (M�Y, La, Pr,
Nd, Eu, Gd, Er, Lu),[11, 12] [EuIII(oep)(tpp)],[13] and
[MIV(oep)(tpp)]� (M�Ce,[14] Th[15]), the hole resides mainly
on the pc or the oep rings, which is consistent with the lower
oxidation potentials of these macrocycles compared with that
of tpp. For the cationic complexes [MIV(oep)(pc)]� (M�Zr,
Hf, Th, U),[16] there is substantial evidence that the hole is
delocalized over both macrocycles. To improve understanding
of this issue, more examples are needed of heteroleptic
complexes in which the individual chromophoric ligands
exhibit very different optical and redox properties.
2,3-Naphthalocyanine has a more extended � system. As

shown experimentally and by theoretical calculations,[17] the
linear benzoannulation destabilizes the HOMO level leading
to a smaller HOMO±LUMO gap. As a result, 2,3-naphtha-

locyanine has a lower ionization energy and oxidation
potential than the phthalocyanine analogue, and its character-
istic Q-band is also significantly red-shifted. Similar results
have also been found for the double-decker complexes
[LuIII(nc)2][11, 18] and [MIII{nc(tBu)4}2] (M�Y, La ±Nd,
Eu ±Tb, Er),[19] which have the narrowest HOMO±LUMO
gaps (0.28 ± 0.33 V determined by cyclic voltammetry) ever
reported for this kind of complex.
Although naphthalocyaninate-containing sandwich com-

pounds have been known for some time, studies have been
focused on the homoleptic complexes, mainly of luteti-
um(���).[18, 20] Heteroleptic naphthalocyaninato complexes re-
main extremely rare.[21] Recently, we briefly reported
on some of these complexes: [EuIII(nc)(tpyp)],[11, 22]

[EuIII{nc(SC12H25)8}(tpyp)],[22] [EuIII{nc(tBu)4}(tClpp)],[23]

and [MIII(nc)(tbpp)] (M�Y, La ±Tm except Ce and Pm).[23]

In this paper, we report a more detailed and systematic
investigation of the new series of complexes [MIII(nc)(oep)]
(M�Y, La ±Lu except Ce and Pm) and [MIII

2(nc)(oep)2]
(M�Nd, Eu), including the first structural characterization of
naphthalocyaninato sandwich complexes and the first naph-
thalocyaninate-containing mixed triple-deckers.

Results and Discussion

Synthesis of [MIII(nc)(oep)] and [MIII
2(nc)(oep)2]: Among

several synthetic pathways to lanthanide(���) double-decker
complexes with mixed tetrapyrrole ligands [MIII(ring-1)-
(ring-2)],[3, 10] the most commonly used involves prior gen-
eration of the half-sandwich complexes [M(acac)(ring-1)]
from [M(acac)3] ¥ nH2O and H2(ring-1) or Li2(ring-1), fol-
lowed by treatment with H2(ring-2), Li2(ring-2), or the
(na)phthalocyanine precursors, (na)phthalonitriles (for ring-
2� pc or nc derivatives). We found that this stepwise raise-by-
one-story reaction could be simplified to a one-pot procedure.
Thus treatment of [M(acac)3] ¥ nH2O (M�Y, La ±Lu except
Ce and Pm) with H2(oep) and naphthalonitrile in the presence
of DBU in n-octanol led to the formation of the correspond-
ing [MIII(nc)(oep)] (1 ± 14) in 21 ± 45% yield (Scheme 1).[24] It
has been found that for the lanthanide(���) complexes
[MIII(oep)2] and [MIII{nc(tBu)4}2],[19a, 25] the yield of the
double-deckers diminishes progressively with the size of the
central metal ion as a result of an increase in axial
compression of the two macrocyclic ligands. Similar results
were observed for 2 ± 14, but the effect of metal on the
reaction yield was slightly smaller for this series of complexes.
The lanthanum complex [LaIII(nc)(oep)] (1) appeared to be
less stable than the other double-deckers; it decomposed
slowly during chromatography giving a trace amount of
H2(oep) as a red fraction in front of the major band of 1 at
every stage of chromatographic purification. Presumably, the
ring-to-ring separation is slightly too great in this complex to
allow sufficient interactions between the macrocycles to
stabilize the sandwich-type system.
The first nc-containing heteroleptic triple-decker com-

plexes [MIII
2(nc)(oep)2] [M�Nd (15) and Eu (16)] were
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Scheme 1. Synthesis of double- and triple-decker complexes.

prepared by repeating the raise-by-one-story reaction by
using [MIII(nc)(oep)] [M�Nd (3), Eu (5)] as starting materi-
als. Treatment of these double-deckers with H2(oep) and
[M(acac)3] ¥ nH2O (M�Nd, Eu) in refluxing 1,2,4-trichloro-
benzene (TCB) gave the triple-deckers 15 and 16 (Scheme 1).
This method is similar to that employed by Weiss et al.,
who prepared the mixed-metal triple-deckers
[(tpp)M1(pc)M2(por)] (M1�La, Ce; M2�Y, Gd, Lu; por�
oep, tpp) by treating [M1(pc)(tpp)] with [M2(acac)(por)].[26]

Again, the prior generation of [M(acac)(por)] was found to be
unnecessary in the preparation of 15 and 16.[27]

Spectroscopic characterization : All the new compounds were
fully characterized by elemental analyses and various spec-
troscopic methods. Mass spectrometry is a powerful technique
for characterizing this class of compounds as some of the
lanthanides give very distinct isotopic patterns.[28] The MAL-
DI-TOF mass spectrum of [SmIII(nc)(oep)] (4 ; Figure 2) is an
example. The good agreement of the relative abundance of
the isotopic cluster with the simulated spectrum of
[Sm(nc)(oep)]� (inset) provides strong evidence for the
identity of this compound.
Like other lanthanide(���) bis(tetrapyrrole) complexes,[3, 10]

1 ± 14 can be regarded as single-hole complexes in which one
of the macrocyclic ligands contains an unpaired electron. This
was confirmed by the EPR spectra of [MIII(nc)(oep)] (M�La
(1), Y (9), Lu (14)). The spectra recorded in CH2Cl2 at
ambient temperature showed a sharp signal at g� 1.9999 ±

Figure 2. Partial MALDI-TOF mass spectrum of [SmIII(nc)(oep)] (4)
showing the isotopic distribution of the molecular ion. Inset: the
corresponding simulated pattern.

2.0020 with a linewidth of 5.4 ± 10.3 G, which is typical of
organic radicals. All the remaining double-deckers were EPR-
silent under these conditions, probably because of the para-
magnetic nature of the metal centers.
Due to the presence of the unpaired electron and the

paramagnetic nature of some of the lanthanide ions, NMR
data for these complexes are difficult to obtain. However,
upon addition of hydrazine hydrate as a reducing agent,[18, 29]

satisfactory 1H NMR spectra could be obtained for the
reduced form of [MIII(nc)(oep)] (M�La (1), Eu (5), Y (9), Lu
(14)), in which both of the macrocycles become diamagnetic
(i.e. [MIII(nc2�)(oep2�)]�).[30] The NMR spectra for the re-
duced complexes 1, 9, and 14, which have a closed-shell metal
center, were very similar, with a singlet at �� 9.58 ± 9.60 and
two well-resolved doublets of doublets at �� 8.73 ± 8.76 and
7.91 ± 7.94 for the �, �, and � ring protons of the nc ligand,
respectively. The oep proton signals appeared at �� 8.81 ±
8.92 (s, meso-H) and 1.76 ± 1.90 (t, CH3), while the methylene
proton signals were obscured by the strong water signal at ��
3.5 (Table 1). Having a paramagnetic EuIII center, the reduced
5 gave a similar 1H NMR spectrum with signals spreading to a
wider region (Table 1). The singlet for the oep meso-protons
appeared at a more downfield position (�� 15.04), and two
multiplets for the diastereotopic methylene protons (at ��
5.6, 4.4) could be observed in this case.[31]

The triple-deckers 15 and 16 contain three diamagnetic
dianionic macrocyclic ligands, so they can be characterized by
NMR spectroscopy even in the absence of hydrazine hydrate.
The 1H NMR spectra of these compounds included only four
sets of aromatic signals in a 1:1:1:1 ratio, showing that the
triple-deckers adopt a symmetrical [(oep)M(nc)M(oep)]

Table 1. 1H NMR data (�) for the reduced form of the double-deckers 1, 5, 9, and 14.[a]

nc oep
nc-H� nc-H� nc-H� meso-H CH2 CH3

[La(nc)(oep)] (1) 9.60 (s) 8.76 (dd, J� 3.2, 6.1 Hz) 7.94 (dd, J� 3.2, 6.1 Hz) 8.92 (s) 3.65 ± 3.70 (m)[b] 1.90 (t, J� 7.2 Hz)
[Eu(nc)(oep)] (5) 10.98 (s) 9.42 (dd, J� 2.9, 6.1 Hz) 8.27 (dd, J� 2.9, 6.1 Hz) 15.04 (s) 5.56 ± 5.61 (m)4.41 ± 4.47 (m) 3.00 (t, J� 7.3 Hz)
[Y(nc)(oep)] (9) 9.58 (s) 8.73 (dd, J� 3.2, 6.1 Hz) 7.91 (dd, J� 3.2, 6.1 Hz) 8.82 (s) ±[c] 1.80 (t, J� 7.6 Hz)

[Lu(nc)(oep)] (14)[d] 9.58 (s) 8.73 (dd, J� 3.2, 6.3 Hz) 7.94 (dd, J� 3.2, 6.3 Hz) 8.81 (s) ±[c] 1.76 (t, J� 7.7 Hz)

[a] Recorded in [D7]DMF with the addition of 1% hydrazine hydrate on a 400 MHz spectrometer unless otherwise stated. [b] The other set of methylene proton
signals is embedded in the strong band of water at �� 3.5. [c] The signals are obscured by the strong signal of water at �� 3.5. [d] Recorded on a 300 MHz
spectrometer.
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structure in which the two oep rings are related by symmetry.
Similarly to the double-decker analogue [Eu(nc)(oep)]� , two
multiplets were also observed for the two sets of diastereo-
topic methylene protons of the oep rings.
The absorption spectral data of the sandwich compounds

1 ± 16 recorded in CHCl3 are compiled in Table 2. The
dependence of the spectral features of the double-deckers
on the metal is illustrated with the spectra of [MIII(nc)(oep)]
[M�Pr (2), Yb (13)] (Figure 3), which show strong nc and

Figure 3. Electronic absorption spectra of [PrIII(nc)(oep)] (2) (––) and
[YbIII(nc)(oep)] (13) (±±±) in CHCl3.

oep B-bands (or Soret bands) at approximately 325 and
400 nm, respectively. The former is very close to the pc
B-band observed in the spectra of [MIII(pc)(por)] (por�me-
so-tetraarylporphyrinate) with a higher intensity.[12, 32] Three
visible bands (607, 703, and 743 nm for 2, and 595, 655, and
778 nm for 13) can be ascribed to the Q-bands of the
macrocycles. These signals are well resolved for complexes
with a smaller metal center, but some of them appear as
shoulders as the size of the metal center increases (Figure 3).
The absorption positions of these bands are also dependent on
the ionic radius of the metal center. When the metal center
becomes smaller, the longest-wavelength visible band (743 ±
779 nm) shifts gradually to the red, while the other two
absorptions are blue-shifted (Table 2). Interestingly, these

Q-bands are almost invisible for the pc analogues
[MIII(pc)(por)].[12, 32]

By analogy with the double-deckers [MIII(pc)(por)],[12, 32]

the visible band at 522 ± 554 nm and the near-IR absorption at
1091 ± 1336 nm for 1 ± 14 may arise from a hole localized on
the nc ring. Since such characteristic � ± radical-anion bands
can also be observed for [MIII(oep)2] at approximately 540 and
670 nm,[33] the 540 nm band may also have a contribution from
the oep .� . Owing to the extension of the �-conjugated system,
these two bands are substantially red-shifted compared with
those of [MIII(pc)(tpp)] (468 ± 484 and 965 ± 1067 nm),[12b] but
the similarity in their trends of metal dependence provides
additional support for the assignment.
For the double-deckers [MIII(nc)(oep)] (M�La ±Dy),

which have larger metal centers, an additional near-IR band
at 1463 ± 1816 nm can also be seen (Table 2 and Figure 3).
According to the ™supermolecular∫ molecular orbital mod-
el,[34] this signal, which is highly characteristic for single-hole
complexes, can be attributed to an electronic transition from
the second-highest-filled supermolecular bonding orbital to
the half-filled supermolecular antibonding orbital.[35] Similar-
ly to [MIII(pc)(tpp)],[12b] this band undergoes a hypsochromic
shift as the ionic radius of the metal center decreases. For the
rest of the series (9 ± 14), this signal cannot be observed. It is
likely that as the size of the metal center decreases, the
separation between the two near-IR bands becomes smaller
and eventually the two bands coalesce to form a single broad
signal (Table 2). All the visible and near-IR bands in the
spectra of [MIII(nc)(oep)] (1 ± 14) vary systematically with the
ionic radius of the metal center. This strongly suggests that
significant � ±� interactions are present in these double-
decker complexes.
The absorption spectrum (Figure 4) of the triple-decker

[NdIII2(nc)(oep)2] (15) is very similar to that of the Eu
analogue 16. The nc B-band for these two complexes (337 ±
352 nm) is split into two partially resolved signals of equal
intensity, while the oep B-band (406 ± 407 nm) remains sharp
and intense. The spectra also display several relatively weak
absorptions that can be attributed to the Q-band transitions.
Interestingly, one of these signals extends to the near-IR
region (1021 nm for 15 and 1101 nm for 16) (Table 2). By

Table 2. UV/Vis and near-IR spectroscopic data for 1 ± 16 in CHCl3.

�max [nm] (log�)

[La(nc)(oep)] (1) 327 (4.73) 404 (4.80) 554 (sh) 612 (4.48) 712 (sh) 745 (sh) 1091 (3.62) 1816 (3.46)
[Pr(nc)(oep)] (2) 327 (4.91) 402 (4.92) 547 (sh) 607 (4.65) 703 (sh) 743 (sh) 1139 (3.79) 1719 (3.72)
[Nd(nc)(oep)] (3) 327 (4.94) 403 (4.94) 545 (sh) 605 (4.66) 686 (4.07) 749 (sh) 1157 (3.81) 1642 (3.76)
[Sm(nc)(oep)] (4) 328 (5.04) 401 (4.98) 540 (sh) 603 (4.78) 694 (sh) 752 (sh) 1189 (3.98) 1561 (3.83)
[Eu(nc)(oep)] (5) 326 (4.98) 401 (4.89) 539 (4.36) 601 (4.68) 684 (sh) 757 (sh) 1196 (3.85) 1542 (3.76)
[Gd(nc)(oep)] (6) 327 (5.04) 400 (4.98) 536 (4.47) 600 (4.76) 677 (sh) 754 (sh) 1208 (3.97) 1522 (3.87)
[Tb(nc)(oep)] (7) 326 (5.05) 400 (4.99) 535 (4.47) 598 (4.74) 676 (sh) 760 (sh) 1223 (3.92) 1480 (3.87)
[Dy(nc)(oep)] (8) 325 (4.97) 399 (4.93) 530 (4.42) 597 (4.63) 668 (4.19) 766 (3.64) 1251 (3.90) 1463 (3.86)
[Y(nc)(oep)] (9) 327 (4.99) 399 (4.93) 530 (4.23) 596 (4.67) 658 (sh) 772 (3.80) 1308 (4.11)
[Ho(nc)(oep)] (10) 325 (5.10) 400 (5.06) 528 (4.57) 597 (4.76) 662 (4.35) 771 (3.83) 1287 (4.06)
[Er(nc)(oep)] (11) 324 (5.11) 399 (5.07) 525 (4.58) 595 (4.75) 658 (4.37) 772 (3.80) 1319 (4.11)
[Tm(nc)(oep)] (12) 324 (4.95) 398 (4.90) 525 (4.42) 594 (4.58) 657 (4.21) 775 (3.64) 1328 (3.97)
[Yb(nc)(oep)] (13) 324 (4.90) 400 (4.87) 524 (4.37) 595 (4.48) 655 (4.18) 778 (3.68) 1331 (3.95)
[Lu(nc)(oep)] (14) 324 (4.93) 398 (4.85) 522 (4.37) 591 (4.51) 654 (4.15) 779 (3.57) 1336 (3.89)
[Nd2(nc)(oep)2] (15) 337 (5.18) 352 (5.17) 407 (5.41) 524 (4.39) 637 (4.41) 1021 (4.27)
[Eu2(nc)(oep)2] (16) 338 (5.08) 350 (5.07) 406 (5.22) 525 (4.21) 640 (4.41) 1101 (3.93)
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Figure 4. Electronic absorption spectrum of [NdIII2(nc)(oep)2] (15) in
CHCl3.

analogy with the proposed origin of the Q� state of the triple-
deckers [MIII

2(oep)3] (600 ± 800 nm), which is believed to be
associated primarily with configurations arising from the one-
electron transitions from the top (antibonding) HOMOs to
the lowest (bonding) LUMOs,[36] this near-IR transition may
be ascribed to the lowest-energy Q�(0, 0)-band. The assign-
ment is supported by the electrochemical data and the
spectral properties of the related anionic double-deckers
[MIII(nc)(oep)]� (M�Y, La ±Lu except Ce and Pm), which
also contain only dianionic macrocyclic ligands (see below).
Near-IR bands are usually associated with an unpaired
electron or hole in sandwich-type complexes.[3, 10] The results
for 15 and 16 show that electronic transitions may also appear
in the near-IR region for sandwich compounds with only
dianionic ligands. Re-examination of the absorption spectra
of the heteroleptic triple-deckers [MIII

2(pc)(por)2] showed
that the compounds do exhibit a near-IR absorption at
approximately 860 ± 980 nm[37] which had been ignored in
most of the previous studies.[26, 38, 39]

According to the electronic absorption spectra, it appears
that the hole in the double-deckers 1 ± 14 is delocalized on the
electronic timescale (10�15 s). The co-existence of nc .� and
oep .� character in the complexes was also revealed by IR
spectroscopy, which along with Raman spectroscopy is a
versatile tool for probing the extent of hole delocalization in
these sandwich-type complexes.[40] There were IR marker
bands for these � radical anions at 1315 ± 1325 (medium to
strong) and 1510 ± 1531 cm�1 (weak to medium);[16, 19, 22, 23] this
shows that the hole or the unpaired electron resides on a
mixed nc/oep orbital. This can be rationalized in terms of the
similar oxidation potentials of related nc and oep com-
plexes.[41] Similarly, diagnostic bands belonging to both oep .�

(1515 ± 1547 cm�1) and pc .� (1310 ± 1321 cm�1) were ob-
served[16] for the cationic single-hole complexes
[MIV(oep)(pc)]� (M�Zr, Hf, Th, U). As expected, the
characteristic IR marker bands for nc .� and oep .� � radical
anions were not observed for the triple-deckers 15 and 16,
which contain only dianionic macrocyclic ligands. However,
both spectra showed three moderately strong absorptions at
1308 ± 1361 cm�1 which, by analogy with the pc counter-
parts,[40a] are believed to be the marker bands for nc2�.

Structural studies : The molecular structures of 4, 6, 9, 14, and
15 were also determined by single-crystal X-ray analyses.
Although nc-containing sandwich complexes are known,[18±23]

structural data of this class of compounds have not been
reported so far. The single crystals were grown by slow
diffusion of hexane into their CHCl3 solutions.[42] The
structures of 4 and 9 also contained solvated cyclohexane,
which may come from the solvents used for crystalliza-
tion.[43] All the double-deckers have similar structures (Ta-
ble 3). The structural features of these complexes are
exemplified by the molecular structure of [YIII(nc)(oep)] (9)
(Figure 5). The yttrium center is coordinated by eight nitrogen
atoms from the isoindole and pyrrole of the nc and oep rings,
respectively, forming a nearly perfect square antiprism with a
ring-to-ring separation of 2.700 ä (as defined by the two N4

mean planes). The metal center lies closer to the N4 plane of
oep by 0.221 ä, probably because of the larger cavity of oep.
The two N4 planes are virtually parallel (dihedral angle 0.6�),
but the two ligands are significantly domed. The average
dihedral angle (�) of the individual isoindole or pyrrole rings
with respect to the corresponding N4 mean plane is 14.0� for
the nc and 15.2� for the oep ring, showing that the latter is
slightly more deformed. The interplanar separation and the
average M±N distances decrease with the size of the metal
center (Table 3), while the extent of ligand deformation
remains essentially unchanged. The average twist angle,
defined as the rotation angle of one ring away from the
eclipsed conformation of the two rings, or simply the dihedral
angle N(nc) ± center(nc N4 plane) ± center(oep N4 plane) ±
N(oep), is close to 45� for all these complexes, an indication
that the two ligands are almost fully staggered. Ohashi and co-
workers have recently reported the structures of a series of
bis(phthalocyaninato)lanthanide(���) complexes [Bu4N]-
[M(pc)2] (M�Nd, Gd, Ho, Lu).[44] It has been found that
the twist (or skew) angle increases from 6.2� to 45.0� as the
size of the metal center decreases along the series, suggesting
an increase in � ±� interactions. Such a trend, however, was

Table 3. Comparison of the structural data for 4, 6, 9, 14, and 15.

4 6 9 14 15

average M±N(nc) bond distance [ä] 2.507 2.473 2.456 2.439 2.711
average M±N(oep) bond distance [ä] 2.458 2.427 2.407 2.393 2.429
M±N4(nc) plane distance [ä] 1.539 1.497 1.461 1.439 1.881
M±N4(oep) plane distance [ä] 1.285 1.256 1.240 1.207 1.274
interplanar distance [ä] 2.823 2.750 2.700 2.646 3.155
dihedral angle between the nc and oep N4 planes [�] 1.5 1.1 0.6 0.9 0.4
average dihedral angle � for the nc ring [�] 13.0 13.2 14.0 13.1 2.6
average dihedral angle � for the oep ring [�] 15.0 15.4 15.2 14.9 9.1
average twist angle [�] 44.3 44.3 44.8 45.1 30.8
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Figure 5. Molecular structure of [YIII(nc)(oep)] (9) from two perspectives.
Hydrogen atoms are omitted for clarity and the ellipsoids are drawn at
30% probability level.

not observed in the nc/oep heteroleptic double-deckers.[45] It is
likely that the staggered orientation can minimize the non-
bonding interactions between the fused benzene rings of nc
and the �-ethyl groups of oep.
The triple-decker 15 is centrosymmetric, and the crystal

structure contains disordered CH2Cl2 and water molecules.
Each neodymium ion is sandwiched between an outer
oep ring and the inner nc ring, giving a symmetrical
[(oep)Nd(nc)Nd(oep)] structure (Figure 6), in accord
with the NMR data. Each metal center adopts a distorted
square antiprismatic geometry with an average twist angle of
30.8�. The inner nc ring is almost planar (� 2.6�), while the
outer oep rings are slightly domed toward the metal centers (�
9.1�). The average Nd ±N(nc) bond length (2.711 ä) is
significantly longer than the average Nd ±N(oep) distance
(2.429 ä), and the difference (0.282 ä) is much larger than
that for the analogous double-deckers (0.046 ± 0.049 ä). The
metal centers therefore lie much closer to the oep rings (1.274
compared with 1.881 ä), giving a ring-to-ring separation of
3.155 ä.

Figure 6. Molecular structure of [NdIII2(nc)(oep)2] (15) showing the 30%
probability thermal ellipsoids for all non-hydrogen atoms.

Electrochemical properties : The electrochemical behavior of
1 ± 16 was investigated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in CH2Cl2. All the
compounds underwent three quasi-reversible one-electron
oxidations and two quasi-reversible one-electron reductions.
An additional oxidation couple was detected for the triple-
deckers 15 and 16. All these processes can be attributed to
successive removal or addition of electrons to the ligand-
based orbitals (Scheme 2). Representative cyclic voltammo

Scheme 2. Different redox states of the double-deckers [MIII(nc)(oep)].

grams(for 11 and 16) are displayed in Figure 7, and the half-
wave potentials are summarized in Table 4. Having a more
electron-rich oep ligand, complexes 1 ± 14 have a lower first
oxidation potential (0.19 ± 0.49 V) and a more negative first
reduction potential (�0.22 ± 0.06 V) than the corresponding
tbpp analogues [MIII(nc)(tbpp)] (0.42 ± 0.55 and �0.10 ±
0.05 V, respectively).[23] Figure 8 shows the variation of the
redox potentials of 1 ± 14 with the ionic radius of the metal
center.[46] Similarly to those observed in other series of
bis(tetrapyrrole) rare earth(���) complexes,[12b, 19a, 23, 41b, 47] both
the first oxidation and the first reduction potentials of 1 ± 14
are linearly dependent on the size of the metal center. The
gradients (1.42 and 1.30 Vä�1, respectively) are more positive
than those observed for [MIII(oep)2] (0.91 and 1.24 Vä�1)[41b]

and [MIII{nc(tBu)4}2] (0.86 and 1.08 Vä�1),[19a] showing that
the influence of metal size on these potentials (or the HOMO
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Figure 7. Cyclic voltammograms of a) [ErIII(nc)(oep)] (11) and b) [EuIII2-
(nc)(oep)2] (16) in CH2Cl2 containing 0.1 moldm�3 [Bu4N][PF6] at a scan
rate of 100 mVs�1.

and LUMO levels) is greater for the heteroleptic complexes.
However, the potential difference between these two proc-
esses, which is a measure of the molecular band (or HOMO±
LUMO) gap, is rather insensitive to the metal center and
ranges from 0.391 to 0.433 V. These values are slightly higher
than those of the homoleptic analogues [MIII(oep)2] (0.32 ±
0.365 V)[41b] and [MIII{nc(tBu)4}2] (0.28 ± 0.34 V),[19a] but slight-
ly lower than those of [MIII(pc)2] (0.441 ± 0.455 V)[47a] and
[MIII(pc)(tpp)] (0.465 ± 0.475).[12b] The potentials of all the
remaining redox processes also seem to correlate linearly with
the metal size (Figure 8), but the effect is weaker, as indicated
by the smaller gradients (�0.5 Vä�1). The linear correlation
observed between all these potentials and the ionic radius of
the central metal indicates that � ±� interactions are probably
present in these heteroleptic double-deckers, in accord with
the spectroscopic data described above.

Figure 8. Redox potentials of [MIII(nc)(oep)] (1 ± 14) as a function of the
ionic radius of the metal center;[57] �� second reduction, �� first
reduction, �� first oxidation, �� second oxidation, �� third oxidation.

In comparison with the double-deckers 3 and 5, the
corresponding triple-deckers 15 and 16 undergo oxidations
more readily, as shown by the lower oxidation potentials,
whereas the first reduction occurs less readily (Table 4).
Similarly to the tris(phthalocyaninato)lanthanide(���) com-
plexes [MIII

2{pc(OC4H9)8}3] (M�La, Dy, Yb, Lu),[48] the first
and second oxidation potentials decrease with the size of the
metal center, whereas the reduction processes show only a
small metal dependence. All these observations suggest that
significant � ±� interactions exist in these triple-decker
complexes also. The potential differences between the first
oxidation and the first reduction are 1.196 and 1.090 V for 15
and 16, respectively, between those for the homoleptic triple-
deckers [MIII

2(oep)3] (M�La, Ce, Eu) (1.81 ± 1.92 V)[49] and
[LuIII2(1,2-nc)3] (0.86 V).[20b]

Absorption spectra of the oxidized and reduced double-
deckers : All the redox processes for the double-deckers
involve a one-electron transfer (Scheme 2). The difference
between E1/2 (red1) and E1/2 (red2) for the neutral complexes
1 ± 14may thus be correlated with the HOMO±LUMO gap of
the corresponding reduced species [MIII(nc)(oep)]� . The

Table 4. Electrochemical data for 1 ± 16.[a]

E1/2 (oxd4) E1/2 (oxd3) E1/2 (oxd2) E1/2 (oxd1) E1/2 (red1) E1/2 (red2)

[La(nc)(oep)] (1) 1.409 1.138 0.492 0.059 � 1.330
[Pr(nc)(oep)] (2) 1.361[b] 1.107[b] 0.356 � 0.071 � 1.416
[Nd(nc)(oep)] (3) 1.444[b] 1.198 0.407 � 0.011 � 1.353
[Sm(nc)(oep)] (4) 1.380[b] 1.166 0.303 � 0.122 � 1.427
[Eu(nc)(oep)] (5) 1.376[b] 1.162 [b] 0.262 � 0.146 � 1.432
[Gd(nc)(oep)] (6) 1.385[b] 1.158 [b] 0.246 � 0.186 � 1.472[b]

[Tb(nc)(oep)] (7) 1.410[b] 1.180 0.256 � 0.161 � 1.440
[Dy(nc)(oep)] (8) 1.400[b] 1.177 0.230 � 0.185 � 1.443
[Y(nc)(oep)] (9) 1.426[b] 1.220 0.255 � 0.162 � 1.411
[Ho(nc)(oep)] (10) 1.391[b] 1.178 0.192 � 0.218 � 1.459
[Er(nc)(oep)] (11) 1.401 1.190 0.208 � 0.207 � 1.440
[Tm(nc)(oep)] (12) 1.407 1.195 0.190 � 0.201 � 1.421
[Yb(nc)(oep)] (13) 1.426[b] 1.218 0.197 � 0.220 � 1.451
[Lu(nc)(oep)] (14) 1.506[b] 1.293 0.255 � 0.152 � 1.372[b]

[Nd2(nc)(oep)2] (15) 1.528[b] 1.164 0.665 0.300 � 0.896[b] � 1.405
[Eu2(nc)(oep)2] (16) 1.563[b] 1.149 0.582 0.184 � 0.906 � 1.391

[a] Recorded with [Bu4N][PF6] as electrolyte in CH2Cl2 (0.1 moldm�3) at ambient temperature. Potentials were obtained by cyclic voltammetry with a scan
rate of 100 mVs�1, and are expressed as half-wave potentials (E1/2) in V relative to SCE unless otherwise stated. [b] By differential pulse voltammetry.
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position of the lowest-energy absorption arising from a
HOMO±LUMO transition of these anionic complexes can
be determined from the general relationship which has been
proposed for conjugated � systems [Eq. (1)].[50] The theoret-

E1/2 (oxd)�E1/2 (red)�h�� 0.01 eV (1)

ical values are close to the experimental data obtained by
adding hydrazine hydrate to solutions of 1 ± 14 in CHCl3/
MeOH (1:1, v/v) (Table 5).[51] There is a linear relationship
between the blue shift of this near-IR absorption and the size

of the metal center with a gradient of approximately
�7 nmpm�1 (see Figure S2 in the Supporting information).
A similar trend was observed for [MIII(pc)(tpp)]� (M�Y, La,
Pr, Nd, Eu, Gd, Er, Lu), in which the lowest-energy Q-band
appears at a shorter-wavelength position (746 ± 850 nm).[12b]

The absorption spectra of the double-deckers
[MIII(nc)(oep)]� are similar to those of the triple-deckers
[MIII

2(nc)(oep)2], which can be regarded as having two
[MIII(nc)(oep)]� moieties sharing a common nc ligand.[12a]

Accordingly, the unusual near-IR band for the triple-deckers
15 (1021 nm) and 16 (1101 nm) can also be attributed to a
HOMO±LUMO transition, or the lowest-energy Q�(0, 0)-
band as described above. The assignment is supported by the
good agreement between the observed �max and that estimated
from the first oxidation and reduction potentials of 15 and 16
(Table 5). In addition, the absorption positions of these two
complexes (16 (1101 nm)� 15 (1021 nm)) are also in line with
the trend observed for the anionic double-deckers (Figure S2,
Supporting information).
The double-deckers 1, 5, and 9 in dichlorobenzene, which

contained [Bu4N][ClO4] (0.1 moldm�3) as supporting electro-
lyte, were further investigated by spectroelectrochemical

methods, employing a typical thin-layer cell for in situ UV±
visible spectroscopic measurements. Their electrochemical
behavior in dichlorobenzene was similar to that in CH2Cl2,
but with an additional reduction couple.[52] For example, the
spectral changes during the first reduction and oxidation of
the EuIII double-decker 5 are displayed in Figure 9, with the

Figure 9. Absorption spectral changes during a) the first electro-reduction
and c) the first electro-oxidation of [EuIII(nc)(oep)] (5) in dichlorobenzene
containing 0.1 moldm�3 [Bu4N][ClO4]; b) absorption spectrum of neutral
[EuIII(nc)(oep)] in CHCl3, for comparison.

absorption spectrum of the neutral complex for comparison.
The absorption data for the neutral, singly electro-reduced,
and singly electro-oxidized species of the three complexes are
summarized in Table 6. Isobestic points are obtained during
each electron transfer (Figure 9), showing the lack of spectral
intermediates on the thin-layer spectroelectrochemical time-
scale. The spectrum for the electro-reduced [EuIII(nc)(oep)]�

is virtually identical to that obtained by chemical reduction by
hydrazine hydrate (Table S1, Supporting information). Dur-

Table 5. Comparison between the calculated and experimental values for the
lowest-energy absorption band for [MIII(nc)(oep)]� (M�Y, La ±Lu except Ce
and Pm), 15, and 16.

E1/2 (oxd)�E1/2 (red) [V][a] �max [nm]
calculated[b] observed[c]

[La(nc)(oep)]� 1.389 899 844
[Pr(nc)(oep)]� 1.345 929 868
[Nd(nc)(oep)]� 1.342 931 878
[Sm(nc)(oep)]� 1.305 957 905
[Eu(nc)(oep)]� 1.286 972 910
[Gd(nc)(oep)]� 1.286 972 920
[Tb(nc)(oep)]� 1.279 977 929
[Dy(nc)(oep)]� 1.258 994 938
[Y(nc)(oep)]� 1.249 1001 944
[Ho(nc)(oep)]� 1.241 1007 948
[Er(nc)(oep)]� 1.233 1014 952
[Tm(nc)(oep)]� 1.220 1025 973
[Yb(nc)(oep)]� 1.231 1015 976
[Lu(nc)(oep)]� 1.220 1025 978
[Nd2(nc)(oep)2] (15) 1.196 1045 1021[d]

[Eu2(nc)(oep)2] (16) 1.090 1148 1101[d]

[a] For the double-decker anions, E1/2 (red1) and E1/2 (red2) are taken from
Table 4. For the two triple-deckers, the values of E1/2 (oxd1) and E1/2 (red1) are
used. [b] Calculated according to Equation (1). [c] Measured by adding
hydrazine hydrate to CHCl3/MeOH (1:1, v/v) solutions of the corresponding
neutral double-decker complexes, unless otherwise stated. [d] Measured in
CHCl3.

Table 6. UV/Vis and near-IR spectroscopic data for the neutral,[a] singly
electro-reduced,[b] and singly electro-oxidized[b] species of 1, 5, and 9.

�max [nm]

[La(nc)(oep)]� 330 409 486 634 834
[Eu(nc)(oep)]� 330 404 486 611 654 894
[Y(nc)(oep)]� 334 407 483 612 664 926
[La(nc)(oep)] (1) 327 404 554 612 712 745 1091 1816
[Eu(nc)(oep)] (5) 326 401 539 601 684 757 1196 1542
[Y(nc)(oep)] (9) 327 399 530 596 658 772 1308
[La(nc)(oep)]� 338 385 633 773 1400
[Eu(nc)(oep)]� 334 370 607 723 1095
[Y(nc)(oep)]� 328 363 594 710 1021

[a] Recorded in CHCl3. [b] Recorded in dichlorobenzene containing
0.1 moldm�3 [Bu4N][ClO4].
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ing reduction, the oep B-band increases in intensity and shifts
slightly to the red, while the nc B-band remains relatively
unchanged (Figure 9a); this indicates that the semi-occupied
HOMO may have more oep than nc character. In addition,
the diagnostic radical bands at 539 and 1196 nm and the
intramolecular ring-to-ring charge transfer band at 1542 nm
vanish, while three new bands at 486, 654, and 894 nm that
emerge are typical of double-deckers having two dianionic
ligands such as [MIII(pc)(tpp)]� (M�Y, La, Pr, Nd, Eu, Gd,
Er, Lu),[12] [MIII(pc)(tpyp)]� (M�Eu, Gd),[32a] and [MIV(pc)-
(por)] (M�Zr, Hf, Th, U; por� oep, tpp).[16]

Figure 9c illustrates the changes that occur upon oxidation
of [EuIII(nc)(oep)] to [EuIII(nc)(oep)]� . The nc B-band
increases in intensity and is slightly red-shifted, while the
reverse trend is observed for the oep B-band giving a blue-
shifted signal at 370 nm. The larger spectral changes for the
latter may also indicate that the semi-occupied HOMO has a
greater contribution from oep than from nc. Whereas there
are no significant changes in the visible region, the lowest-
energy near-IR absorption is substantially blue-shifted from
1542 to 1095 nm upon oxidation. Similar results have been
observed for [MIII(pc)(tpp)] (M�Y, La, Pr, Nd, Eu, Gd, Er,
Lu)[12b] and [MIV(por)2]� (M�Zr, Hf; por� oep, tpp),[53] of
which the charge transfer band is blue-shifted by 205 ± 352 and
274 ± 290 nm upon oxidation to the corresponding mono- and
dications, respectively. All these observations suggest that
each of these species has a di-�-radical character.
The spectroelectrochemical properties of the LaIII and YIII

analogues are similar to those of 5. The spectral changes are
compared in Figure S4 (Supporting information). One of the
major differences occurs in the position of the lowest-energy
transition, which depends on the size of the metal center. The
band shifts slightly to the blue for the anions [MIII(nc)(oep)]� ,
but is substantially red-shifted for the cations [MIII(nc)(oep)]�

when the ionic radius increases from YIII to LaIII.

Conclusion

We have developed a straightforward and simple method-
ology to prepare a new series of rare earth sandwich
complexes with mixed nc and oep ligands. These rare
heteroleptic complexes have been fully characterized by a
wide range of spectroscopic and electrochemical methods.
The molecular structures of four double-deckers and one
triple-decker, which represent the first structures reported for
nc-containing sandwich complexes, have also been deter-
mined. According to the spectroscopic and electrochemical
studies, all the complexes exhibit significant � ±� interactions.
For the double-deckers 1 ± 14, the hole or the unpaired
electron is delocalized over both macrocyclic ligands.

Experimental Section

Purification of solvents, preparation of precursors, spectroscopic measure-
ments, and electrochemical studies have been described in detail else-
where.[19, 23] The Rf values were measured using CHCl3/hexane (4:1, v/v)
(for all the double-deckers) or toluene (for the two triple-deckers) as
eluent. EPR spectra were recorded in CH2Cl2 at ambient temperature on a

Bruker EMX EPR spectrometer equipped with an ER041XG microwave
bridge (X-band). The field was calibrated using 1,1-diphenyl-2-picrylhy-
drazyl. The reaction yield, Rf value, spectroscopic (MS, IR, and EPR), and
analytical data of all the double-deckers are given in the Supporting
information.

Preparation of 1 ± 14 : A mixture of [M(acac)3] ¥ nH2O (0.10 mmol), H2(oep)
(27 mg, 0.05 mmol), naphthalonitrile (72 mg, 0.40 mmol), and 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU; 0.05 mL, 0.33 mmol) in n-octanol (4 mL)
was refluxed overnight (�18 h) under nitrogen to give a dark green
solution. The solvent was removed under reduced pressure, and the residue
was purified by chromatography on a silica gel column with CH2Cl2/hexane
(1:1, v/v) as eluent. Part of the unreacted metal-free porphyrin was
collected as the first fraction. The column was then eluted successively with
CH2Cl2, CHCl3, and MeOH in CHCl3 (3%) to give the desired double-
decker, which was contaminated with a small amount of H2(oep) as shown
by UV/Vis spectroscopy. The crude product was further purified by
repetition of the same chromatographic procedure, followed by recrystal-
lization from a mixture of CHCl3 and MeOH to afford dark blue
microcrystals.

Preparation of 15 and 16 : A mixture of [MIII(nc)(oep)] [M�Nd (3), Eu (5)]
(16 �mol), H2(oep) (14 mg, 26 �mol), and [M(acac)3] ¥nH2O (M�Nd, Eu)
(0.05 mmol) in 1,2,4-trichlorobenzene (TCB; 4 mL) was refluxed under
nitrogen for 18 h to give a greenish blue solution. The solvent was removed
under reduced pressure, and the residue was subjected to chromatography
on a silica gel column with CH2Cl2/hexane (1:1, v/v) as eluent to remove the
unreacted [MIII(nc)(oep)] and H2(oep). The column was then eluted with
toluene to develop a green band containing [MIII

2(nc)(oep)2], which was
purified by repeated chromatography followed by recrystallization from a
mixture of CHCl3 and MeOH.

[Nd2(nc)(oep)2] (15): Yield 15 mg (46%); Rf� 0.78; 1H NMR (300 MHz,
[D5]pyridine): �� 7.53 (br s, 8H; meso-H or nc-H), 7.29 (br s, 8H; meso-H
or nc-H), 5.91 (br s, 8H;meso-H or nc-H), 3.79 (br s, 8H;meso-H or nc-H),
2.60 ± 2.72 (m, 16H; CH2), 1.20 ± 1.40 (m, 16H; CH2), 0.78 ± 0.96 (m, 48H;
CH3); MS (MALDI-TOF): m/z : 2064 [M]� ; elemental analysis calcd (%)
for C121H113Cl3N16Nd2 (15 ¥ CHCl3) (2186.2): C 66.48, H 5.21, N 10.25;
found: C 66.63, H 5.47, N 9.90.

[Eu2(nc)(oep)2] (16): Yield 21 mg (63%); Rf� 0.84; 1H NMR (300 MHz,
[D5]pyridine): �� 13.52 (br s, 8H; nc-H�), 13.16 (br s, 8H; meso-H), 10.66 ±
10.74 (m, 8H; nc-H�), 9.20 ± 9.30 (m, 8H; nc-H�), 4.70 ± 4.82 (m, 16H; CH2),
3.12 ± 3.28 (m, 16H; CH2), 1.14 ± 1.28 (m, 48H; CH3); MS (MALDI-TOF):
m/z : 2081 [M]� ; elemental analysis calcd (%) for C122.5H114.5Cl7.5Eu2N16 (16 ¥
2.5CHCl3) (2380.7): C 61.80, H 4.85, N 9.41; found: C 61.94, H 4.97, N 8.95.

X-ray crystallographic analyses of 4, 6, 9, 14, and 15 : Crystal data and
details of data collection and structure refinement are given in Table 7.
Data were collected on a Bruker SMART CCD diffractometer with an
MoK� sealed tube (�� 0.71073 ä) at 293 K, and by using a 	 scan mode
with an increment of 0.3�. Preliminary unit cell parameters were obtained
from 45 frames. Final unit cell parameters were derived by global
refinements of reflections obtained from integration of all the frame data.
The collected frames were integrated by using the preliminary cell-
orientation matrix. SMART software was used for collecting frames of
data, indexing reflections, and determination of lattice constants; SAINT-
PLUS for integration of intensity of reflections and scaling;[54] SADABS for
absorption correction;[55] and SHELXL for space group and structure
determination, refinements, graphics, and structure reporting.[56] Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-165147 ± 165151. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (�44)1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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