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ABSTRACT: A series of four mixed (phthalocyaninato)-
(porphyrinato) rare earth double-decker complexes (Pc)M[Por-
(Fc),] [Pc = phthalocyaninate; Por(Fc), = 5,15-di(ferrocenyl)-
porphyrinate; M = Eu (1), Y (2), Ho (3), Lu (4)] and their
europium(III) triple-decker counterpart (Pc)Eu(Pc)Eu[Por-
(Fc),] (8), each with two ferrocenyl units at the meso-positions
of their porphyrin ligands, have been designed and prepared.
The double- and triple-decker complexes 1—5 were charac-
terized by elemental analysis and various spectroscopic methods.

The molecular structures of two double-deckers 1 and 4 were also determined by single-crystal X-ray diffraction analysis.
Electrochemical studies of these novel sandwich complexes revealed two consecutive ferrocene-based one-electron oxidation waves,
suggesting the effective electronic coupling between the two ferrocenyl units. Nevertheless, the separation between the two
consecutive ferrocene-based oxidation waves increases from 1 to 4, along with the decrease of rare earth ionic radius, indicating the
effect of rare earth size on tuning the coupling between the two ferrocenyl units. Furthermore, the splitting between the two
ferrocene-based one-electron oxidations for triple-decker $ is even smaller than that for 1, showing that the electronic interaction
between the two ferrocene centers can also be tuned through changing the linking sandwich framework from double-decker to
triple-decker. For further understanding of the electronic coupling between ferrocenyl groups, DFT calculation is carried out to
clarify the electronic delocalization and the molecular orbital distribution in these double-decker complexes.

B INTRODUCTION

Covalently linked arrays of photo- and redox-active units with
long-range electronic coupling behavior have aroused increas-
ing interest for their potential applications in molecular
electronics.”” Owing to its well-defined electrochemistry,
ferrocene has been extensively utilized in the construction of
such multicomponent systems for the purpose of detecting and
investigating the metal—metal coupling by means of spectro-
scopic analyses and electrochemical methods.> Among various
frameworks linking the ferrocenyl units, porphyrins* and their
artificial analogues, phthalocyanines,” are very attractive because
of their unique cyclic 7-conjugated tetrapyrrole structures and
redox and photophysical properties. However, despite quite
a large number of reéports on the di- and multiferrocenyl-
appended porphyrin® and phthalocyanine architectures,’”
examples exhibiting strong electronic coupling between the
ferrocenyl units connected via tetrapyrrole framework remain
rare due to their large distance and, in particular, unsuitable
relative orientation associated with the free rotation of these
ferrocenyl units. Boyd et al.® and Rhee et al reported 5,15-
bis(ferrocenyl)-f-octaalkyl-porphyrins  with syn-conformation,
which have shown long-range metal—metal coupling between

-4 ACS Publications  © 2012 American Chemical Society 5651

the two meso-ferrocenyl units. Augel et al. found that 5,15-
diferrocenyl-10-phenylporphyrin® and both cis- and tras-
isomers of meso-substituted diferrocenyldipentafluorophenyl
porphyrins®® formed mixed valence states in given electro-
chemistry conditions. Recently, Nemykin and co-workers
systematically investigated the long-range electronic communi-
cation for a series of meso-substituted bis-, tris-, and tetra-
ferrocenyl porphyrins.**™ Their results suggest that the steric
hindrance induced stable syn-conformation of meso-ferrocenyl
units relative to the porphyrin core is not the only access to the
strong electronic coupling.

However, tetrapyrrole derivatives such as porphyrins and
phthalocyanines, containing four pyrrole or isoindole nitrogen
atoms, are able to coordinate with rare earth metals, forming
sandwich-type complexes in the form of double- and triple-
decker.” Because of the intramolecular 7—7 interactions and
the intrinsic nature of the rare earth metal centers, these novel
complexes display characteristic features that cannot be found
in their nonsandwich counterparts, enabling them to be used
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Scheme 1. Synthesis of Metal Free Porphyrin H,Por(Fc), and Double- and Triple-Decker Complexes 1—5
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M = Eu (1), Y(2), Ho (3) and Lu (4)

in different areas such as field effect transistors,'® molecular
magnets,"' and molecular-based multibit information storage
devices."” In particular, both the two tetraprryole ligands in the
double-decker as well as the outer two ligands in the triple-
decker molecule are revealed to adopt a domed conformation
toward the central rare earth ion(s).” This renders it possible
to tune the substituents like the phenyl groups attached at the
meso-positions of the porphyrin ligand in a syn-configuration
with respect to the porphyrin ring due to their restricted rotation
associated with the steric hindrance from the Pc ring in the mixed
(phthalocyaninato) (porphyrinato) rare earth sandwich com-
plexes.”> As a result, we designed and prepared a series of
tetrapyrrole—ferrocene conjugates in which two bulky ferrocenyl
units are linked with (phthalocyaninato)(porphyrinato) double-
or triple-decker framework, namely, M(Pc)[Por(Fc),] [M = Eu
(1), Y (2), Ho (3), Lu (4)] and Eu,(Pc),[Por(Fc),] ().
Electrochemical studies clearly reveal the effective electronic
coupling between the two ferrocenyl units attached at the meso-
positions of the porphyrin ring due to their suitable orientation
and distance adjusted by the sandwich structure of tetrapyrrole
rare earth complexes. Nevertheless, the interaction between the
two ferrocene centers has been revealed easily tunable through
changing either the rare earth metal or the linking sandwich
framework because of the dependence of the tetrapyrrole
doming degree in sandwich molecules on the rare earth size and
sandwich form.'* This gives a useful hint on developing novel
molecular systems containing multiple photoactive and redox-
active centers with long-range electronic coupling for applica-
tions in molecular electronics.

B RESULTS AND DISCUSSION

Synthesis and Spectroscopic Characterization. Metal
free porphyrin with two ferrocenyl units attached at the two
opposite meso-positions, H,Por(Fc),, was prepared by a condensa-
tion reaction between ferrocene aldehyde and dipyrrolemethane.'®
Treatment of H,Por(Fc), with the half-sandwich complexes
M"(acac)(Pc) (M = Eu, Y, Ho, Lu), which were generated in
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situ from corresponding M(acac);nH,O (M = Eu, Y, Ho, Lu)
and phthalonitrile in the presence of 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU), in refluxing n-octanol led to the formation
of mixed (phthalocyaninato)(porphyrianto) rare earth double-
deckers M(Pc)[Por(Fc),] [M = Eu (1), Y (2), Ho (3), Lu (4)]
in the yields of 5—20%, Scheme 1. The yields of the series of
double-deckers 1—4, which show dependence on the rare earth
ionic size, diminish gradually along with the lanthanide contrac-
tion as a result of an increase in axial compression between the
two tetrapyrrole macrocyclic ligands. The mixed ring europium
triple-decker Eu,(Pc),[Por(Fc),] (5) was obtained from the
reaction of metal free porphyrin H,Por(Fc), with Eu(Pc), in the
presence of Eu(acac);-H,0, Scheme 1. As expected, decreased
axial compression between two neighboring tetrapyrrole ligands
associated with increased ring-to-ring separation and decreased
7—n interaction in mixed (phthalocyaninato)(porphyrinato)
triple-decker counterpart induces the easy formation of cor-
responding mixed ring triple-decker complex.” This is verified by
the isolation of compound $ in the high yield of 70%.

All these newly prepared mixed ring rare earth complexes
were fully characterized with elemental analysis and a range
of spectroscopic methods, Table 1. The MALDI-TOF mass
spectra of these compounds clearly show intense signals for the
molecular ion M*. The isotopic pattern closely resembled the
simulated one as exemplified by the spectrum of the double-
decker complex 4 given in Figure 1.

Because of the presence of the unpaired electron and the
paramagnetic nature of some of the rare earth ions, the
NMR data for these double-decker complexes are difficult to
obtain.” Upon addition of hydrazine hydrate, which reduces
the double-deckers into corresponding monoanions containing
no unpaired electron in the HOMO of the double-decker
molecules, satisfactory "H NMR spectra could be obtained for
the double-decker complexes M(Pc)[Por(Fc),] [M = Eu (1), Y
(2), Lu (4)]. The data together with the assignment are given
in Table S1 (Supporting Information). As shown in Figure S1
(Supporting Information) for Lu(Pc)[Por(Fc),] (4), the signals
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Table 1. Analytical and Mass Spectroscopic Data for the Double- and Triple-Deckers 1—5¢

analysis (%)

cmpd yield (%) M* (m/z)® C H N
Eu(Pc)[Por(Fc),] (1) 20 1341.2 (1341.2) 60.44 (60.04)° 3.38 (3.11)° 11.67 (11.51)°
Y(Pc)[Por(Fc),] (2) 12 1277.5 (12772) 62.70 (62.75)° 332 (325)° 12.00 (12.03)°
Ho(Pc)[Por(Fc),] (3) 10 1353.5 (1353.2) 63.90 (63.88) 347 (328) 12.36 (12.42)
Lu(Pc)[Por(Fc),] (4) s 1363.5 (13632) 63.64 (63.41) 338 (325) 1241 (12.32)
Euy(Pc),[Por(Fc),] (5) 70 2006.8 (2006.2) 56.47 (56.73)% 2.82 (2.78)4 12.53 (12.48)4

“Calculated values given in parentheses. “By MALDI-TOF mass spectrometry. “Contains 1 equiv of solvated CHCl;. “Contains 2 equiv of solvated
CHCl,.
a b

wt My

T1360 " 1362 1364 1366 1368 miz 1360 1362 1364

1366 1368 m/z

Figure 1. (a) Experimental and (b) simulated isotopic patterns for the
molecular ion of Lu(Pc)[Por(Fc),] (4) shown in the MALDI-TOF
mass spectrum.

at 6 9.13 and 8.83 are attributed to the a protons of the Pc ring,
while those at 6 8.19 and 7.94 are attributed to the  protons of
Pc ring. Also as the result of the trans-disposition of the
ferrocenyl units, the Por § protons are no longer equivalent.
The signals for the § protons of Por(Fc), are split into two
doublets at 6 9.41 and 8.40, respectively. The Por meso-protons
resonate as a sharp singlet at 6 8.50. The protons of ferrocenyl
groups give two signals at § 4.68 (10H) and 4.60 (8H), res-
pectively. The assignment was unambiguously confirmed by the
'"H-'H COSY spectrum, Figure S2 (Supporting Information).
The spectrum for the yttrium analogue 2 is similar to that of 4
except the unresolved signal for the ferrocenyl protons at 6 4.66
(18H). In the case of Ho(Pc)[Por(Fc),] (3), the 'H NMR
spectrum is obscured by the paramagnetic Ho(IIl) center
severely.'®® However, despite the containing of paramagnetic
Eu(TII) center, the '"H NMR spectra for double-decker Eu(Pc)-
[Por(Fc),] (1) and its triple-decker analogue Eu,(Pc),[Por-
(Fc),] (5) are acquired with virtually all of the expected signals,
which can be unambiguously assigned after taking the
lanthanide-induced shift (LIS) effect of Eu(1II) into account,'®
Table S1 (Supporting Information).

The electronic absorption spectra of double- and triple-
decker complexes (1—5) were recorded in CHCl;, and the data
are summarized in Table 2. The spectra of 1—4 (Figure 2) and

Absorption (Arb. Units)

ff

M L] M L M 1 v 1 v 1 v L) v L)
400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 2. Electronic absorption spectra of Eu(Pc)[Por(Fc),] (1),
Y(Pc)[Por(Fc),] (2), Ho(Pc)[Por(Fc),] (3), and Lu(Pc)[Por(Fc),]
(4) in CHCl,.

5 (Figure 3) exhibit typical features of (phthalocyaninato)-
(porph;rrinato) double- and triple-decker complexes, respec-
tively."” In particular, all the four double-decker absorption
spectra show a typical characteristic marker band for single-hole
bis(tetrapyrrole) rare earth complexes in the near IR region,
1165—1330 nm, due to the transition from the second HOMO
to the semioccupied HOMO orbital.'® The fact that this
characteristic near IR band shifts to the blue as the size of the
metal center decreases indicates the increased 7— interaction
between the two tetrapyrrole rings in the double-decker
complexes due to the decreased ring-to-ring distance along
with the rare earth contraction.”'*'*

Structural Studies. The single crystals of double-deckers
Eu(Pc)[Por(Fc),] (1) and Lu(Pc)[Por(Fc),] (4) were grown
by slow diffusion of CH3;0H into their CHCI; solutions. The
molecular structures were determined by single-crystal X-ray
analysis. Compound 1 crystallizes in the triclinic system, P1
space group, whereas 4 crystallizes in the monoclinic system,
P2/c space group. The two double-deckers have similar
molecular structures (Table 3), as exemplified by the molecular

Table 2. Electronic Absorption Data for the Double- and Triple-Deckers 1-5 in CHCl,

cmpd Amax (nm) (log €)
1 326 (4.87) 402 (4.90) 480 (4.56) 602 (4.15) 730 (sh) 1076 (3.76) 1330 (3.89)
2 328 (4.89) 398 (4.89) 476 (4.55) 598 (4.15) 732 (3.59) 1115 (3.89) 1262 (3.91)
3 328 (4.88) 398 (4.89) 476 (4.56) 596 (4.15) 733 (3.60) 1130 (3.90) 1245 (3.90)
4 330 (4.90) 392 (4.88) 472 (4.56) 594 (4.16) 734 (3.65) 1165 (3.99)
S 340 (5.14) 402 (4.78) 535 (4.48) 624 (4.63) 734 (4.38)
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Eu,Pc,[Por(Fe),] (5)
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Figure 3. Electronic absorption spectrum of Eu,(Pc),[Por(Fc),] (5)
in CHCL,.

Table 3. Comparison of the Structural Data for 1 and 4

1 4
average M—N(Por) bond distance (A) 2450 2.391
average M—N[Pc] bond distance (A) 2.493 2423
M-N,(Por) plane distance (A) 1.303 1.224
M—N,(Pc) plane distance (A) 1.510 1.424
interplanar distance (A) 2.813 2.648
dihedral angle between the two N, planes (deg) 1.25 0.97
average dihedral angle ¢ for the Por ring (deg)” 11.84 13.72
average dihedral angle ¢ for the Pc ring (deg)? 12.24 17.86
average twist angle 6 (deg)” 4215 41.15
distances between two iron atoms (A) 13.065 13.426
angle between two Fc units (deg)® 67.62 4223

dihedral angle between Cp ring and N4 plan of 36.92/77.76  64.90/62.34
Por ring %deg)d
“The average dihedral angle of the individual isoindole rings with
. b .

respect to the corresponding N, mean plane. “Defined as the rotation
angle of one ring away from the eclipsed conformation of the two
rings. “Defined as the dihedral angle between the two Cp rings directly
connected to the meso-C of Por. “Defined as the dihedral angle
between the Cp ring directly connected in the meso-C of Por and N4
plan of the Por ring.

structure of Eu(Pc)[Por(Fc),] (1) in Figure 4. The europium
center is coordinated by eight nitrogen atoms from the
isoindole and pyrrole of the Pc and Por rings, respectively,
forming a nearly perfect square antiprism with a ring-to-ring
separation of 2.813 A (as defined by the two N4 mean planes).
The metal center lies closer to the N4 plane of Por by 0.207 4,

probably because of the larger cavity of Por. The two N4 planes
are virtually parallel (dihedral angle 1.247°), 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 11.84° for the Por and 12.24°
for the Pc ring, respectively. The average M—N bond distances
and the interplanar separation decrease with the size of the
metal center, while the extent of ligand deformation increases
from Eu to Lu (Table 3). The average twist angle, defined as
the rotation angle of one ring away from the eclipsed
conformation of the two rings, is 42.15° for 1 and 41.15° for
4, indicating that the two ligands are slightly deflective from the
staggered conformation. Particularly, the distance between
the two ferrocene iron atoms are 13.065 and 13.426 A for
1 and 4, respectively, which are larger than that in the
a,B,a,p-5,10,15,20-tetrakis (ferrocenyl ) porphyrinate zinc(1I)
complex with a distance between the a,a- and f,f-ferrocene
iron atoms being 11.73 and 11.52 A, respectively.’ A notable
difference between the molecular structures of 1 and 4 is the
relative orientation of the ferrocene subunits, Figures 4 and S3
(Supporting Information). The torsion angle between the two
ferrocene subunits is 67.62° for 1, which is larger than that for 4
(42.23°). In addition, the dihedral angle between the cyclo-
pentadienyl (Cp) rings directly connected to Por and the N4
plan of the Por ring are 36.92° and 77.76° for 1, while those for
4 are 64.90° and 62.34°, showing relatively smaller rotational
feasibility of the ferrocene subunits in 4 than that in 1, due
mainly to the difference of steric hindrance induced by the
different size of Eu and Lu atoms in the double-deckers.
Electrochemical Properties. The electrochemical proper-
ties of all the sandwich-type complexes 1—5 were studied by
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) in CH,Cl,. As shown in Figures S and S4 (Supporting
Information), all the four double-decker compounds M(Pc)-
[Por(Fc),] [M = Eu (1), Y (2), Ho (3), Lu (4)] exhibit three
quasi-reversible one-electron oxidations labeled as Oxd,;—Oxd;
and two quasi-reversible one-electron reductions labeled as
Red,—Red, within the electrochemical window of CH,CL,.
The half-wave potentials are summarized in Table 4. Comparison
with the electrochemical behavior of sandwich analogues
M(Pc)(TCIPP) (M = Y, La—Lu except Ce and Pm)"*® and
that of ferrocenyl-appended monomeric porphyrins® clearly
reveals the nature of the tetrapyrrole-based processes for the first
reduction, second reduction, and third oxidation of these double-
decker complexes 1—4. The difference of the redox potentials
of Red; and Red, for M(Pc)[Por(Fc),], AE°,,, which actually
corresponds to the potential difference between the first
oxidation and first reduction of {M(Pc)[Por(Fc),]}~, decreases
gradually from 1417 mV for Eu(Pc)[Por(Fc),] (1) to 1380 mV

Figure 4. Molecular structure of Eu(Pc)[Por(Fc),] (1) from two perspectives with hydrogen atoms and solvent molecules omitted for clarity.
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Figure S. Differential pulse voltammetry of Lu(Pc)[Por(Fc),] (4) in
CH,Cl, containing 0.1 M [NBu,][ClO,] at a scan rate of 10 mV s™".

for Lu(Pc)[Por(Fc),] (4) along with the decrease of rare earth
radius, also indicating the increase in the ring-to-ring 7—=x
interaction in the double-deckers in the same order. As can be
seen in Figures S and S4 (Supporting Information), the double-
decker complexes 1—4 display another two consecutive one-
electron oxidation waves, the first (O1) and second oxidation
(02) processes, which are clearly due to the ferrocenyl units, ¥
indicating the effective electronic coupling between the two
ferrocene centers attached at the two opposite meso-positions
of the porphyrin ligand in the double-decker complexes. By
contrast, a single two-electron oxidation attributed to the
terrocenyl groups is observed for their monomeric counterparts
MPor(Fc), (M = 2H, Ni), Figure SS (Supporting Information),
revealing the lack of electronic coupling between the two
porphyrin meso-attached ferrocenyl groups due to their free
rotation along the C(meso)—C(ipso) bond, as is proved by the
very small rotation energy barrier according to the DFT
calculation result described below.

Obviously, sandwich molecular structure plays an important
role in adjusting a suitable orientation between the two
porphyrin meso-attached ferrocene units and inducing effective
electronic interaction due to the restricted rotation of ferrocenyl
groups along the C(meso)—C(ipso) bond of Por(Fc), associated
with the steric hindrance from the Pc ring in the mixed
(phthalocyaninato)(porphyrinato) rare earth sandwich com-
plexes."® As described in the structural studies section and
illustrated by the optimized molecular structures (see the DFT
calculations section below) along with rare earth contraction,
the distance between the Por and Pc rings gradually diminishes,
while the doming extent of the Por and Pc rings as well as the
ring-to-ring 7—7 interaction increases from 1 to 4."* This in

turn results in a gradual increase in the electronic coupling
between the two ferrocene centers linked with the sandwich
(phthalocyaninato) (porhyrinato) rare earth double-decker
framework. As a consequence, the separation between the two
ferrocene-based one-electron oxidation processes gradually
increases from 81 mV for 1 to 156 mV for 4 along with the
rare earth contraction, Figure 6. Nevertheless, as displayed in

2.0

1.5 A

2
1.0 - /\f\

-0.5 1

-1.0 1

T v T T v T T 2 T T

200 0 £200 O £200 O 200 O
E (mV)

Figure 6. Differential pulse voltammetry of the two ferrocene-based
one-electron oxidation processes of double-deckers 1—4 in CH,CI,
containing 0.1 M [NBu,][ClO,] at a scan rate of 10 mV s™".

200

Figure 7, a linear correlation exists between the value of
AE®|, = Oxd; — Oxd, and the rare earth ionic radius,

120
80+ Lu Ho
40 Y
s
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Q ]
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4 [ ]
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Figure 7. Half-wave potentials of the two ferrocene-based one-electron
oxidation processes of M(Pc)[Por(Fc),] [M = Eu (1), Y (2), Ho (3),
Lu (4)] as a function of the ionic radius of M™.

illustrating that the electronic interaction between the two
ferrocene centers linked via sandwich bis(tetarpyrrole) rare

Table 4. Half-Wave Redox Potentials (mV) of Double- and Triple-Deckers 1—5 in CH,Cl, Containing 0.1 M [Bu,N][ClO,]

double/triple-decker

ferrocene
cmpd Oxd , Oxd, AE ,* Red,
1 —42 39 81
2 -56 58 114
3 —71 63 134
4 —84 72 156
S —18 28 46 —2046

“AE°), = Oxd, — Oxd, "AE° ), = Red, — Red,.
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Red, Red , Oxd, Oxd, AE°, "
—1823 —406 305 1417
—1856 —467 265 1389
—1844 —459 245 1385
—1863 —483 204 1380
—1589 —1208 —103 431
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earth framework can be tuned via changing the rare earth ion.
The electronic coupling in complexes 1—4 (ie., the separation
between the two ferrocene-based one-electron oxidation
processes) are much smaller than that of 5 15- bls(ferrocenyl)
f-octaalkyl-porphyrins found by Boyd et al.* and Rhee et al,™
indicating a smaller separation between the positive and negative
combination of orbitals in the present case. The somewhat
weaker coupling for complexes 1—4 can also be explained by the
weak orbital mixing extent of ferrocenyl molecular orbital
system with the 7z system of the porphyrin connector. In
addition, the Fe—Fe distance in the single crystal molecular
structures of 1 and 4 (13.065 and 13.426 A) is much longer than
that in the crystal structure of $,15-bis(ferrocenyl)-f-octaalkyl-
porphyrins (10.3 and 11.2 A for nickel and metal-free species,
respectively),® resulting in the much smaller electronic coupling
strength.

It is worth noting that associated with the increased ring-to-
ring distance and weakened 77— interaction in the triple-decker
tetrapyrrole rare earth complexes, the two outer tetarpyrrole
rings in sandwich tris(tetrapyrrole) rare earth triple-decker
complexes become less doming in comparison with those in the
bis(tetrapyrrole) rare earth counterparts.'>'* As a consequence,
electronic interaction between the two ferrocene centers can
also be tuned through changing the linking sandwich
framework from double-decker to triple-decker. This is verified
by the electrochemical investigation results on Eu,(Pc),[Por-
(Fc),] (S), Figure S7 (Supporting Information) and Table 4.
In comparison with Eu(Pc)[Por(Fc),] (1), the splitting
between the two ferrocene-based one-electron oxidations for
triple-decker 5, 46 mV, becomes smaller than that for its
double-decker counterpart 1, 81 mV.

DFT Calculations. To further understanding the electronic
coupling between ferrocenyl groups, DFT calculations on
H,Por(Fc), and the reduced species of 2 and La(Pc)[Por(Fc),]
are carried out."” According to the calculation result, the isomer
of H,Por(Fc), with the two Fc groups on the two different
sides of the mean porphyrin plane, H,Por(trans-Fc),, is a little
more stable than that on the same side, H,Por(syn-Fc),.
However, because of the very small energy difference between

H,Por(trans-Fc), and H,Por(syn-Fc),, only 0.53 kcal/mol,
neither of the two isomers can be dominant over the other
thermodynamically. In fact, the rotation barrier of one Fc group
along the C(meso)—C(ipso) bond calculated in a tight potential
energy surface scan is only 4.64 kcal/mol, indicating the almost
free rotation of Fc groups in H,Por(Fc),. This corresponds well
with the electrochemical result that only a single two-electron
oxidation attributed to the ferrocenyl groups instead of two
one-electron oxidation is observed for the monomeric
compounds MPor(Fc), (M = 2H, Ni).

Figure S6 (Supporting Information) shows the optimized
molecular structure of the reduced species of 2 and
La(Pc)[Por(Fc),]. The optimized molecular structures for both
species have C, symmetry, which ensures the two Fc groups in
each species are treated equivalently. As can be seen, in the
energy-minimized molecular structure of {Y(Pc)[Por(Fc),]}~
(27) and {La(Pc)[Por(Fc),]}”, the two porphyrin meso-
attached ferrocenyl units adopt a syn-configuration with respect
to the porphyrin ring. The probable reason is that the 7—z
interaction between Por and Pc rings in the double-decker
complexes hinders the free rotation of Fc groups and makes the
the syn-configuration with two Fc groups lying between the
mean Por and Pc planes and the trans-configuration less stable
in energy. In addition, in line with the experimental structure,
along with rare earth contraction from La to Y, the distance
between the Por and Pc rings gradually diminishes from 3.26 to
2.88 A, while the doming extent of the Por and Pc rings
increases as demonstrated by the increased dihedral angle of
the individual isoindole rings with respect to the corresponding
N4 mean plane, from 6.3 and 11.5° for {La(Pc)[Por(Fc),]}~
to 8.5 and 12.4° for {Y(Pc)[Por(Fc),]}". As a result, the
calculated Fe—Fe distance decreases from 12.94 A in
{La(Pc)[Por(Fc),]}~ to 12.78 A in {Y(Pc)[Por(Fc),]}",
resulting in the much smaller electronic coupling term Vi
according to Hush formula."®

Figure 8 shows the molecular orbital energy level and orbital
symmetry of La{(Pc)[Por(Fc),]}~ and {Y(Pc)[Por(Fc),]}™ as
well as the orbital maps of {Y(Pc)[Por(Fc),]}~ for orbitals
from HOMO — 9 to LUMO + S. As can be seen, the HOMO,
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Figure 8. Molecular orbital energy level and orbital symmetry of La{(Pc)[Por(Fc),]}” and {Y(Pc)[Por(Fc),]}” as well as the orbital maps of
{Y(Pc)[Por(Fc),]}~ for orbitals from HOMO — 9 to LUMO + S. The map of orbitals for La{(Pc)[Por(Fc),]}~ are very similar to those of
{Y(Pc)[Por(Fc),]} and therefore are not shown. Orbital maps for HOMO — 3 and HOMO — 4 were obtained with the isovalue of 0.008, while

others were obtained with the isovalue of 0.02.
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HOMO — 1, and HOMO - 2 orbitals of {Y(Pc)[Por(Fc),]}~
are typical orbitals of mixed (porphyrinato)(phthalocyaninato)
rare earth double-decker complexes with some small contribu-
tion from the Fe atoms of Fc groups in HOMO — 1 orbital.”"
The HOMO — 3 in this system is mainly composed of ferrocene
Fe d orbitals of both ferrocene groups and z orbital of porphy-
rin ligand in the (phthalocyaninato)(porphyrinato) rare earth
double-decker complexes with some contribution from the
cyclopentadiene groups of ferrocene. The HOMO — 4 orbital
has the same characteristic as the HOMO — 3 orbital, but the
sign of some orbital nodes reverses, and the orbital distribution
on porphyrin ligand decreases a little. The HOMO — 3 and
HOMO — 4 molecular orbitals thus correspond to the negative
and positive combination of orbitals composed of both ferro-
cenes and porphyrin. It has been proposed that the strength of
the electronic coupling between ferrocene centers in multi-
component systems is related to the separation between the
positive and negative combination of orbitals composed of both
ferrocenes and connectors.® The calculated electronic coupling
according to the orbital difference between HOMO — 3 and
HOMO — 4 orbitals in the monoanion of 2 is about 0.060 eV,
which is slightly larger than that in the monoanion of
La(Pc)[Por(Fc),] with the value of 0.059 eV. These results are
in line with the experimental results that the separation
between the two ferrocene-based one-electron oxidation pro-
cesses increases along with the rare earth contraction. At the
end of this section, it is worth noting that the calculated orbital
energy and orbital maps are based on the reduced species
La{(Pc)[Por(Fc),]}™ and {Y(Pc)[Por(Fc),]}, thus oxidization
of these reduced species will first occur on Pc and Por
macrocycles. In addition, the limitation of the DFT calculation
may also underestimate the orbital energy of the ferrocene
fragment. As a result, the HOMO, HOMO — 1, and HOMO —
2 orbitals of the reduced species La{(Pc)[Por(Fc),]}” and
{Y(Pc)[Por(Fc),]}~ do not correspond to the experimentally
observed first and second oxidation.

B CONCLUSIONS

In conclusion, a new method has been developed to induce
electronic interaction between remote redox-active centers.
Two ferrocene units linked with sandwich (phthalocyaninao)-
(porphyrinato) rare earth complex framework exhibit effective
electronic coupling. In particular, such an electronic interaction
can be easily tuned through changing either the rare earth
metal or the sandwich form from double- to triple-decker. This
provides a new pathway for constructing novel molecular
systems containing multiple photo- and redox-active centers
with long-range electronic interaction for potential applications
in molecular electronics.

B EXPERIMENTAL SECTION

General Remarks. Dichloromethane and 1,2,4-trichlorobenzene
(TCB) were distilled from CaH, under nitrogen. n-Octanol was
distilled from sodium under nitrogen. Column chromatography was
carried out on silica gel (Merck, Kieselgel 60, 70-230 mesh) and
biobeads (BIORAD S-X1, 200-400 mesh) columns with the indicated
eluents. All other reagents and solvents were used as received.
The compounds M(acac);-nH,O (M = Eu, Y, Ho, Lu),"® Eu(Pc),*°
dipyrrylmethane,”" and ferrocene aldehyde were prepared according
to the published procedures. H,Por(Fc), and NiPor(Fc), were
prepared according to the published methods;" for details, see the
Supporting Information.

"H NMR spectra were recorded on a Bruker DPX 300 spectrometer
(300 MHz). Spectra were referenced internally using the residual
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solvent resonances relative to SiMe,. Electronic absorption spectra were
recorded on a Hitachi U-4100 spectrophotometer. MALDI-TOF mass
spectra were taken on a Bruker BIFLEX III ultrahigh resolution Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer with
a-cyano-4-hydroxycinnamic acid as the matrix. Elemental analyses were
performed by the Institute of Chemistry, Chinese Academy of Sciences.
Electrochemical measurements were carried out with a BAS CV-50W
voltammetric analyzer. The cell comprised inlets for a glassy carbon
disk working electrode of 2.0 mm in diameter and a silver-wire counter
electrode. The reference electrode was Ag/Ag*, which was connected
to the solution by a Luggin capillary whose tip was placed close to the
working electrode. It was corrected for junction potentials by being
referenced ex- or internally to the ferrocenium/ferrocene (Fc*/Fc)
couple [E,,(Fc*/Fc) = 501 mV vs SCE]. Typically, a 0.1 mol dm™
solution of [Bu,N][ClO,] in CH,Cl, containing 0.5 mmol dm™ of
sample was purged with nitrogen for 10 min, then the voltammograms
were recorded at ambient temperature. The scan rate was 20 and
10 mV s~ for CV and DPV, respectively.

General Procedure for the Preparation of M(Pc)[Por(Fc),]
(M = Eu, Y, Ho, Lu) (1-4). A mixture of M(acac);nH,O (0.1 mmol),
phthalonitrile (0.6 mmol), and DBU (40 mg, 0.26 mmol) in n-octanol
(5 mL) was stirred at 120 °C for 2 h under nitrogen. After being
cooled to room temperature, H,Por(Fc), (34 mg, 0.05 mol) was
added and the resulting mixture was heated to reflux for 7.5 h. After
removing the volatiles under reduced pressure, the residue was
chromatographed on a silica gel column with CHCI, as the eluent. A
small amount of unreacted metal free H,Por(Fc), was eluted first.
Then, a brown band containing the target double-decker compound
was developed. Repeated chromatography followed by recrystalliza-
tion from CHCl; and MeOH gave pure target compounds as brown
crystals in the yields of 5—20%.

Preparation of Eu,(Pc),[Por(Fc),] (5). A mixture of Eu-
(acac);nH,0 (15 mg, 0.03 mmol), H,Por(Fc), (14 mg, 0.02 mmol),
and Eu(Pc), (23 mg, 0.02 mmol) in TCB (4 mL) was heated to reflux
for 3 h under nitrogen. The resulting dark-blue solution was cooled to
room temperature, the volatiles were removed under reduced pressure.
The residue was chromatographed on a silica gel column with
CHCI,; as the eluent. The first blue band containing triple-decker
compound Eu,(Pc),[Por(Fc),] was eluted. Repeated chromatography
on a biobeads column followed by recrystallization from CHCI; and

Table 5. Crystallographic Data for 1 and 4

1-CHCl, 4-CHCl;-CH;CH,0H
molecular formula C,3H,sCLEuFe,N;,  C,H;,Cl,EuFe,N;,0
M 1460.22 1529.25
crystal system triclinic monoclinic
space group PT P2/c
a (A) 14.0455(9) 19.4185(3)
b (A) 14.6373(8) 18.8442(3)
¢ (A) 16.2622(9) 17.3971(2)
a (deg) 104.895(5) 90
B (deg) 93.267(5) 101.4450(10)
7 (deg) 116.198(6) 90
Vv (A% 2842.5(3) 6239.47(16)
V4 2 4
F(000) 1466 3132
D./Mg m™3 1.706 1.668
data collection range (deg)  2.87 to 60.00 3.30 to 60.00
reflections collected 16 907 18929
independent reflections 8374 9206
R, [I > 26(1)] 0.0514 0.0707
wR, [I > 26(1)] 0.1241 02081
R, [for all] 0.0643 0.0848
wR, [for all] 0.1340 02184
goodness of fit 1.019 1.059
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MeOH gave pure target compound as black needle-like crystals (29 mg,
70%).

X-ray Crystallographic Analyses. Crystal data and details of data
collection and structure refinement are given in Table S. The
crystallographical data of 1 and 4 were determined by X-ray diffraction
analysis at 120 K using Oxford Diffraction Gemini E system with Cuy,
radiation 4 = 1.5418 A. The structures were solved by the direct
method (SHELXS-97) and refined by full-matrix least-squares
(SHELXL-97) on F2** Anisotropic thermal parameters were used
for the nonhydrogen atoms and isotropic parameters for the hydrogen
atoms. Hydrogen atoms were added geometrically and refined using a
riding model. CCDC-856389 and 856390 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.

Computational Details. The hybrid density functional B3LYP
(Becke—Lee—Yang—Parr composite of the exchange-correlation
functional) method** and the basis sets with LANL2DZ?® for the Y
and La atoms and 6-31G*(d) for all other atoms were used. The C,
symmetry in the input geometry was detected and kept during
geometry optimization process. All calculations were carried out using
the Gaussian 03 program>® in the IBM P690 system at the Shandong
Province High Performance Computing Centre.
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