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ABSTRACT: A series of europium triple-decker complexes
containing phthalocyanine and nitrophenyl—corrole macro-
cycles were synthesized and characterized by spectroscopic and
electrochemical methods in nonaqueous media. The examined
compounds are represented as Eu,[Pc(OC,H,)s],[Cor-
(Ph),(NO,Ph),_,], where n varies from 0 to 3, Pc(OC,H,)s
represents the phthalocyanine macrocycle, and Cor indicates
the corrole macrocycle having phenyl (Ph) or nitrophenyl
(NO,Ph) meso substituents. Three different methods were
used for syntheses of the target complexes, two of which are
reported here for the first time. Each examined compound

R =0C,H,

R
R
A Euy[Pe(OC,Ho)gl,[Cor(Ph)(NO,Ph),] 3

undergoes five reversible one-electron oxidations and 3—S5 one-electron reductions depending upon the number of NO,Ph
substituents. The nitrophenyl groups on the meso positions of the corrole are highly electron-withdrawing, and this leads to a
substantial positive shift in potential for the five oxidations and first reduction in CH,Cl,, PhCN, or pyridine as compared to the
parent triple-decker compound with a triphenylcorrole macrocycle. The measured E, , values are linearly related to the number
of NO,Ph groups on the corrole, and the relative magnitude of the shift in potential for each redox reaction was used in
conjunction with the results from thin-layer spectro-electrochemistry to assign the initial site of oxidation or reduction on the
molecule. The nitrophenyl substituents are also redox-active, and each is reduced to [C;H,NO,]™ in a separate one-electron
transfer step at potentials between —1.12 and —1.42 V versus saturated calomel electrode.

B INTRODUCTION

The design and synthesis of new sandwich triple-decker
tetrapyrrole derivatives represent an important area for
researchers interested in exploring the potential use of these
compounds in a variety of practical applications, from
molecular magnets and nanomaterials to organic thin-film
transistors and sensors.' ' The most often studied among the
rare earth triple-decker tetrapyrrole derivatives are the homo-
and heteroleptic complexes with porphyrin and/or phthalocya-
nine macrocyles.' "' These compounds can have different
substituents at the peripheral positions of the molecular
framework of each macrocycle, and a judicious selection of
the placement and properties of the substituents enables tunin%
of the optical, electrical, and electrochemical properties.'” ™"
Tuning the optical and electrochemical properties of triple-
decker compounds with porphyrins, phthalocyanines, and
related molecules can also be accomplished by varying (i) the
type of coordinated metal ions,"®* ™ (ii) the arrangement of the
tetrapyrrole macrocycles in the compound,”* " and/or (iii)
the nature of the tetrapyrrole macrocycles themselves.”™*
With respect to the latter two points, we recently
demonstrated that a corrole macrocycle could be incorporated
into triple-decker complexes.’***** The properties of corroles
differ from those of both porphyrins and phthalocyanines in
that these macrocycles are dianionic ligands, while corroles are
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trianionic ligands having three inner core amine protons within
a contracted tetrapyrrolic ring.*' Corroles undergo a facile
ligand-to-metal electron transfer, introducing so-called “non-
innocent” behavior,42_46 and can also stabilize the central metal
ion of the complex in a formally higher oxidation state than for
the related porphyrins or phthalocyanines.*”*® These proper-
ties of corroles are particularly appealing for investigated
applications of the compounds in the fields of catalysis,
chemical sensors, and/or dye-sensitized solar cells. =2

In sharp contrast with the large amount of current research
activity involving transition metal corroles,””™>* very little is
known about the corresponding rare earth complexes with this
macrocyclic ligand. To the best of our knowledge, studies of
corroles with rare earth metal ions are limited to the
monometallic derivatives (Mes,(p-OMePh)Cor)M (M = La-
4.SDME, Tb-4DME, or Gd-TACNMe3)SS and triple-decker
complexes M,[Pc(OC,H,)s],[Cor(CIPh);] (M = Pr—Tb and
Y, except Pm) and Eu,[Pc(R)g],[Cor(CIPh);] (R = H,
OC4H,,;, or OCgH,,).>***

As part of our continued research efforts involving the
exploitation and functionalization of triple-decker tetrapyyrrole
derivatives, we now report the synthesis and characterization of
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Chart 1. Molecular Structures of Investigated Corrole—Phthalocyanine Europium Triple-Decker Complexes

7% OCH
Cé)HgO I/Il \:‘ 4 bC4H9
R A
—N /Ny
SN
OC,H
C4HyO 0C,Hy

corrole macrocycle compound
®
e O W, 1
NO,
®
2

®
Q

W

0,N< ) & )-NO,

®

\OZN m & )-NO,

four new heteroleptic corrole—phthalocyanine europium triple-
decker complexes containing nitrophenyl substituents on the
meso positions of the corrole macrocycle. The investigated
compounds are represented as Eu,[Pc(OC,Hy)g],[Cor-
(Ph),(NO,Ph),_,], where n varies from 0 to 3, Pc(OC,H,)g
represents the phthalocyanine macrocycle, and Cor indicates
the corrole ligand having NO,Ph substituents at the S-meso,
10,15-meso, or $5,10,15-meso positions of the macrocycle
(Chart 1). Three different synthetic methods are used for
preparing the complexes, two of which are reported here for the
first time.

It is known that highly electron-withdrawing character of
nitro groups on corrole can be used to direct the orientation of
the corrole macrocycle for further functionalization or to
facilitate aromatic nucleophilic substitution to form new
species.*” It has been demonstrated that the presence of one
or more nitro groups at the meso- or S-pyrrole positions of a
corrole or porphyrin macrocycle will have a large effect on the
E, ), for electroreduction of the mononuclear complex, but it
was not known what might be observed in the case of the triple-
decker species where multiple redox reactions are ob-
served.*”*°™>” Thus, one aspect of the current study is to
understand how nitro substituents introduced at the para-
position of the three meso-phenyl rings of the corrole
macrocycle in a triple-decker complex will influence the redox
potentials in the sandwich corrole—phthalocyanine europium
derivatives. This is examined in the present paper where we
report electrochemical and spectroscopic characterization of the
synthesized triple-decker complexes and use the combined data
to assign the probable site of electron transfer.
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B EXPERIMENTAL SECTION

Materials. Reagents and solvents (Sinopharm or Aldrich) were of
the highest grade available and were used without further purification,
except for n-octanol and benzonitrile (PhCN), which was distilled
under reduced pressure prior to use from sodium or P,O;,
respectively. Tetra-n-butylammonium perchlorate (TBAP) from
Sigma-Aldrich was used as supporting electrolyte.

Physical Measurements. IR spectra (KBr pellets) were recorded
on AVATAR-370 spectrometer. 'HNMR spectra were recorded in a
CDClI, solution at 400 MHz using a Bruker Advance 400 spectrometer
at 25 °C. Chemical shifts (ppm) were determined with tetramethylsi-
lane as the internal reference. Matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectra were performed
on a Bruker BIFLEX III ultrahigh-resolution Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer with a-cyano-4-
hydroxycinnamic acid as matrix. Elemental analyses were performed
with FLASH1112A Element Analyzer.

Electrochemistry. Cyclic voltammetry was performed 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 N, was used to deoxygenate the solution, and a
stream of nitrogen gas was kept over the solution during each
electrochemical experiment.

Thin-layer UV—visible (UV—vis) spectro-electrochemical experi-
ments were performed with a home-built thin-layer cell, which has a
light transparent platinum net working electrode. Potentials were
applied and monitored with an EG&G model 173 potentiostat. Time-
resolved UV—vis spectra were recorded with a Hewlett-Packard model
8453 diode array spectrophotometer. High-purity N, from trigas was

DOI: 10.1021/acs.inorgchem.5b01713
Inorg. Chem. 2015, 54, 9211-9222


http://dx.doi.org/10.1021/acs.inorgchem.5b01713

Inorganic Chemistry

Scheme 1. Synthesis Routes for Corrole—Phthalocyanine Europium Triple-Decker Complexes
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(1) DMF, 140 °C; (2) n-octanol, DBU, 160 °C

R = OC4Hy; (Cor)* = [Cor(Ph),(NO,Ph);_]; n=0-3

used to deoxygenate the solution and kept over the solution during
each electrochemical and spectro-electrochemical experiment.

Synthesis. The free-base phthalocyanine H,[Pc(OC,H,)s],% free-
base corrole H;[Cor(Ph),(NO,Ph);_,],>® and Eu(acac);nH,0°" salt
were prepared according to published procedures. The triple-decker
complexes were then prepared following three different procedures,
two of which differ from each other by the order of adding materials. A
summary of the three procedures is given in Scheme 1.

Method A. This method follows the previously published protocol
for preparation of triple-decker complexes with mixed phthalocyanine
(Pc) and corrole (Cor) macrocycles.%’”’40 Eu(acac);nH,0 (47 mg,
ca. 0.1 mmol) was dissolved in dimethylformamide (4 mL);
H,[Pc(OC,H,)s] (110 mg, 0.1 mmol) was then added, and the
resulting solution was heated to 140 °C under a slow stream of
nitrogen. After it was heated for 1 h, the solution was cooled to room
temperature, and the solvent was evaporated under reduced pressure.
During this period the color changed from green to blue, indicating
formation of the corresponding monomeric rare earth phthalocyanine
complex Eu[Pc(OC,H,)s](acac). This was then added to H;[Cor-
(Ph),(NO,Ph);_,] (63 mg, 0.1 mmol), which was dissolved in n-
octanol (4 mL) and heated to 160 °C for 2 h in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) (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 CHCI, as eluent. Small amounts of
unreacted H;[Cor(Ph),(NO,Ph);_,] and the homoleptic bis-
(phthalocyanine) europium complex Eu[Pc(OC,Hy)s], 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 CHCI; and
CH;0H gave pure Eu,[Pc(OC,H,)s],[Cor(Ph),(NO,Ph),_,] as a
gray-green solid. The yields for compounds 1—4 by Method A were
54, 40, 47, and 50%, respectively.

Method B. In this method the order of adding reagents to the
reaction mixture is reversed as compared to Method A (see Scheme
1). A mixture of Eu(acac);nH,0 (47 mg, ca. 0.1 mmol) and
H,[Cor(Ph),(NO,Ph);_,] (63 mg, 0.1 mmol) in n-octanol (4 mL)
containing DBU (20 mg, 0.13 mmol) was heated at 160 °C under a
slow stream of nitrogen. The progress of the reaction was monitored
by UV—vis spectroscopy and thin-layer chromatography (TLC). After
complete disappearance of the starting material (ca. 1 h), free base
phthalocyanine H,[Pc(OC,H,)s] (110 mg, 0.1 mmol) was added to
the hot solution, and the progress of the reaction was monitored by
TLC and UV—vis spectroscopy. After 2 h, the resulting green solution
was cooled to room temperature, and the volatiles were removed
under vacuum. The subsequent reaction workup was performed as
described in Method A. Yields for compounds 1—4 by Method B were
15, 5, 9, and 13%, respectively.

Method C. This is a new method involving a one-pot synthesis. A
mixture of Eu(acac);nH,0 (47 mg, ca. 0.1 mmol), H;[Cor-
(Ph),(NO,Ph);_,] (63 mg, 0.1 mmol), and H,[Pc(OC,H,),] (110
mg, 0.1 mmol) in n-octanol (4 mL) containing DBU (20 mg, 0.13
mmol) was heated at 160 °C for 3—5 h under a slow stream of
nitrogen to give a dark green solution. The solvent was removed under
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vacuum. The subsequent reaction workup was performed as described
in Method A. Yields for compounds 1—4 by the one-pot synthetic
method were 43, 31, 36, and 40%, respectively.

Eu,[Pc(OC,Ho)gl,[Cor(Ph)s] (1). '"H NMR (400 MHz, CDCL,): &
5.35 (s, 16 H, OCH,), 4.88 (s, 16 H, OCH,), 2.53 (t, 32 H, CH,),
2.16 (m, 32 H, CH,), 1.49 (t, 48 H, CH,); MALDI-TOF mass: Calcd
3006.272, Found 3007.689. Anal. Calcd (%) for Eu,C,¢sH;43N5,0;6: C
65.92, H 6.13, N 9.32; found: C 65.64, H 5.91, N 9.32. Main IR band
(em™): 1311(w), 1380 (s).

Eu,[Pc(OC,Ho)gl,[Cor(Ph),(NO,Ph)] (2). '"H NMR (400 MHz,
CDCly): 6 5.33 (s, 16 H, OCH,), 4.84 (s, 16 H, OCH,), 2.51 (t,
32 H, CH,), 2.14 (m, 32 H, CH,), 1.47 (t, 48 H, CH,); MALDI-TOF
mass: Caled 3051.269, Found 3052.650. Anal. Caled (%) for
Eu,C,gsH Ny Oy (1/2CHCL): C 63.90, H 591, N 9.46; found:
C 64.02, H 5.94, N 9.81. Main IR band (cm™): 1311 (w), 1380 (s),
1340 (m).

Eu,[Pc(OC,Hy)gl,[Cor(Ph) (NO,Ph),] (3). 'H NMR (400 MHz,
CDCl,): 6 5.57 (s, 16 H, OCH,), 5.10 (s, 16 H, OCH,), 2.56 (t, 32 H,
CH,), 2.18 (m, 32 H, CH,), 1.50 (t, 48 H, CHj;), —2.39 (b, 1H, H);
MALDI-TOF mass: Calcd 3096.267, Found 3097.452. Anal. Calcd
(%) for Bu,CisH g1N» 0,0, (1/2CHCL): C 62.98, H 5.80, N 9.76;
found: C 62.89, H 5.90, N 10.08. Main IR band (cm™): 1311 (w),
1380 (s), 1340 (m).

Eu,[Pc(OC,Ho)gl,[Cor(NO,Ph)s] (4). '"H NMR (400 MHz, CDCL,):
8 5.55 (s, 16 H, OCH,), 5.02 (s, 16 H, OCH,), 2.53 (t, 32 H, CH,),
2.16 (m, 32 H, CH,), 1.46 (t, 48 H, CH;); MALDI-TOF mass: Calcd
3141.264, Found 3142.940. Anal. Calcd (%) for Eu,Cig5H;50N530,5,
(1/2CHCl): C 62.10, H 5.68, N 10.06; found: C 61.67, H 5.56, N
10.01. Main IR band (cm™): 1311 (w), 1380 (s), 1339 (m).

Crystal Data for Eu,[Pc(OC,Hg)gl,[Cor(Ph) (NO,Ph),] 3. Single-
crystal data were collected on a Rigaku Saturn 724+ CCD X-ray
diffractometer by using monochromated Mo Ka radiation (1 =
0.71070 A) 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. CrysAlisPro Agilent Technologies software was
used for collecting frames of data, indexing reflections, and
determination of lattice constants; CrysAlisPro Agilent Technologies
software was also used for integrating the intensity of reflections and
scaling; SCALE3 ABSPACK was used for absorption correction. The
structures were solved by the direct method (SHELXS-97) and refined
by full-matrix least-squares (SHELXL-97) on F~.°° Anisotropic thermal
parameters were used for the nonhydrogen atoms, and isotropic
parameters were used for the hydrogen atoms. Hydrogen atoms were
added geometrically and refined using a riding model. Crystal data:
Eu,CieeH 160N» 03 M, = 699.46 g mol™', monoclinic, space group
P2,/c, a = 28.870(6) A, b = 23.020(5) A, ¢ = 24.010(5) A, a = 90.00°,
B =102.65(3)°, 7 = 90.00°, V = 15 569(65) A% Z = 4, F(000) = 6576,
u = 0874 mm™Y, T = 100 K, 6., = 3.0° O, = 26.0° 1937
parameters, O restraints, R;[I > 20] = 0.1198, R, [I > 20] = 0.2864, R,
all = 0.1269, R, all = 0.2935, S = 1.138. (R, = M IF, — IE||/YIF,|, Ry,
= [Sw(F2 — E2YYw(F2)*"?). Additional crystallographic
information is available in the Supporting Information.
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B RESULTS AND DISCUSSION

Synthesis and Characterization. In comparison to the
well-established synthetic routes used for preparing rare earth
porphyrin and/or phthalocyanine triple-decker complexes,'™*°
the field of rare earth corrole—phthalocyanine heteroleptic
complexes is still in its infancy, and only one synthetic method
has been reported as recently described by our group.*®***’
With this in mind, we wished to investigate further the scope of
the published synthetic method and to also explore
modifications that might enrich the synthetic yield and also
simplify the experimental procedures. This is addressed in the
current paper where we have described three methods for
obtaining a new series of nitrophenyl corrole—phthalocyanine
europium triple-decker complexes.

According to the earlier reported method (Scheme 1,
Method A), synthesis of Eu,[Pc(OC,Hy)s],[Cor-
(Ph),(NO,Ph),_,], where n = 0-3, afforded the sandwich
triple-decker complexes in 40—54% yield. We then modified
the initially reported protocol in Method A by using the free
base corrole as starting material with the aim of avoiding
replacement of solvent, as shown in Scheme 1, Method B. In
Method B, the target complexes 1—4 were obtained by prior
generation of the “half-sandwich” corrole complex Eu[Cor-
(Ph),(NO,Ph),_,] from H,[Cor(Ph),(NO,Ph);_,] and Eu-
(acac);nH,0 in n-octanol containing 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) at 170 °C, followed by treatment with the
free-base phthalocyanine. The reaction between H;[Cor(Ph),-
(NO,Ph);_,] and Eu(acac);nH,0 also proceeded rapidly, and
in 1 h a complete disappearance of the starting compounds was
confirmed by TLC analysis, while also monitoring the progress
of the reaction mixture by UV—vis spectroscopy. The UV
spectrum of the product formed prior to addition of
H,[Pc(OC,H,)s] showed the typical spectral features of a
metal corrole, presumably the “half-sandwich” corrole complex
Eu[Cor(Ph),(NO,Ph);_,]. Note that attempts to isolate
Eu[Cor(Ph),(NO,Ph),_,] were not successful because of
rapid decomposition during chromatography, giving the free
base corrole as a product. Compared with Method A, the
procedures of Method B were simple, but the yield was lower
(5—15%), due to the presence of unreacted free base
phthalocyanine as a third fraction, while the target triple-decker
complex was the fourth fraction in the separation. Thus, this
method was not successful in that it did not improve the yield.

However, we did find that the stepwise reaction procedures
of Methods A and B could be simplified to a “one-step”
procedure (Scheme 1, Method C). In this method, treatment of
Eu(acac);nH,0 with H;[Cor(Ph),(NO,Ph),_,] and H,[Pc-
(OC4Hy);] in the presence of DBU in n-octanol led to
formation of the corresponding Eu,[Pc(OC,H,)s],[Cor-
(Ph),(NO,Ph),_,], where n = 0—3. Although chromatographic
purification afforded trace quantities of the free base
phthalocyanine as the third fraction, the reaction yields (31—
43%), calculated with respect to the starting material free base
phthalocyanine, are comparable with yields obtained from the
published protocol, Method A.

In addition to elemental analysis, the four synthesized triple-
decker compounds were characterized by various methods.
Mass spectrometry is a powerful technique for characterizing
this class of compounds as some of the lanthanides give very
distinct isotopic patterns. The MALDI-TOF mass spectra of
the four compounds showed intense signals for the molecular
ion [M + H]* (Figure S1), providing strong evidence for the
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identity of the compounds. Because of the presence of an
unpaired electron and the paramagnetic nature of the europium
ions, satisfactory '"H NMR data for these sandwich complexes
could not be obtained. However, the complexes all exhibited an
intense IR band at 1380 cm™' and an extremely weak band at
ca. 1311 cm™', suggesting the dianionic nature of the two
phthalocyanine ligands in the mixed triple-decker complexes
(Figure S2). A medium-intensity IR band is also seen for
compounds 2—4 at 1339—1340 cm™" and is assigned to the N—
O stretching vibrations of NO, on the NO,Ph substituents
(Figure S2).

Crystals of 3 suitable for X-ray characterization were grown
by slow diffusion of methanol into a concentrated chloroform
solution, thereby allowing for elucidation of the structure,
which is illustrated in Figure 1. Compound 3 crystallizes in the

Eul ¢=16.09°
Eu2 $=9.00°

Figure 1. Molecular structure of Eu,[Pc(OC,H,)s],[Cor(Ph)-
(NO,Ph),] 3 showing (a) side view, (b) top view, with all the
hydrogen atoms, OC,Hj, substituents on the phthalocyanine rings, and
solvent molecules omitted for clarity, and (c) twist angles around Eu
metal ions.

monoclinic system with a P2,/c space group, which is different
from what was earlier reported for Eu,[Pc(OCgH,,),],[Cor-
(CIPh),)*° and Eu,[Pc(OC,H,);],[Cor(CIPh),],* both of
which are in the triclinic system with a P1 space group. Each
cell for compound 3 contains four sandwich triple-decker
molecules, four methanol molecules, and eight water molecules.
The mixed tetrapyrrole nature of the compounds is
unambiguously revealed in Figure 1, which has the hydrogen
atoms, OC,H, substituents on the phthalocyanine rings, and
solvent molecules omitted for clarity. The two outer
phthalocyanine ligands are connected by two europium ions
sharing a common corrole ligand, forming the heteroleptic
triple-decker complex. Each europium ion is octa-coordinated
by the isoindole and pyrrole nitrogen atoms of the outer Pc
ring and the central Cor ring, and both exhibit slightly distorted
square prism coordination geometries with a twist angle ¢ of
16.09° for Eul and 9.00° for Eu2 (Figure 1c). Selected bond
distances and angles are given in Table SI. As also occurs in
earlier characterized triple-decker tetrapyrrole complexes with
mixed Pc and Cor macrocycles, the two europium ions are not
equidistant from the coordinated Pc and Cor 1‘ings,36’39 but
rather lie closer to the Pc rings than to the plane of the Cor
ligand (1.349 vs 1.791 A for Eul and 1.406 vs 1.786 A for Eu2).

DOI: 10.1021/acs.inorgchem.5b01713
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Table 1. Electronic Absorption Data for Eu,[Pc(OC,Hy),],[Cor(Ph),(NO,Ph),;_,] in CH,Cl,, PhCN, and Pyridine

solvent no. of NO, groups, n Amaw nm (log €)

CH,Cl, 0 294 (5.17) 351 (5.27) 420 (4.90) 534 (4.57)¢ 682 (4.79)
1 294 (5.28) 351 (5.36) 425 (4.97) 542 (4.66)° 674 (4.93)
2 294 (5.19) 352 (5.27) 433 (4.90) 545 (4.58)" 685 (4.88)
3 294 (5.17) 351 (5.24) 436 (4.87) 547 (4.56)¢ 680 (4.86)

PhCN 0 b 353 (5.06) 421 (4.71) 530 (4.33)" 680 (4.65)
1 b 353 (5.18) 430 (4.80) 544 (4.47)¢ 675 (4.79)
2 b 354 (5.24) 435 (4.86) 545 (4.53)¢ 683 (4.90)
3 b 353 (5.07) 439 (4.70) 550 (4.39)“ 680 (4.73)

Py 0 b 353 (5.25) 420 (4.92) 534 (4.52)° 680 (4.82)
1 b 354 (5.23) 429 (4.84) 542 (4.47)° 672 (4.82)
2 b 354 (5.27) 433 (4.92) 545 (4.55)° 684 (4.93)
3 b 353 (5.28) 437 (4.90) 547 (4.55)¢ 680 (4.95)

“Broad and weak band. “This band could not be observed in PhCN or pyridine.

Table 2. Half-Wave Potentials (E,,,, V vs SCE) and Proposed Sites of Electron Transfer (Cor or Pc) for the Oxidations and
Reductions of Eu,[Pc(OC,H,)s],[Cor(Ph),(NO,Ph),_,] (1—4) and Eu,[Pc(OC,Hy);],[Cor(PhCl);] (5) in PhCN, CH,CL, or

Pyridine Containing 0.1 M TBAP

oxidation reduction
fifth fourth third second first first second third fourth fifth
solvent no. of NO, n cpd (Cor) (Pc) (Pc) (Cor) (Cor) (NO,Ph) (NO,Ph)
CH,Cl, 0 1 1.41 1.28 1.07 0.69 0.29 —0.16 —-1.36 —1.58
1 2 1.48 1.30 1.08 0.71 0.33 —0.08 —1.40° —1.55¢ -1.76"
2 3 1.54 1.33 1.09 0.75 0.37 0.00 —1.28 —-1.427 —1.58¢ -1.81¢
3 4 1.60 1.37 1.10 0.76 0.41 0.07 —1.26" —1.41° —1.63" —1.86"
Sb 1.46 1.30 1.09 0.72 0.33 —0.11 -1.36 —1.58
PhCN 0 1 1.43 1.31 1.06 0.68 0.29 —-0.07 -1.29 —1.45
1 2 1.48 1.33 1.07 0.70 0.32 —0.03 -1.27 —1.44 —1.66"
2 3 1.52 1.36 1.09 0.71 0.35 0.02 -1.21 -1.33 —1.46 —1.70“
3 4 1.59 1.41 1.11 0.74 0.38 0.08 -1.19 -1.32 —1.50 —1.80°
S 143 1.31 1.08 0.71 0.33 —0.04 —1.2§ —1.44
pyridine 0 1 0.72 0.34 —0.08 —-1.25 —1.47
1 2 0.75 0.38 0.02 —-1.21 —-1.36 —1.51
2 3 0.79 0.42 0.07 -1.14 -1.29 —1.41 -1.57
3 4 0.82 0.46 0.12 —-1.12 —-1.29 —1.46 —1.66
S 0.75 0.38 0.00 —-1.24 —1.44

“Irreversible peak potential, E, at scan rate of 0.10 V/s. “Data for compound § is taken from ref 39.

The Eul—Eu2 separation is 3.578 A, which is slightly longer
than that in Eu,[Pc(OC,H,)g],[Cor(CIPh),] (3.586 A),*
probably because of a steric effect of the NO, groups.
Interestingly, the Eu—N distances are also not equivalent for
the two metal ions. The average Eul—N[Pc(OC,H,)s] bond
length (2.386 A) is significantly shorter than the average Eul—
N[Cor(Ph)(NO,Ph),] bond length (2.594 A), and the Eu2—
N[Pc(OC,H,)s] (2424 A) distance is also shorter than the
Eu2—N[Cor(Ph) (NO,Ph),] distance (2.590 A). These
structural features are similar to what was earlier reported for
Euz[PC(OCSHW)s]z[COY(ClPh)z,]36 and Eu,[Pc(OCHy)s],-
[Cor(CIPh);]*” but clearly different from other tetrapyrrole
rare earth triple-decker complexes, such as Er,(Pc),[Pc-
(OC8H17)8]J62 Cez[PC(OMe)s][(TPP)z];63 and Nd,(Nc)-
[(OEP),],°* which are centrosymmetric, with two identical
metal environments. This could be attributed to the different
crystal packing forces for these complexes.

Electronic Absorption Spectra. The electronic absorp-
tion spectra of the currently investigated triple-decker
complexes were recorded in CH,Cl,, PhCN, and Py, and the
data are summarized in Table 1. As seen in the Table, a
characteristic phthalocyanine N band for compounds 1—4 is
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clearly observed at 294 nm in CH,Cl,. This band is assigned to
electronic transitions associated with the deeply filled orbitals
and the LUMO® and could not be detected in PhCN or Py
due to the limited UV—visible spectral window of these
solvents. Two sharp bands of 1—4 are located at 351—-354 and
420—437 nm in CH,Cl,, PhCN, or Py, and these are attributed
to the Soret bands of the complexes having a predominant
phthalocyanine and corrole character, respectively. Two Q
bands are also seen at 534—547 nm and 672—68S nm. These
values are similar to bands for the analogous complexes of
M,[Pc(OC,Hy)s],[Cor(CIPh);] (M = Pr—Tb and Y, except
Pm) and Eu,[Pc(R)g],[Cor(CIPh);] (R = H, OC{H,;, or
OCgH,,.***”* An intense Q-band at ~680 nm is also observed
for double- or triple-decker phthalocyanine complexes,(’é’67 and,
on this basis, the bands at 672—685 nm for the currently
investigated compounds are also assigned to bands of the Pc
macrocycles.

As shown in Table 1, three of the five UV—visible bands of
the investigated complexes are sensitive to substituents on the
corrole macrocycle, while two of the absorption bands are
virtually independent of the corrole ring substituents. As will be
demonstrated in the spectro-electrochemistry section of the
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Figure 2. Cyclic voltammograms of compounds 1—4 in PhCN containing 0.1 M TBAP. Reductions of the meso-NO,Ph substituents are indicated by

processes within the boxed area.

manuscript, the changes in intensity or position of the 420—439
nm (corrole) band and 672—684 nm (phthalocyanine) bands
after oxidation or reduction can be used to provide indirect
evidence for the site of electron transfer being predominantly
corrole or phthalocyanine-centered in a specific redox process.

The near-IR electronic absorption spectra of compounds 1—
4 were also measured in CH,Cl,, and an example of the
spectrum is given in Figure S3 for compound 1. The presence
of the weak and broad band from 1300 to 2300 nm suggests a
neutral radical nature of the investigated triple-decker
complexes.”

Electrochemistry. Corrole—phthalocyanine rare earth
triple-decker complexes in CH,Cl, containing 0.1 M TBAP
were recently reported to undergo up to eight reversible or
quasireversible one-electron oxidations and reductions, all of
which are attributed to the successive removal or addition of
electrons from the ligand-based orbitals of the compound.*™*”
The addition of 1—3 nitrophenyl groups at the meso positions
of the corrole macrocycle in compounds 2—4 should lead to
additional reactions being observed at the redox active NO,Ph
substituents®®” as well as to a progressive shift of all redox
potentials toward more positive values (easier reductions and
harder oxidations) as compared to the parent triple-decker
compound 1 with a central triphenylcorrole ligand. However, it
was not clear what would be the magnitude of the potential
shift for each added electron-withdrawing NO, group, since this
would depend upon the specific site of each electron transfer. It
was also not clear if the nitrobenzene substituents on
compounds 3 and 4 would interact with each other and be
reduced at different half-wave potentials as occurs for some
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monomacrocyclic corroles with these substituents,”” or if the
redox-active NO,Ph substituents would be non-interacting and
all be reduced at the same half-wave potential as has been
reported to occur for other corroles with meso-NO,Ph
groups.57’58

To answer these questions, the four Eu,[Pc(OC,H,)sl,-
[Cor(Ph),(NO,Ph);_,] complexes containing different num-
bers of NO,Ph groups were examined as to their electro-
chemistry in three nonoaqueous solvents (CH,Cl,, PhCN, and
Py) containing 0.1 M TBAP. A summary of the measured half-
wave potentials in the different solvents is given in Table 2,
which includes the proposed site of the initial electron transfer
based on analysis of the electrochemical and spectroscopic data.
Examples of cyclic voltammograms in the three solvents are
shown in Figure 2 (PhCN), Figure S4 (CH,Cl,), and Figure SS
(Py).

Compound 1, which has no nitro substituents on the corrole
(see Chart 1), exhibits five oxidations and three reductions in
PhCN (Figure 2) or CH,Cl, (Figure S4), both containing 0.1
M TBAP. Each redox reaction involves a reversible one-
electron transfer, and each is attributed to a ligand-based redox
process. Similar current—voltage curves are observed for
reduction of compound 1 in Py (Figure SS), but only two
oxidations can be detected in this solvent due to the limited
positive potential window of ~1.0 V.

As expected, the electron-withdrawing nitrophenyl groups on
the corrole macrocycles of 2, 3, and 4 induce a positive shift of
all oxidations as compared to the parent compound 1, which
lacks NO, substituents. For example, as seen in Figure 2, the
reversible E;/, value for the first oxidation of 1 (with no NO,
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Figure 3. Plots of redox potentials vs the number of NO,Ph groups on compounds 1—4 in (a) PhCN and (b) CH,Cl, containing 0.1 M TBAP.

groups) is located at 0.29 V, while E,,, for the same redox
reaction shifts to 0.32 V for 2 (which contains one NO, group),
0.35 V for 3 (with two NO, groups), and 0.38 V for 4 (with
three NO, groups). The difference in E, ,, values between the
reversible one-electron oxidations of 1 and 4 is 90 mV in PhCN
(Figures 2), 120 mV in CH,Cl, (Figures S4), and 170 mV in
Py (Figures SS).

A significant positive shift in E,/, also occurs for the first
ligand-based reduction of compounds 2—4 as compared to
compound 1 under the same solution conditions. This is seen
from the electrochemical data in Table 2 as well as from the
cyclic voltammograms in Figure 2 (PhCN), Figure S4
(CH,CL,), and Figure SS (py). The E,,, values for the first
one-electron reduction of compounds 1—4 in PhCN are
located at —0.07, —0.03, 0.02, and 0.08 V, respectively, and the
difference in E, ;, between compounds 1 and 4 is 150 mV. This
AE, ), value increases to 170 mV in pyridine (Figure SS) and to
230 mV in CH,Cl, (Figure S4), indicating that the potentials
for reduction are dependent not only upon the electron-
withdrawing characteristics of the meso-nitrophenyl substituents
but also upon the solvent.

Smaller positive shifts in potential with increase in the
number of NO, groups are seen for the second, third, and
fourth oxidations of 1—4 in PhCN, and the same trend in E,/,
with the number of NO,Ph groups on the compound occurs in
CH,Cl, and py as shown in Figures 2, S4, and SS, as well as in
Table 2.

Compound 1 (which has no NO, groups) exhibits three
reversible one-electron transfer steps in PhCN containing 0.1
M TBAP. The first reduction is at E, , = —0.07 V, the second at
E,;; = =129V, and the third at E;, = —1.45 V (Figure 2). In
contrast, four reductions can be seen in the cyclic voltammo-
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gram of 2 in PhCN (which has one NO, group). These
reductions are located at E, , = —0.03, —=1.27, —1.44, and E,. =
—1.66 V, respectively (Figure 2). The second reduction of 2 is
assigned to the meso-NO,Ph substituent and the E,/, of —1.27
V in PhCN and is shifted negatively by 80 mV as compared to
the E;/, of —1.19 V for reduction of unlinked nitrobenzene
under the same solution condition (Figure S6). The second
reduction of compounds 3 and 4 is also assigned as a one-
electron addition to a meso-NO,Ph group on the macrocycle.
This conversion of the linked NO,Ph group to [NO,Ph]”
occurs at E;, = —1.21 and —1.19 V for 3 and 4, respectively,
the latter value being exactly the same as the half-wave potential
for reduction of unlinked nitrobenzene in PhCN (see Figure
S6).

The singly reduced [NO,Ph]™ product of the meso-
nitrobenzene substituents on compounds 2, 3, and 4 is
unstable in CH,Cl, containing trace water or protons, and this
leads to irreversible processes as seen in Figure S4. However,
greater reversibility is obtained in PhCN and pyridine where
reversible half-wave potentials for the stepwise reduction of
each NO,Ph group can be measured from voltammograms of
the types shown in Figures 2, S5, and S7. For example,
compound 3 exhibits five one-electron reductions in pyridine
(Eyp, = 0.07, —1.14, —1.29, —1.41, and —1.57 V), the second
and third of which correspond to electron addition at the 5 and
15 meso-NO,Ph groups on the compound (Figures S7). The
fact that the two equivalent NO,Ph groups in compound 3 are
reduced at different half-wave potentials indicates an interaction
between these redox-active centers across the molecule. The
AE, /, of 150 mV between these two one-electron reductions of
the NO,Ph groups in pyridine (and 120 mV in PhCN)
indicates a moderately strong interaction. Moreover, reduction
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of the three meso-NO,Ph substituents on compound 4 in
pyridine occurs in two steps, the first of which involves a
reversible one-electron addition at E,;, = —1.12 V; the second
involves two overlapping one-electron transfer steps at the
same half-wave potential of —1.29 V (Figure S5). Again, the
first one-electron reduction potential of the meso-NO,Ph
groups on compounds 3 and 4 are virtually identical to each
other in pyridine (—1.12 and —1.14 V), and they are also
almost identical to the E;, for reduction of unlinked
nitrobenzene under the same solution conditions (E,, =
—1.15 V, as illustrated in Figure S6).

In summary, compounds 2—4 exhibit one or two more
reductions than compound 1 as shown in Figures 2, S4, and SS.
These reductions are assigned to the electroactive NO,Ph
groups, each of which is reversibly converted to its [NO,Ph]~
form in a stepwise one-electron transfer. This result is quite
different from what was reported for reduction of the meso-
NO,Ph groups on copper and cobalt corroles, where all three
nitrobenzene reductions occur at the same half-wave
potential,”® and it is also different from free-base, palladium,
or zinc porphyrins having nitrophenyl substituents at the four
meso positions of the macrocycle, where a single multielectron
reduction is observed.”

Finally, note that the reduction of unlinked nitrobenzene in
CH,Cl, containing 0.1 M TBAP proceeds in two steps, the
second of which is irreversible and located at a peak potential of
ca. —2.0 V (Figure S6c). Similar irreversible reductions are seen
for the compounds 2—4 in CH,Cl, Figure S4, but the exact
potential of these electron transfers could not be easily
measured, nor could the site of electron transfer be precisely
determined.

As will be shown in the following section, the measured E, /,
values for oxidation of 1—4 are linearly related to the number of
NO,Ph groups on the corrole, with the magnitude of the shift
in potential for each redox reaction being related to the
predominant macrocyclic site of electron transfer, either corrole
or phthalocyanine.

Substituent Effects, Spectroelectrochemistry, and Site
of Electron Transfer. As described above, and shown in
Figure 2, half-wave potentials for the five oxidations and first
reduction of compounds 1—4 vary with the number of electron-
withdrawing NO,Ph groups on the compounds. Increasing the
number of NO,Ph groups on the corrole leads to a progressive
positive shift in the reversible half-wave potentials for the first
one-electron reduction and five one-electron oxidations of the
compounds, with the magnitude of the shift being dependent
upon both the solvent and the specific redox reaction as shown
by the plots in Figure 3. A linear correlation exists between E, ,
and the number of NO,Ph groups on the corrole for the six
examined redox reactions in PhCN or CH,Cl,, and the trend in
the substituent effect is the same in both solvents, namely, a
much larger effect of the NO,Ph groups on E,/, for the first
reduction and first oxidation, where the slopes of the plots in
PhCN (Figure 3a) are SO and 30 mV as compared to the
second and third oxidations of the same compounds in PhCN
where the slopes are 19 and 17 mV, respectively. The same
relative trend in substituent effects is seen in CH,Cl, (Figure
3b), where the largest slope is seen for the first reduction (77
mV), and the smallest is seen for the third oxidation (10 mV),
the latter of which displays an almost negligible effect of the
electron-withdrawing NO,Ph groups on the redox potentials.

The relative magnitude of the substituent effect should be
related to the probable site of electron transfer, and the data in
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Figure 3 provide strong indirect evidence for the first reduction
and first oxidation of 1—4 being located on the corrole
macrocycle. This contrasts with the second and third oxidations
of the compounds in the two solvents, which “feel” only slightly
the effect of the electron-withdrawing NO,Ph groups, thus
indicating an electron transfer site more localized on the two
phthalocyanine macrocycles, which are farther removed from
the corrole meso-NO,Ph substituents.

The effect of NO,Ph groups on the second reduction
potentials of 2—4 in PhCN (Figure 4), CH,Cl, (Figure S8),

cpd1  cpd2 cpd 3 cpd 4
0.2 l
Ist macrocycle
0.0 reduction
slope =50 mV
- [ORS
1.2 4 =<-NO,Ph
reduction

2nd macrocycle
reduction
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N
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Pe <
3rd macrocycle

My ‘
reduction

0 1 2 3
Number of NO,Ph groups

Figure 4. Plots of reduction potentials vs the number of NO,Ph
groups on compounds 1—4 in PhCN containing 0.1 M TBAP.

and pyridine (Figure S9) also provides strong indirect evidence
for this electron transfer process being totally localized on a
NO,Ph substituent of the compounds. This one-electron
reduction occurs at E;, = —1.19 to —1.27 V in PhCN (Figure
2), —=1.12 to —1.21 V in pyridine (Figure S5), and E,. = —1.26
to —1.40 V in CH,Cl, (Figure S4), values which are almost
identical to the measured half-wave potentials for the one-
electron reduction of unlinked nitrobenzene under the same
solution conditions (see Figure S6). The third reduction of
compounds 3 and 4 also involves the NO,Ph groups on the
compounds. These processes occur at ca. —1.41 V in CH,Cl,,
—1.33 V in PhCN, and —1.29 V in pyridine (see Table 2).

The last two reductions of compounds 2, 3, and 4 are
assigned to electron additions at the corrole or phthalocyanine
7 ring system (as opposed to the redox-active nitrobenzene
substituents), and the negative shift of E,/, shown in Figure 4
with increasing number of NO,Ph groups for these two
processes can be accounted for by the increasing negative
charge on the molecules with each conversion of a meso-NO,Ph
substituent to its [NO,Ph]~ form.

In summary, the data analysis in Figures 3 and 4 provides
strong indirect evidence for assigning the probable site of
electron transfer in the first two one-electron reductions and
first three one-electron oxidations of compounds 1—4. Two
additional pieces of evidence are given in support of these
assignments. The first involves a correlationship between the
measured potentials for oxidation or reduction and the
Hammett substituent constants associated with the nitro
groups on the corrole (Figure S). The second involves an
analysis of UV—visible spectra for the electroreduced or
electrooxidized species obtained by thin-layer UV—visible
spectro-electrochemistry.
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Hammett substituent constants are taken from ref 68.

The effect of electron-donating or electron-withdrawing
substituents on half-wave potentials for oxidation or reduction
of compounds 1—4 can be quantified by the use of eq 1,°*%
where o is the electron-donating or electron-withdrawing
characteristic of the substituent,”’ and p is the magnitude of the
interaction between the substituent and the site of electron
transfer. The larger the value of p, the larger the effect of the
substituents on the reaction site. A plot E, ,, versus o can then
be used to suggest the site of electron transfer in much the
same way as the plots in Figures 3 and 4.

AE,,, = Zop (1)

A plot of the measured potentials for the first reduction and
five oxidations of compounds 1—4 is given in Figure 5. Also
included in this figure are potentials for the same six redox
reactions of Eu,[Pc(OC,Hy);],[Cor(PhCl);] S, which pos-
sesses a CIPh substituent at the three meso positions of the
corrole macrocycle.

The values of p for ring-centered reductions or oxidations of
porphyrins and corroles with phenyl-substituted groups at the
meso positions of the macrocycle generally range from 30 to 50
mV for monomeric compounds.”” Much smaller values of p are
sometimes observed when the reaction site is farther removed
from the electron-donating or electron-withdrawing substitu-
ents, a good example being in the case of metal-centered redox
reactions. With this in mind, one can use the linear free-energy
relationships in Figure S as a diagnostic criteria to propose the
probable initial site of electron transfer in each redox reaction.
A relatively large value of p will suggest a redox reaction at the
corrole macrocycle containing the substituents, and a relatively
small value of p will suggest a reaction at the phthalocyanine
macrocycles, which are farther removed from the electron-
withdrawing NO,Ph substituents and separated from the
corrole ligand by a europium ion.
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The data in Figure S are consistent with the linear free-
energy relationships illustrated in Figures 3 and 4. The largest
value of p (101 mV) is observed for the first reduction of the
compounds in CH,Cl,, and this process is assigned as electron
addition to the corrole macrocycle on the basis of the large p
value. The smallest value of p is seen for the third oxidation of
the compounds in CH,Cl, (12 mV), and this process is
assigned as involving electron abstraction from one or both of
the Pc macrocycles. The p for the first oxidation of the five
compounds in Figure 5 is 51 mV in CH,Cl, compared to 31
mV for the second oxidation in this solvent. This is also
consistent with assignment of electron abstraction from the
corrole macrocycle in the first oxidation.

A similar comparison of p values can be made for the data in
PhCN where the slopes are 37 and 23 mV for the first and
second oxidations, respectively. This also suggests an oxidation
at the corrole macrocycle, but, as shown by the spectro-
electrochemical data described below, this process also has
some characteristics of a Pc-based electron abstraction.

The spectral changes that occur during the first controlled
reduction of 1—4 in PhCN are illustrated in Figure 6 and are
the most definitive in terms of assigning the probable site of
electron addition. The band at 421—439 nm is attributed to the
corrole Soret band. The fact that this band significantly
decreases in intensity after the addition of one electron is
consistent with electron addition to the z-ring system of the
corrole and also fits with the very large p values in Figure S.
Also consistent with assignment of reaction at the corrole is the
fact that the phthalocyanine Q-band at 675—683 nm shifts to
622—647 nm but remains relatively unchanged in intensity.
This latter change indicates a reduction that is not located
prominently on the m-ring system of the phthalocyanine
macrocycles; however, note that the singly reduced species has
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Figure 6. UV—vis spectral changes during the first controlled potential
reduction of compounds 1—4 at —0.60 V in PhCN containing 0.1 M
TBAP.

a broad band from 700 to 950 nm, which could indicate some
radical character.

The Q-band assigned to the phthalocyanine macrocycle at
676—683 nm remains well-defined after the first controlled
potential oxidation of compounds 1—4 but decreases in
intensity. This is illustrated in Figure 7 for the case of 1 and
Figure S10 for 2 and 3, where the controlled potential oxidation
was performed at +0.50 V (compounds 1 and 2) or +0.60 V
(compound 3). The 353—356 nm band assigned to the Pc
macrocycle also decreases slightly in intensity during the first
oxidation of 1—4, thus suggesting some degrees of positive
charge on the Pc macrocycles.

The second oxidation of 1—4 was assigned on the basis of
the linear free-energy relationships in Figures 3 and S as
occurring predominantly at the Pc ligands, and the same
conclusion can be reached by the significant loss in intensity of
the Q-band during the second oxidation of compounds 1
(Figure 7), 2 (Figure S10), and 3 (Figure S10). The Q-band of
these triple-decker compounds as well as the band at ~350 nm
are both further reduced in intensity after the third oxidation,
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and this reaction can also be assigned as occurring at the Pc
macrocycles of 1—4 on the basis of these changes.

In summary, a new series of europium triple-decker
complexes containing two phthalocyanine and one nitro-
phenyl-substituted corrole macrocycle was synthesized and
characterized by spectroscopic and electrochemical methods in
three different nonaqueous solvents. One of the compounds
was also structurally characterized. The investigated com-
pounds can be reversibly oxidized in five one-electron transfer
steps, and they can also be reduced in 3—5 one-electron
transfer steps, giving triple-decker complexes in up to 11
different oxidation states. The potentials for oxidation and
reduction will depend upon the number and nature of
substituents on both the corrole and phthalocyanine macro-
cycles. In this paper, we have only investigated substituent
effects related to the corrole, but new compounds with different
phthalocyanine substituents are also possible and will be
considered in future studies.
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