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ABSTRACT: Three new indium(III) tetra- and penta-
(ferrocenyl)-substituted porphyrins of the general formula
XInTFcP [X = Cl−, OH−, or Fc−; TFcP = 5,10,15,20-
tetraferrocenylporphyrin(2-); Fc = ferrocene] have been
prepared and characterized by UV−vis, magnetic circular
dichroism (MCD), 1H, 13C, 2D, and variable-temperature
NMR spectroscopy, as well as elemental analysis. Molecular
structures of the ClInTFcP, FcInTFcP, and FcInTFcP@4C60
complexes were determined by X-ray crystallography with the
last compound being not only the first example of a C60 adduct
to the organometallic porphyrins but also the first structure in
which organometallic porphyrin antennas intercalated into
four electron-transfer channels. The electronic structures and relative energies of individual atropisomers, as well as prospective
electron-transfer properties of fullerene adducts of XInTFcP complexes, were investigated by the Density Functional Theory
(DFT) approach. Redox properties of XInTFcP complexes were investigated using electrochemical (CV and DPV),
spectroelectrochemical, and chemical oxidation approaches. Electrochemical experiments conducted in low-polarity solvent using
noncoordinating electrolyte were crucial for the sequential oxidation of ferrocene substituents in XInTFcP compounds. In
agreement with DFT calculations, the axial ferrocene ligand in FcInTFcP, with direct In−C σ-bond has a 240 mV lower oxidation
potential compared to the first oxidation potential for equatorial ferrocene substituents connected to the porphyrin core. The first
equatorial ferrocene oxidation process in all XInTFcP complexes is separated by at least 150 mV from the next three ferrocene
based oxidations. The second, third, and fourth redox processes in the ferrocene region are more closely spaced. The addition of
the bulky axial ferrocene ligand results in significantly larger rotational barriers for equatorial ferrocene substituents in FcInTFcP
compared to the other complexes and leads to better defined redox waves in cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) experiments. Mixed-valence compounds of the general formula [XInTFcP]n+ (n = 1, 2) were observed and
characterized by spectroelectrochemical and chemical oxidation approaches. In all cases, the presence of the intense intervalence
charge transfer (IVCT) bands associated with the oxidation of a single equatorial ferrocene substituent were detected in the NIR
region confirming the presence of the iron-based mixed-valence species and suggesting long-range metal−metal coupling in the
target systems. The resulting data from the mixed-valence [XInTFcP]n+ (n = 1, 2) complexes matched very closely to the
previously reported MTFcP and metal-free poly(ferrocenyl)porphyrins and were assigned as Robin and Day Class II mixed-
valence compounds.

■ INTRODUCTION
Organometallic donor−acceptor assemblies with tunable
electron-transfer and strong visible light absorption properties
were intensively studied as perspective light-harvesting
antennae for dye-sensitized solar cells (DSSCs) and organic
photovoltaics (OPVs).1 Poly(ferrocenyl)-containing com-
pounds which exhibit strong metal−metal coupling were
suggested as potentially useful components for molecular
electronics and optical limiting.2 Ferrocenyl-containing tetraa-
zaporphyrins,4 phthalocyanines,3 corroles,5 and especially
porphyrins6−9 received a considerable attention because of
their rich redox chemistry and redox-dependent spectroscopic
versatility. Formation, stability, and electron-migration proper-

ties of the corresponding mixed-valence compounds raised
particular interest in such compounds. The mixed-valence
poly(ferrocenyl)-containing macrocycles were suggested as
candidates for use in molecular electronics including, among
other things, multibit information storage devices as well as
redox-switchable optical and fluorescent elements active in the
NIR region.10 Metal-free and transition-metal poly(ferrocenyl)-
containing porphyrins with ferrocene substituents directly
connected to the porphyrin core via meso-carbon atoms, have
recently been well characterized and were found to form mixed-
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valence species upon chemical or electrochemical oxida-
tions.6h,j,l,m,o,q,r,7d

In addition, porphyrins are well-known for their ability to
form adducts with the classic electron-acceptors such as
fullerene and its derivatives11,12 in which porphyrin core acts
as a light-harvesting antenna and electron donor, while
fullerene works as electron acceptor to form a charge-separation
state. Formation of such a charge-separation state is a key for
efficient light-harvesting and light-to-current energy conversion
in porphyrin-fullerene assemblies. It has been shown that the
addition of a terminal ferrocene donor to the covalently linked
porphyrin-fullerene assembly results in significantly longer
lifetime of charge-separation states, which results in more
efficient light-to-current conversion.13 Noncovalent ferrocene-
porphyrin to fullerene assemblies, however, have not been
intensively targeted despite their lower cost, easiness in
preparation, and potential usefulness in organic photovoltaics.
Such noncovalent supramolecular assembly formation requires
fine-tuning of the electron density in ferrocene-porphyrin
donor-antenna unit. In the case of ferrocene-porphyrins with
direct ferrocene to porphyrin bonds, electron density could be
modulated by the central metal. Thus, according to the density
functional theory (DFT) calculations and available single-
crystal X-ray data, introduction of a central metal into the
porphyrin cavity results in a change of the degree of
nonplanarity of the porphyrin core,6o,r,7d which could
potentially affect the extent of the metal−metal interactions
in these systems. In addition, central metal based orbitals may
influence electron-transfer pathway. Finally, a central metal
could be used to link a macrocycle to a surface when the
application to molecular electronics is the final goal.6s Except a
single class of the double-decker diferrrocenylporphyrin-
phthalocyanine compounds, all poly(ferrocenyl)-containing
complexes published so far14 have a central metal located in
the porphyrin N4 cavity, while the redox properties of the

tetraferrocenyl-containing porphyrins (MTFcP) with an “out-
of-plane” located central ion remains unexplored. Moreover, an
intercalation of the poly(ferrocene)-containing porphyrins into
the fullerene matrix has never been reported. To investigate an
influence of the out-of-plane central atom in MTFcP complexes
on their redox behavior and explore the possibility of the axial
functionalization, we have prepared and characterized the series
of XInTFcP (X = Cl−, OH−, or Fc−) complexes (Scheme 1).
We have also investigated cocrystallization of new potentially
light-harvesting organometallic donor-porphyrin antenna dyads
with the classic electron-acceptor (fullerene) to explore
potential application of ferrocene-containing porphyrins in
organic photovoltaics.

■ RESULTS AND DISCUSSION

Synthesis of XInTFcP Complexes. A standard synthetic
route for preparation of the indium(III) porphyrins requires
heating of the metal-free porphyrin and indium(III) salt or
oxide in the glacial acetic acid or melted phenol media for long
periods of time.15 Our initial attempts to prepare the target
ClInTFcP complex using such standard approaches failed
because of the well-known oxidative decomposition of the
ferrocenyl-containing porphyrins in acidic media or at high
temperatures. Thus, because of the acid sensitivity of the
ferrocene substituents present in the parent H2TFcP
compound, we developed a new method for the preparation
of the ClInTFcP, similar to that used in synthesis of indium
chlorines16 (Scheme 1). In this approach, H2TFcP complex was
first deprotonated using LiN(SiMe3)2 and then reacted with
InCl3 in dry boiling tetrahydrofuran (THF) as a solvent (yield
52%). A substitution of the axial chloride anion by a hydroxo-
group could be achieved in a low yield following procedure
described earlier by Meyerhoff and co-workers.17 In particular,
washing a dichloromethane (DCM) solution of the ClInTFcP
complex several times with cold 2 M NaOH and distilled water,

Scheme 1. Synthetic Pathways for Preparation of the XInTFcP Complexes
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followed by removal of organic solvent and recrystallization
from DCM/hexanes afforded the HOInTFcP complex in 14%
yield. Again, all our attempts to exchange the axial chloride in

ClInTFcP using hydrolysis at elevated temperatures resulted in
formation of a black insoluble residue that was not further
characterized. Because of the low yield of the HOInTFcP

Table 1. Summary of Crystallographic Data for the ClInTFcP and FcInTFcP Complexes

ClInTFcP FcInTFcP FcInTFcP@4C60

empirical formula C70.90H62.75N4ClFe4In C70H53N4Fe5In C310H53Fe5N4In
formula weight 1344.47 1344.23 4226.63
crystal system triclinic triclinic tetragonal
space group, Z P1̅, 2 P1̅, 2 I41/acd, 8
a (Å) 11.2415(3) 13.7094(6) 36.8912(7)
b (Å) 15.3866(3) 14.5527(9) 36.8912(7)
c (Å) 16.2741(11) 15.8180(11) 24.7083(17)
α (deg) 82.613(6) 69.953(5) 90
β (deg) 81.185(6) 76.118(5) 90
γ (deg) 76.854(5) 63.423(5) 90
volume (Å3) 2695.9(2) 2637.3(3) 33627(3)
ρcalc (g/cm

3) 1.656 1.693 1.670
μ(mm−1) 1.573 1.820 0.637
θmax (deg) 27.48 25.04 26.372
meas./unique reflns 73246/12287 26966/9252 44013/8438
Rint 0.0380 0.0879 0.0237
GoF (F2) 1.131 1.010 1.905
R1, wR2 (I > 2σ(I)) 0.0391a, 0.0549a, 0.1134a,

0.0965b 0.1274b 0.3777c

R1, wR2 (all data) 0.0437a, 0.0810a, 0.1197a,
0.0986b 0.1435b 0.3848c

Δρmax/Δρmin (e/Å3) 0.595/−0.450 1.171/−0.953 3.903/-1.675
aR1(F) = ∑||Fo| − |Fc||/∑|Fo|.

bwR2(F
2) = {∑[w(Fo

2 − Fc
2)2]/∑w(Fo

2)2]}1/2. cw = 1/[σ2(Fo
2) + (3/5(Fo

2 + 2Fc
2))2].

Table 2. Selected Bond Lengths (Å) and Angles (deg) for the ClInTFcP and FcInTFcP Complexes

ClInTFcP
In(1A)−N(1) 2.146(2) N(1)−In(1A)−N(4) 85.75(9)
In(1A)−N(4) 2.153(2) N(1)−In(1A)−N(2) 86.70(9)
In(1A)−N(2) 2.158(2) N(4)−In(1A)−N(2) 150.45(10)
In(1A)−N(3) 2.171(3) N(1)−In(1A)−N(3) 147.85(10)
In(1A)−Cl(1A) 2.3940(10) N(4)−In(1A)−N(3) 85.80(9)
N(1)−In(1A)−Cl(1A) 99.30(8) N(2)−In(1A)−N(3) 85.55(9)
N(4)−In(1A)−Cl(1A) 103.94(8) N(2)−In(1A)−Cl(1A) 105.46(8)
Fe···πa(centroid) 1.658(2), 1.653(2), 1.647(2), 1.645(2), 1.656(2), 1.655(2), 1.659(2), 1.656(2) Fe···C(average) 2.049(3)

FcInTFcP
In(1)−C(61) 2.152(6) C(61)−In(1)−N(2) 106.3(2)
In(1)−N(3) 2.183(4) C(61)−In(1)−N(4) 112.3(2)
In(1)−N(1) 2.191(4) N(3)−In(1)−N(1) 138.43(16)
In(1)−N(4) 2.213(4) N(3)−In(1)−N(4) 83.41(16)
In(1)−N(2) 2.218(4) N(1)−In(1)−N(4) 83.23(15)
C(61)−In(1)−N(3) 113.85(19) N(3)−In(1)−N(2) 82.97(16)
C(61)−In(1)−N(1) 107.65(19) N(1)−In(1)−N(2) 83.41(16)

N(4)−In(1)−N(2) 141.35(16)
Fe···πb(centroid) 1.656(3), 1.663(4) 1.661(4), 1.664(5) 1.659(3), 1.653(3) 1.650(3), 1.659(3) 1.650(4),

1.659(4)
Fe···C(average) 2.048(8)

FcInTFcP@4C60

In11−C161 2.205(13) C161−In11−N11 112.83(12)
In11−N11 2.231(5) N11−In11−N11c 134.3(2)
Fe···C(average) 2.048(8) C41−C51−C61−C101 130.5(5)
Fe···πd(centroid) 1.657(2), 1.657(2), 1.645(13)

aRing centroids were built on C21−C22−C23−C24−C25, C26−C27−C28−C29−C30, C31−C32−C33−C34−C35, C36−C37−C38−C39−C40,
C41−C42−C43−C44−C45, C46−C47−C48−C49−C50, C51−C52−C53−C54−C55, and C56−C57−C58−C59−C60. bRing centroids were
built on C21−C22−C23−C24−C25, C26−C27−C28−C29−C30, C31−C32−C33−C34−C35, C36−C37−C38−C39−C40, C41−C42−C43−
C44−C45, C46−C47−C48−C49−C50, C51−C52−C53−C54−C55, C56−C57−C58−C59−C60, C61−C62−C63−C64−C65 and C66−C67−
C68−C69−C70. c1−x, 1/2−y, z. dRing centroids were built on C6−C7−C8−C9−C10, C11−C12−C13−C14−C15, C21−C22−C23−C24−C25.
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complex, we did not further investigate its possible axial
functionalization. Finally, the FcInTFcP complex was prepared
in a good yield by reaction between ClInTFcP and ferrocene-
lithium salt following a procedure published by us earlier for
axial functionalization of Cl2SnTPP (TPP(2-) is a dianion of
5,10,15,20-tetraphenylporphyrin) complexes.9b It should be
noted, that to the best of our knowledge, the FcInTFcP
complex is the first organometallic porphyrin with both axial
and equatorial σ-bonded ferrocenyl groups directly bounded to
the porphyrin core.
X-ray Crystal Structures. An ultimate knowledge on the

chemical structures of ClInTFcP and FcInTFcP was further
gained from the single-crystal X-ray analysis. Refinement
parameters for the ClInTFcP and FcInTFcP complexes are
presented in Table 1, their selected bonds lengths and angles
are summarized in Table 2, and ORTEP diagrams are shown in
Figures 1 and 2. In both structures, the indium ion has a

tetragonal pyramidal geometry, which consists of four nitrogen
atoms of the porphyrin core and a single axial ligand. The
presence of a bulky axial ferrocene group in FcInTFcP leads to
several significant deviations in geometry of the indium ion
compared to the structure of ClInTFcP. First, the central
indium ion is located further from the porphyrin N4 plane in
FcInTFcP (0.755(1) Å) compared to ClInTFcP (0.574(1) Å).
Second, the corresponding In−N bond distances are longer for
the FcInTFcP complex (2.183(4)−2.218(4) Å) compared to
ClInTFcP (2.146(2)−2.171(2) Å). The effect of the bulky axial
ferrocene group also results in an asymmetry of the
coordination environment of the indium ion. The interaction
of the ferrocene group with porphyrin core leads to increase of
the C(61)−In(1)−N(3) angles to 113.85(19)o, compared to
C(61)−In(1)−N(1) angle (Table 2). Such an imbalance was
not observed in ClInTFcP. The axial In−Cl distance in
ClInTFcP is 2.394(1) Å, which is comparable to the distances
observed for similar compounds (2.369(2),18 2.374(1) Å,19 and
2.360(2) Å20). The axial In−C bond distance in FcInTFcP is
2.152(6) Å and is very close to that observed in a CH3InTPP
complex (2.1328(2) Å).21 Unlike distorted H2TFcP

6o and
ZnTFcP7d complexes that were reported earlier, both
ClInTFcP and FcInTFcP complexes have quite a planar
porphyrin core, and such a situation has recently been observed
in the case of the Cl2SnTFcP compound.6r The axial ferrocene
group in the FcInTFcP complex is almost coplanar with the
N2−In1−N4 plane (torsion angle is 11.33°). All ferrocene

substituents in the crystal structures of ClInTFcP and
FcInTFcP were observed in an eclipsed conformation.
The ferrocene substituents in the ClInTFcP complex adopt

an α,α,β,β conformation similar to that observed in Cl2SnTFcP
compound.6r In analogy with the Cl2SnTFcP compound, the
reason for such a conformation is the presence of solvent
molecules (toluene) in the crystal structure of the ClInTFcP
complex (Figure 3). To accommodate the solvent molecule,

ClInTFcP complexes form a zigzag structure with two
ferrocene substituents adopting α,α and the other two
ferrocene substituents adopting β,β conformations. Such an
asymmetric zigzag motif creates solvent cavities large enough to
accommodate the toluene solvent molecule, which can form
effective π−π interactions with the porphyrin core (Figure 3).
The equatorial ferrocene substituents in the FcInTFcP complex
have an unprecedented α,α,α,α conformation (Figure 2),
which, according to the DFT calculations presented below, is
slightly energetically more favorable compared to the other
atropisomers. An additional reason for such a conformation in
the solid state is a strong π−π interaction between two

Figure 1. ORTEP diagram for the ClInTFcP complex. All hydrogen
atoms are omitted for clarity. Thermal ellipsoids are at 50%
probability.

Figure 2. ORTEP diagram for the FcInTFcP complex. All hydrogen
atoms are omitted for clarity. Thermal ellipsoids are at 50%
probability.

Figure 3. Packing diagram for the ClInTFcP complex.
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neighboring porphyrin cores (Figure 4). In addition, similar
π−π ineractions exist between Cp rings of axial and equatorial
σ-bonded ferrocenes (Cpaxial-Cpequatorial = 3.370 Å).

NMR Spectroscopy. All indium complexes reported here
differ only by the axial substituent, and thus the NMR spectra
of the tetraferrocenyl-porphyrin fragment are close to each
other and consist of the β-pyrrolic and three ferrocene-
associated signals (Supporting Information, Figures S1−S8). In
addition, the proton signal of the axial hydroxyl ligand in
HOInTFcP was observed at −5.37 ppm because of the strong
ring current created by the π-system of the porphyrin core.
Similarly, proton signals for the axial ferrocene substituent in
FcInTFcP were also significantly shifted upfield because of the
porphyrin ring current as confirmed by COSY analysis. In each
compound’s 1H NMR spectra, the three separate signals
appearing for the ferrocene substituent, (α-Cp, β-Cp, and Cp-H
protons) confirm that the ferrocene substituents are free to
rotate around single Cipso−Cmeso bonds and probably adopt
different conformations in the solid state as a result of different
crystal packing interactions. It is also important to note that
ClInTPP porphyrin does not reveal such behavior and has split
signals of the ortho- protons of the phenyl ring.18

Taking into consideration a large difference in steric
properties of the axial substituents in ClInTFcP and FcInTFcP
complexes, we used variable temperature NMR spectroscopy to
examine the barrier of rotation for the equatorial ferrocene
substituents (Supporting Information, Figures S9 and S10).
The activation barrier for rotation of the equatorial ferrocene
substituents in the FcInTFcP complex was estimated to be 35.7
kJ/mol based on the coalescence temperature for β-protons in
this compound. The smaller size of the axial chloride in the
ClInTFcP complex leads to a significantly lower rotation barrier
for the ferrocene substituents, which was roughly estimated to
be smaller than 12.6 kJ/mol with a coalescence temperature
below the freezing point of the solvent. Previous work with
both tetraphenyl porphyrins22 and tetraferrocenyl porphyr-
ins6l,7d showed that the rotational barrier depends on the
central metal ion.22 Estimated activation energies for previously
prepared tetraferrocenyl porphyrins increase in the order of Ni
< H2 < Zn6l When compared with the indium metalated
porphyrins reported here, the compounds fall in the following
order: InCl < Ni <H2 < Zn < InFc. A relatively high rotational
barrier observed in the case of the FcInTFcP complex can be
easily attributed to the size of the axial ferrocene ligand.
UV−vis−NIR and MCD Spectra of XInTFcP Complexes.

The UV−vis−NIR and magnetic circular dichroism (MCD)
spectra of XInTFcP complexes are presented in Figure 5. Each
UV−vis spectrum exhibits an intense Soret band located at
437−443 nm and a single Q-Band between 712 and 724 nm.

The Soret and Q-bands are correlate with Faraday A terms in
the corresponding MCD spectra. The consistency of MCD
Faraday A-terms in Soret- and Q-band regions found among all
three indium compounds indicates that all three new
compounds exhibit degeneracy in their excited state, which is
consistent with effective C4v symmetry. Since indium ion is
located significantly out of the porphyrin N4 plane in XInTFcP
complexes, an influence of the axial ligand on energies of
excited states is significantly smaller compared to an influence
of the axial ligands in recently reported Cl2SnTPP and
Fc2SnTPP complexes (Sn(IV) ion is in N4 porphyrin plane).9b

Indeed, both Soret and Q-bands in the FcInTFcP complex are
shifted by ∼5 nm to the lower energies from the Soret and Q-
bands observed in complexes XInTFcP (X = Cl− or OH−),
while an ∼20 nm red shift was observed for the Soret and Q-
bands when axial chlorine ligands in Cl2SnTPP were replaced
by ferrocene substituents.9b

Redox Properties of XInTFcP Complexes. Similar to the
metal-free and transition-metal tetraferrocenyl porphyrins
described earlier,6h,m,o,q,7d the redox properties of XInTFcP
complexes were first evaluated using cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and square wave
voltammetry (SWV) approaches. To minimize solute-electro-
lyte ion-pairing and thus improve the resolution between redox
processes, all electrochemical and spectroelectrochemical were
conducted using DCM as a solvent and, as suggested by Geiger
and co-workers , 2 3 te t rabuty lammonium tetrak i s -
(perfluorophenyl)borate (TBAF) as the electrolyte. CV and
DPV results for all XInTFcP compounds are shown in Figure 6,
while redox potentials are listed in Table 3.

Figure 4. Packing diagram for the FcInTFcP complex.

Figure 5. UV−vis−NIR and MCD spectra of ClInTFcP (top),
HOInTFcP (middle), and FcInTFcP (bottom) complexes.
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In agreement with redox data on H2TFcP, MTFcP (M =
Co(II), Ni(II), Cu(II), Zn(II)), and Cl2SnTFcP complex-
es,6m,q,r redox processes in XInTFcP complexes could be
associated with oxidation of ferrocene substituents and
oxidation/reduction of the porphyrin core. CV data suggest
that both porphyrin-centered reductions observed between
−1.6 and −2.4 V are reversible, while (if observed within
electrochemical window) the porphyrin-centered oxidation
process observed at ∼+1.5 V is irreversible. Oxidation of the
ferrocene substituents in ClInTFcP and HOInTFcP complexes
resemble the respective processes in H2TFcP and MTFcP
complexes.6m,q,r In particular, (i) each ferrocene substituent has
an individual oxidation potential; (ii) the first oxidation

potential is well separated (160−180 mV) from the other
three processes; (iii) oxidation potentials of the remaining three
ferrocene substituents are closely spaced, such that exact
positions could only be determined by deconvolution analysis
(Supporting Information, Figure S11); (iv) four ferrocene-
centered oxidation processes span over a 300−400 mV range.
We were also curious to see how the 3-fold increase of the

rotational barrier in the more sterically crowded FcInTFcP
complex compared to ClInTFcP would affect the span and
resolution of ferrocene-centered electrochemical waves. It has
been mentioned earlier that rotational hindrance for the
ferrocene-group rotation can cause a significant difference in
the redox-behavior of poly(ferrocenyl)-containing porphyrins.
Indeed, potentials for the first and second ferrocene oxidations
in 5,15-bis(ferrocenyl)-10,20-diphenylporphyrin (with a low
rotational barrier for the ferrocene groups) are separated by
only 150 mV (DCM/TBAF system),6o while those for sterically
crowded α ,α-5,15-bis(ferrocenyl)-2,8,12,18-tetrabutyl-
3,7,13,17-tetramethylporphyrin (with ferrocene groups locked
in a single α,α-conformation) are separated by amazing 400 mV
(DCM/TBAP system).6c Both CV and DPV data for the
FcInTFcP complex (Figure 6) in the area of the ferrocene
groups’ oxidation clearly indicate five distinct processes
associated with stepwise oxidation of individual ferrocene
substituents. The lowest oxidation couple was observed at
−130 mV versus the Fc/Fc+ couple. This process is well-
separated (240 mV) from remaining four waves. The second
oxidation wave was observed at +110 mV and was again well
separated (140 mV) from the third process. Although well-
defined, the third and fourth oxidation waves are closely spaced
(<100 mV), while separation between the fourth and fifth

Figure 6. Electrochemical (CV and DPV) data on XInTFcP complexes in DCM/0.05 M TBAF system. Insets on the right side panels represent
DPV data for the ferrocene substituents’ oxidation only.

Table 3. Redox Potentials in Volts (versus Fc/Fc+ Couple) of
XInTFcP Complexes Determined in DCM/TBAF Systema

porphyrin-
centered
reduction ferrocene-centered oxidation

porphyrin-
centered
oxidation

P−2 P−1 Fc+1 Fc+2 Fc+3 Fc+4 Fc+5 P+1

ClInTFcP
−2.02 −1.68 0.06 0.22 0.28 0.36 1.48irr

HOInTFcP
−2.06 −1.70 0.02 0.20 0.32 0.42

FcInTFcP
−2.2 −1.77 −0.13 0.11 0.26 0.35 0.46 1.55irr

aAbbreviations: P−1 and P−2 are first and second porphyrin-centered
reductions, respectively; P+1 is a first porphyrin-centered oxidation; Fc
+1−Fc+5 are respective ferrocene-centered oxidations. In all cases,
when redox waves were closely spaced, their potentials were
determined using DPV data deconvolution analysis.
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oxidation waves is relatively large (120 mV). Overall, the higher
rotational barrier for ferrocene substituents in the more
sterically crowded FcInTFcP complex results in significantly
better resolved redox waves compared to those observed in
ClInTFcP and HOInTFcP compounds.
The electrochemical experiments’ comproportionation con-

stants (Kc)
24 for all possible mixed-valence states in XInTFcP

complexes are presented in Supporting Information, Table S1.
Based on electrochemical data, it is expected that the Kc for the
first two equatorial ferrocene-groups’ oxidation processes,
[MTFcP]n + [MTFcP](n+2)+ ⇆ 2 [MTFcP](n+1)+; where n =
0 for ClInTFcP and HOInTFcP and n = 1 for FcInTFcP, favor
stability of mixed-valence species of general formula
[MTFcP]n+ (n = 1 for ClInTFcP and HOInTFcP and n = 2
for FcInTFcP), which is similar to the other ferrocenyl-
containing porphyrins.6h,m,o Estimated values of Kc for the
second and third oxidation process are significantly smaller
(Supporting Information, Table S1), reflecting possible
difficulties with generation of spectroscopically pure
[MTFcP]n+ (n = 2 or 3 for ClInTFcP and HOInTFcP and n
= 3 or 4 for FcInTFcP) mixed-valence species. As usual, it
should be noted that although estimated values of Kc could be
helpful in characterization of the mixed-valence species
generated under spectroelectrochemical conditions, they should
be treated with a great caution because the electrochemical
redox potentials of potentially mixed-valence compounds are
highly dependent on a solvent and electrolyte.6m,24

To obtain spectroscopic signatures of [XInTFcP]n+ species as
well as provide an accurate assignment of electrochemically
observed redox processes, all XInTFcP complexes were further
investigated by the spectroelectrochemical approach. During
oxidation under the first oxidation potential, the Soret band of
ClInTFcP and HOInTFcP complexes was found to decrease in
intensity and undergo a red shift of ∼5 nm, while the Q-band
was found to decrease in intensity without energy change. In
addition, a very characteristic intervalence charge-transfer
(IVCT) band appeared at ∼950 nm (Figures 7 and Supporting

Information, Figure S12). The IVCT band energy and intensity
are similar to those observed in [H2TFcP]

+ and [MTFcP]+

mixed-valence complexes.6m,o,q,r Thus, the first transformation
process could be confidently assigned to a XInTFcP →
[XInTFcP]+ + e− (X = Cl−, OH−) transformation. Further
oxidation of the [XInTFcP]+ (X = Cl−, OH−) species under
spectroelectrochemical conditions resulted in the Soret band

transformation from ∼440 nm to ∼475 nm, a drop in intensity
of the Q-band, and the development of a new broad IVCT
band at ∼1150−1200 nm. Taking into consideration the small
difference between second and third oxidation waves as
observed in electrochemical experiments and thus the small
values of comproportionation constants, the resulting spectra
most likely could be attributed to a mixture of [XInTFcP]2+

and [XInTFcP]3+ species, which can explain the presence of a
very broad NIR IVCT band. Further oxidation of the previously
generated mixed-valence species results in gradual disappear-
ance of the entire spectrum, which can be attributed to the
decrease in solubility of highly charged [XInTFcP]4+ species in
low polarity solvent (DCM). Such behavior was observed
earlier with H2TFcP and MTFcP complexes.6m,o,q,r

Stepwise oxidation of the ferrocene substituents in the
FcInTFcP complex allowed us to differentiate between
oxidation of the axial ferrocene group and equatorial porphyrin
core ferrocene substituents. Indeed, if the first electron is
removed from the equatorial ferrocene group, it should result in
a prominent IVCT band in the NIR region, similar to the IVCT
band associated with formation of the [XInTFcP]+, [H2TFcP]

+,
and [MTFcP]+ mixed-valence complexes.6m,o,q,r If, however,
the first electron is removed from the axial ferrocene group,
then the nature of [FcTFcP]+ species should resemble class I
(in Robin−Day classification)25 compounds and thus no IVCT
band should be observed in NIR region. The spectroelec-
trochemical oxidations of the FcInTFcP complex under the first
oxidation potential resulted in an increase in intensity and a
small red shift of the Soret band as well as a decrease in
intensity and small red shift of the Q-band in the UV−vis
spectrum (Figure 8). No IVCT band was observed in the NIR
900−1600 nm region. Because the IVCT band was not
developed during this first oxidation process, as well as based
on similarity of the resulting spectrum of [FcInTFcP]+ to the

Figure 7. Spectroelectrochemical oxidation of the ClInTFcP complex
at first (A) and second (B) oxidation potentials.

Figure 8. Spectroelectrochemical oxidation of the FcInTFcP complex
at first (A), second (B), and third (C) oxidation potentials.
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neutral XInTFcP and MTFcP complexes, it could be concluded
that the first oxidation is localized at the axial ferrocene group.
The next anodic oxidation of [FcInTFcP]+ under spectroelec-
trochemical conditions resulted in a decrease of the Soret band
intensity and its red shift as well as a decrease in the Q-band
intensity. More importantly, during the second oxidation,
formation of a well-defined IVCT band at ∼950 nm was clearly
observed. This band appeared in approximately the same
energy region as that observed for the ClInTFcP and
HOInTFcP complexes. Thus, it can be concluded that in the
mixed-valence [FcInTFcP]2+ complex, one iron(III) center is
localized at an axial, and another at an equatorial position.
Further oxidation of [FcInTFcP]2+ compound results in
decrease of the Soret band intensity and its red shift, a further
decrease of the Q-band intensity, and the development of a
new, broad IVCT band at ∼1200 nm, similar to that observed
in the likely mixture of [XInTFcP]2+ and [XInTFcP]3+ (X =
Cl− or OH−) species. Again, because of the low solubility of
[FcInTFcP]4+/5+ species under spectroelectrochemical con-
ditions in our solvent/electrolyte system, we were not able to
gain any spectrocopic signatures for those cations.
Overall, spectroelectrochemical experiments allowed us to

obtain the spectroscopic signatures of several mixed-valence
cations originating from stepwise oxidation of XInTFcP
compounds. Spectroelectrochemical experiments suggest that
the first electron in FcInTFcP compounds is removed from the
axial ferrocene group. Each mixed-valence cation displays
characteristic IVCT bands in the NIR region of UV−vis−NIR
spectra. Each successful removal of the electron from the
mixed-valence complexes results in a low-energy shift of this
IVCT band.
Spectroelectrochemical data were further supported by

chemical oxidation of XInTFcP complexes. In particular,
chemical oxidation of ClInTFcP and HOInTFcP complexes
by a controlled amount of silver triflate (AgOTf) or 2, 3-
dichloro-5, 6-dicyanobenzoquinone (DDQ) results in trans-
formation of initial XInTFcP compounds into mixed-valence
[XInTFcP]+ cations (Figures 9 and Supporting Information,
Figure S13). During these oxidations, both Soret and Q-bands

decrease in intensity, while a new IVCT band at ∼950 nm
appears in the UV−vis−NIR spectra of [XInTFcP]+ cations.
Such transformation is in excellent agreement with the
spectroelectrochemical data. Further oxidative titrations of the
mixed-valence [ClInTFcP]+ compounds result in the rise of a
second broad IVCT band at ∼1050 nm and a red shift of the
Soret band from 437 to 487 nm, again in agreement with the
spectroelectrochemical data. Similarly, chemical oxidation of
the FcInTFcP complex correlates well with spectroelectro-
chemical data and results in an intensity increase and blue shift
of the initial Soret band and a slight shift of the Q-band at 720
nm. Since no IVCT band is apparent in the UV−vis−NIR
spectrum of the [FcInTFcP]+ complex, it could be concluded
that the first oxidation takes place at the axial ferrocene
substituent (Figure 10).

The Hush method26 is typically used for the initial analysis of
experimental data in mixed-valence compounds. In the case of
XInTFcP compounds, such analysis could be applied to the
spectroelectrochemically or chemically generated mixed-valence
[ClInTFcP]+, [HOInTFcP]+, and [FcInTFcP]2+ species
because of the presence of a well-defined IVCT band in the
NIR region of their UV−vis−NIR spectra. The two key
parameters that are estimated using the Hush model are the
electronic coupling matrix element (Hab) and the degree of
delocalization (α2). Supporting Information,Table 2 displays
the parameters obtained from the IVCT band fits (Supporting
Information, Figure S14), which are only estimates that add
support to the other spectroscopic data discussed above. In all
cases, the Hab and α values closely match the values obtained
for the previously reported polyferrocenyl porphyrins,6m,o,q,r

and are in the range of Class II (Robin and Day classification)
mixed-valence compounds.27

Electronic Structures and Atropisomerism in XInTFcP
Complexes. DFT calculations were performed to acquire
insight into the nature of the electronic structure, spectroscopy,
and redox properties of XInTFcP complexes. Because of the
great similarities in properties of ClInTFcP and HOInTFcP
compounds, the electronic structures and energies of individual
atropisomers of only ClInTFcP and FcInTFcP complexes were
compared. Moreover, because of the large similarities between
electronic structures of individual atropisomers, only the
detailed analysis of electronic structures of ClInTFcP and
FcInTFcP determined by the X-ray geometries will be
discussed below.
The molecular orbital energy diagram, molecular orbital

compositions, and representative shapes of important molecular
orbitals predicted using the BP86 exchange-correlation func-

Figure 9. Stepwise chemical oxidation of the ClInTFcP complex by
AgOTf in DCM.

Figure 10. Oxidation of the FcInTFcP complex to [FcInTFcP]+ by
AgOTf in DCM.
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tional and DGDZVP (In) /6-311G(d) (all other atoms) basis
sets are shown in Figure 11 and Supporting Information, Figure

S15. Electronic structures of the ClInTFcP and FcInTFcP
complexes have many similarities. In particular, (i) the lowest
unoccupied molecular orbital (LUMO) and LUMO+1 are
predominantly porphyrin-centered π* orbitals, that resemble
Gouterman’s28 classic eg symmetry MO pair; (ii) similar to all
previously described MTFcP and H2TFcP compounds,
predominantly ferrocene-containing MOs have higher energies
compared to the occupied porphyrin-centered π-orbitals; (iii)
the highest MO with predominant equatorial ferrocene group
character (MO 301 for ClInTFcP and MO 337 for FcInTFcP,
Supporting Information, Figure S15) have ∼10% of their
contribution from the porphyrin π-system mostly located at
meso-carbon and nitrogen atoms; (iv) the “a2u”-type (with most
electron density located at the meso-carbon and nitrogen
atoms) porphyrin-centered π-orbitals (MO 289 for ClInTFcP
and MO 325 for FcInTFcP) has a higher energy than the “a1u”-
type (with most electron density located at the pyrrolic α- and
β-carbon atoms) porphyrin-centered π-orbital (MO 288 for
ClInTFcP and MO 324 for FcInTFcP); (v) all 12
predominantly equatorial ferrocene group centered MOs are
spaced closely together (∼0.4 eV) and are well-separated (∼0.5
eV) from the porphyrin-centered π-orbitals. Such electronic
structure similarities dictate that the oxidation of the ferrocene
substituents in ClTFcP and FcTFcP complexes should happen
prior to oxidation of the porphyrin π-system. In the case of the
FcInTFcP complex, DFT calculations predict that the highest
occupied molecular orbital (HOMO) to HOMO-2 are almost
exclusively centered at the axial ferrocene ligand and these three
MOs are energetically separated from the remaining 12
equatorial ferrocene-centered MOs. Thus, in agreement with
electrochemical, spectroelectrochemical, and chemical oxida-
tion data, DFT calculations predict that the first oxidation in
the FcInTFcP complex should be centered at the axial
ferrocene ligand.
So far, out of the five reported X-ray structures of MTFcP

compounds, two (H2TFcP and ZnTFcP)6m,7d crystallize as
α,β,α,β-, two (Cl2SnTFcP and ClInTFcP)6r as α,α,β,β-, and

one (FcInTFcP) as α,α,α,α-atropisomers. The simplest
explanation for such observed atropisomerism is that crystal
packing forces can easily overcome a small rotational barrier for
ferrocene substituents. Such a hypothesis is supported by the
variable-temperature NMR experiments. To explore energetics
of atropisomers of XInTFcP complexes and gain a better
understanding of discrepancies in X-ray crystal structures of
MTFcP compounds, we conducted an array of the geometry
optimizations for all possible atropisomers of ClInTFcP and
FcInTFcP. Taking into account that GGA-type exchange-
correlation functionals are usually not recommended for
calculation of the energy profiles for isomerism cases,29 a
hybrid (25% of Hartree−Fock exchange) PBE1PBE exchange-
correlation functional was used along with an ECP LANL2DZ
basis set (see Experimental Section for detailed discussion on
the choice of computational method).
The energy profiles for individual atropisomers of the

ClInTFcP and FcInTFcP complexes are presented in Figure
12. Similar to previous studies on MTFcP complexes,6l,m,o in

the case of the ClInTFcP complex, the lowest energy DFT-
predicted atropisomer is α,β,α,β, while α,α,α,α and α,α,α,β
atropisomers have only 1.1 and 1.3 kcal/mol higher energy,
respectively. On the other hand, DFT predicted that the
crystallographically observed α,α,β,β-atropisomer should have
3.9 kcal/mol higher energy compared to the most stable
α,β,α,β-atropisomer. Finally, the β,β,β,β-atropisomer was
predicted to have the highest energy out of all possible
ferrocene group arrangements. In the case of the FcInTFcP
complex, DFT calculations predict that the crystallographically
observed α,α,α,α-atropisomer indeed should have the lowest
energy. However, α,α,α,β- and α,β,α,β-atropisomers are only
0.7 and 1.3 kcal/mol higher in energy than the most stable
α,α,α,α-atropisomer. Again, the β,β,β,β-atropisomer has the
highest energy. It should be noted, however, that in both
studied XInTFcP complexes, the energy difference between the
most stable and the least stable atropisomers was found to be
about 6 kcal/mol, which correlates very well with the
hypothesis mentioned above where crystal packing forces are
able to overcome the rotational barrier for ferrocene group
rotation in MTFcP compounds.

Noncovalent Complex Formation between FcInTFcP
and C60 Fullerene. Since ferrocene-containing porphyrins
with organometallic groups directly linked to the porphyrin
core are shown to be effective dyads for photoinduced electron
transfer processes,11,12 it was tempting to see whether or not
such donor-antennae dyads could be cocrystallized with the
typical electron-acceptor, C60 fullerene. Such donor-antennae-
acceptor noncovalent assemblies could form photoinduced
long-lived Fc+-MTFcP-C60

−. charge-separated states potentially

Figure 11. Molecular orbital diagram of ClInTFcP and FcInTFcP
complexes calculated with X-ray geometries and BP86 exchange-
correlation functional. The HOMO−LUMO area is presented on a
top.

Figure 12. DFT predicted energy profiles for atropisomers of
ClInTFcP (red) and FcInTFcP (blue) complexes.
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useful for application in OPVs. Upon slow evaporation of a
solution of FcInTFcP and C60, we observed formation of large
(up to several mm!) dark-colored monocrystals, which were
analyzed by X-ray diffraction. Refinement parameters for the
FcInTFcP@4C60 noncovalent assembly are presented in Table
1 while selected bonds lengths and angles are summarized in
Table 2. ORTEP diagrams of FcInTFcP@4C60 are shown in
Figures 13 and 14.

The FcInTFcP complex adopts an α,β,α,β-conformation with
the indium ion located 0.912 Å above the porphyrin N4 plane.
The In−C(Fc) bond distance in FcInTFcP@4C60 (2.205(13)
Å) was found to be longer compared to the In−C(Fc) bond
distance in the standalone FcInTFcP complex (2.152 Å).
Similarly, the average In−N bond distance in the FcInTFcP@
C60 assembly (2.231(5) Å) is longer compared to that in the
standalone FcInTFcP (2.201 Å). The observed α,β,α,β-
conformation of FcInTFcP in FcInTFcP@4C60 and the
α,α,α,α-conformation in the standalone FcInTFcP again
confirm the small energy differences between possible
FcInTFcP atropisomers as determined by DFT calculations.
Each FcInTFcP molecule crystallizes with C60 fullerene

molecules in a 1:4 ratio, and all our attempts to cocrystallize
FcInTFcP with C60 with different ratios failed. FcInTFcP
molecules in the FcInTFcP@4C60 assembly form infinite chains
along a crystallographic c-axis, separated by C60 fullerene
channels. The equatorial ferrocene substituents from different
FcInTFcP chains are closely spaced (the closest Fc(C)-Fc(C)

intermolecular contact was found at 3.528 Å and the closest
Fc(H)-Fc(H) contact was found at 3.157 Å). Intermolecular
interactions between the axial and the equatorial ferrocene
ligands or the axial ferrocene ligand and the neighboring
porphyrin core within the same FcInTFcP column are much
weaker. The closest Fcax(C)-Fceq(C) contact was found at
4.644 Å, while the axial ferrocene ligand is located at ∼7 Å from
the neighboring porphyrin plane. The skew angle N(A)-In(A)-
In(B)-N(B) for the neighboring FcInTFcP molecules in the
same column was found to be 42.05°.
The remarkable feature of the FcInTFcP@4C60 structure is

the formation of C−H---π and C---π interactions only between
Cp rings of the ferrocenyl groups and fullerene molecules.30 In
contrast to numerous numbers of structures of porphyrin-C60
adducts reported in CSD no π---π interactions were observed
between the aromatic systems of the porphyrin core and the
fullerenes. Both ferrocenyl groups form two types of contacts
by means of C−H---π and π---π interactions. The axial
ferrocenyl group is surrounded by four fullerene molecules
(Figure 14a), while equatorial ferrocenes are surrounded by five
fullerene groups (Figure 14b). Only the unsubstituted Cp ring
of the axial ferrocenyl group is involved in the formation of the
weak interactions. Thus C(Cp)---C(C60) distance is 3.28 Å,
while C−H(Cp)---C(C60) distance is 2.57 Å. Contacts formed
via substituted Cp ring C−H(Cp)---π(C60) are longer and
equal to 2.96 Å. No π(Cp)---π(C60) interactions were
observed for the substituted Cp ring of the axial ferrocenyl
group. That can be attributed to fullerene-fullerene and
fullerene-porphyrin interactions which determine the size of
the cage where the axial ferrocene is located. The C60(center)---
C60(center) distances were estimated to be 9.874 Å for
equivalent C60 molecules and 10.143−10.523 Å for non-
equivalent C60 molecules. The first distance is slightly shorter
and the second distance is slightly longer than the C60 van der
Waals diameter (10.18 Å). The equatorial ferrocenes are less
shielded by the porphyrin core and thus both Cp rings form
C(Cp)--C(C60) contacts with fullerene molecules. These
contacts are within the range 3.12 Å−3.37 Å. Also, equatorial
ferrocenes form more C−H(Cp)---π(C60) contacts. They
range from 2.48 Å to 2.98 Å.
Overall, the FcInTFcP@4C60 structure represents an

excellent motif for the light-harvesting module in OPVs.
Indeed, there are two highly directional channels that could be
clearly seen in the structure: (i) a light-harvesting channel,
which consists of porphyrin chain oriented along crystallo-
graphic c-axis; (ii) electron-transfer C60 spiral channels oriented
along the same crystallographic axis. Thus, it is possible to
expect that electron-transfer from the ferrocene donor to the
photoexcited porphyrin antennae would facilitate electron
injection to the fullerene channels. Once at the highly
anisotropic fullerene channel, an electron could preferentially
travel along the channel to the conducting electrode
completing the photocurrent cycle.
In general, porphyrin-fullerene noncovalent supramolecular

assemblies can significantly differ in their electronic structure,
and can span over three major classes:12 (i) neutral porphyrin−
neutral C60 fullerene existing as weakly interacting cocrystalliza-
tion products; (ii) charge transfer (porphyrin to C60 fullerene)
complexes; (iii) radical ion salts in which porphyrin is oxidized
and C60 fullerene is reduced. To get insight into the nature of
FcInTFcP: C60 fullerene interactions, we conducted DFT
calculations on optimized structures of FcInTFcP and C60
molecules as well as recorded UV−vis spectra of mixtures of

Figure 13. Perspective view of the FcInTFcP@4C60 assembly along
the crystallographic c-axis. C60 molecules are represented by spheres
for clarity.

Figure 14. Perspective view of the FcInTFcP@4C60 assembly along
crystallographic axes. In the top figures, all C60 molecules are omitted
for clarity. The bottom figures show how individual FcInTFcP
complexes interact with two types of C60 molecules in the unit cell.
Two independent C60 molecules are color coded in green and yellow.
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these compounds in solution. A molecular orbital diagram for
the FcInTFcP and C60 molecules is presented in Figure 15.

DFT calculations suggest that the HOMO to HOMO-3 MOs
of the FcInTFcP complex have 0.09−0.66 eV higher energies
than the triply degenerate LUMO to LUMO+2 t1u MOs of C60
fullerene. The HOMO to HOMO-3 MOs of the FcInTFcP
complex are predominantly localized on axial (HOMO to
HOMO-2) and equatorial (HOMO-3) ferrocene ligands thus
allowing potential charge-transfer to the LUMO of C60. The
energies of LUMO and LUMO+1 in the FcInTFcP complex
are ∼0.15 eV higher than the energy of the triply degenerate t1g
set in C60. Thus, population of predominantly porphyrin-
centered LUMO and LUMO+1 of the FcInTFcP complex
upon photoexcitation can potentially result in further electron
transfer from these MOs to unoccupied t1g or t1u sets of C60,
which could potentially result in formation of long-lived charge-
separated Fc-InTFcP+-C60

−. and Fc+-InTFcP-C60
−. states.

To provide an experimental estimation of the degree of
interaction of FcInTFcP and C60, UV−vis−NIR spectra for the
incremental titration of the FcInTFcP complex with C60 were
recorded (Supporting Information, Figure S16). The following
results were obtained during titration experiments: (i) all
spectra essentially represent a superposition of the absorption
spectra of FcInTFcP and C60; (ii) Soret band intensity increases
by ∼3% and Q-band intensity decreases by ∼3% during the 0−
100 equivalents titration; (iii) difference spectra analysis in the
NIR region suggest small decreases in the Q-band and
appearance of a new weak band at ∼750 nm along with
appearance of several weak bands between 900 and 1100 nm.
Although these bands can be attributed to charge-transfer
bands between FcInTFcP and C60,

12 they also could arise
because of oxidation of a small fraction of FcInTFcP in
solution. Thus, UV−vis−NIR titration experiments indicate a
weak if any interaction of FcInTFcP with C60 fullerene and
probably suggest that in the FcInTFcP@4C60 assembly,
porphyrin and C60 molecules could be viewed as essentially
neutral, weakly interacting fragments.

■ CONCLUSIONS
Three new indium(III) metalated poly(ferrocenyl)-containing
porphyrins have been prepared and characterized by a variety of
spectroscopic methods. Structures of ClInTFcP, FcInTFcP, and
FcInTFcP@4C60 compounds have been reported. To the best
of our knowledge, the last structure represents the first example
of a cocrystallized organometallic porphyrin and C60 fullerene.
The redox properties of all new compounds were also examined
by electrochemical methods, while the nature of mixed-valence
species of general formula [XInTFcP]n+ was probed by
spectroelectrochemical and chemical oxidation approaches. It

was found that the In−C σ-bonded ferrocene substituent has
lower oxidation potentials compared to the equatorial organo-
metallic groups. The electronic structure, energy profiles of all
possible atropisomers, and the interaction of FcInTFcP with
C60 were probed by DFT calculations. It was suggested that in
the FcInTFcP@4C60 assembly, porphyrin and C60 molecules
could be described as essentially neutral, weakly interacting
fragments.

■ EXPERIMENTAL SECTION
Materials. All reactions were performed under a dry argon

atmosphere with flame-dried glassware. All solvents and reagents were
purchased from commercial sources and used without additional
purification. Dry toluene was obtained by distillation over sodium, dry
DCM was obtained by distillation over calcium hydride prior to
experiments, and dry THF was obtained by distillation over Na/K
alloy with benzophenone. Silica gel (60 Å, 63−100 μm) needed for
column chromatography was purchased from Dynamic Adsorbents,
while basic aluminum oxide (Activity I, 58 Å, 150 mesh) was
purchased from Fischer Inc. The tetrabutylammonium tetrakis-
(pentafluorophenyl)borate (TBAF) was used in anhydrous DCM for
electrochemical studies, after preparation according to literature
procedures.23

Instrumentation. A Varian Unity INOVA NMR instrument was
used to obtain spectra at 500 MHz frequency for protons and 125
MHz for carbons. Each spectrum was referenced to TMS as an internal
standard, and chemical shifts were recorded in parts per million. All
UV−vis data was obtained on a JASCO-720 spectrophotometer at
room temperature. An OLIS DCM 17 CD spectropolarimeter with 1.4
T DeSa magnet was used to obtain all MCD data. Electrochemical
measurements were conducted using a CHI-620C electrochemical
analyzer utilizing the three-electrode scheme. Either carbon or
platinum working, auxiliary and reference electrodes were used in
0.05 M solution of TBAF in DCM with redox potentials corrected
using an internal standard (decamethylferrocene) in all cases.
Spectroelectrochemical data were collected using a custom-made 1
mm cell, a working electrode made of platinum mesh, and a 0.15 M
solution of TBAF in DCM. Elemental analyses were performed by
Atlantic Microlab, Inc. in Atlanta, Georgia.

Syntheses. Synthesis of ClInTFcP. LiN[Si(CH3)3]2 (1.6 g; 9.0
mmol) was added to a solution of metal-free 5,10,15,20-tetraferroce-
nylporphyrin6m (800 mg; 0.766 mmol) in 160 mL of dry THF, and
the reaction was allowed to continue for 15 min. After this period of
time, InCl3 (4.0 g; 18.0 mmol) was added and the reaction mixture
was refluxed for 3 h (controlled by UV−vis). The reaction mixture was
cooled down, the solvent was evaporated to dryness under vacuum,
and the resulting solid residue was purified by column chromatography
on silica gel using DCM, ethyl acetate, THF, and ethanol as eluents.
The main fraction (ClInTFcP) was collected, and the solvent was
removed under reduced pressure. The residue was washed several
times with hexanes and dried in vacuum. Yield: 475 mg (52%). 1H
NMR (500 MHz, CDCl3, TMS), δ (ppm) = 4.25 (s, 20H, Cp), 4.86
(s, 8H, β-Cp), 5.54 (s, 8H, α-Cp), 10.02 (s, 8H, β-Pyrrole). 13C NMR
(125 MHz, CDCl3, TMS), δ (ppm) = 69.29 (β-Cp), 70.63 (Cp),
76.02 (α-Cp), 89.99 (Cpipso), 120.30 (Cmeso), 131.62 (β-Pyrrole),
149.28 (α-Pyrrole). Anal. Calc. for ClInTFcP × H2O (found): C 59.43
(58.79), H 3.82 (3.77), N 4.62 (4.85). MS (APCI, THF, m/z): 1194
[M]+ 1231 [M-Cl+THF]+

Synthesis of HOInTFcP. A solution of ClInTFcP (30 mg; 0.025
mmol) in 30 mL of DCM was shaken with an aqueous solution of
sodium hydroxide (2M) (3 × 10 mL), water (3 × 10 mL) and dried
over anhydrous sodium sulfate. DCM was removed under reduced
pressure, and the product was recrystallized from DCM/Hexane
mixture and dried in air. Yield: 4 mg (14%). 1H NMR (500 MHz,
CDCl3, TMS), δ (ppm) = −5.37 (s, br, 1H, OH), 4.36 (s, 20H, Cp),
4.86 (s, 8H, β-Cp), 5.54 (s, 8H, α-Cp), 10.02 (s, 8H, β-Pyrrole). 13C
NMR (125 MHz, CDCl3, TMS), δ (ppm) = 69.05 (β-Cp), 71.01
(Cp), 78.09 (α-Cp), 90.71 (Cpipso), 120.02 (Cmeso), 131.13 (β-

Figure 15. DFT predicted energies of frontier MOs of the FcInTFcP
and C60.
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Pyrrole), 150.03 (α-Pyrrole). Anal. Calc. for HOInTFcP (found): C
61.27 (61.48), H 3.86 (4.00), N 4.76 (4.55).
Synthesis of FcInTFcP. To a solution of ferrocene iodide (196.2 mg;

0.629 mmol) in 8 mL of dry ether a butyl lithium solution in hexane
(0.26 mL; 2.5M) was added dropwise at −78 °C (CO2/acetone) with
continuous stirring. After stirring for 5 min in the low temperature
cold bath, the mixture was warmed to room temperature to complete
the reaction. Ferrocenyl lithium salt was added via syringe to a solution
of InClTFcP (145 mg; 0.121 mmol) in 10 mL of dry toluene at room
temperature. The reaction mixture was stirred for 45 min at room
temperature before being quenched with 8 mL of distilled water. All
solvents were removed under vacuum, and the solid residue was
purified by column chromatography using toluene as eluent. Yield: 94
mg (58%). 1H NMR (500 MHz, THF-d8, TMS), δ (ppm) = 0.85 (s,
2H, α-Cpax In coordinated Fc), 2.55 (s, 5H, Cpax In coordinated Fc),
2.95 (s, 2H, β-Cpax In coordinated Fc), 4.26 (s, 20H, Cpeq porphyrin
Fc), 4.93 (s, 8H, β-Cpeq porphyrin Fc), 5.52 (s,8H, α-Cpeq
coordinated Fc), 9.91 (s, 8H, β-Pyrrole). 13C NMR (125 MHz,
THF-d8, TMS), δ (ppm) = 66.65 (Cpax In coordinated Fc), 67.87 (β-
Cpax In coordinated Fc), 69.16 (β-Cpeq porphyrin Fc), 70.85 (Cpeq
porphyrin Fc), 71.06 (α-Cpax In coordinated Fc), 72.52 (α-Cpeq
porphyrin Fc), 90.36 (Cpipso, porphyrin Fc), 119.36 (Cmeso), 132.14
(β-Pyrrole), 149.31 (α-Pyrrole). Anal. Calc. for FcInTFcP (found): C
62.69 (62.63), H 4.22 (4.25), N 4.12 (3.98). MS (APCI, THF, m/z):
1345 [M]+

Computational Aspects. All computations were performed using
Gaussian 09 software running under Windows or UNIX OS.31 MO
contributions were compiled from single point calculations using the
VMOdes program.32 In all single-point calculations, Becke’s exchange
functional and the Pedrew 86 correlation functional (BP86)33 were
used because as it was shown before, they provide a good electronic
structure description for ferrocene-containing molecules,34 including
ferrocenylporphyrins.6p,o,34a Use of hybrid B3LYP35 or PBE1PBE36

exchange-correlation functionals lead to heavy infusion of porphyrin-
centered π-electron density into the HOMO region, which was not
supported by the experimental data. Wachter’s full-electron basis set
was used for iron,37 DGauss DZDVP basis set was used for the indium
ion,38 while for all other atoms the 6-311G(d) basis set39 was
employed. In all atropisomers energy profile calculations, the
PBE1PBE exchange-correlation functional was used. Our test
calculations indicate that use of this correlation functional results in
slightly better agreement in calculated bond distances and angles
compared to BP86 and B3LYP functionals. Taking into consideration
the size of the target molecules, the ECP LANL2DZ basis set40 was
used for all atoms in all atropisomer calculations. Each atropisomer
under consideration was calculated using several possible local starting
geometries to ensure that the smallest energy per atropisomer was
achieved. The C60 molecule was optimized in the Ih point group using
the PBE1PBE exchange-correlation functional and the LANL2DZ
basis set, while in single-point calculations the 6-311G(d) basis set was
used to match energy profile of FcInTFcP.
X-ray Crystallography. X-ray quality single crystals of the

ClInTFcP and FcInTFcP complexes were grown from slow diffusion
of their saturated toluene solutions with pentane. Single crystals of
FcInTFcP@4C60 were grown by slow evaporation of saturated toluene
solution. Experimental data for all compounds were collected using a
Rigaku Rapid II X-ray diffractometer with curved IPDS detector using
graphite-monochromatized Mo-Kα radiation (λ = 0.71075 Å).
The structures of the ClInTFcP and FcInTFcP compounds were

solved by the direct method using the SIR-92 program.41 All missed
non hydrogen atoms were located from analysis of a difference
Fourier-map and refined isotropically, followed by anisotropic
approximations. All aromatic hydrogen atoms were placed geometri-
cally while hydrogens for the methyl group of toluene solvent
molecules were located from the difference Fourier-map analysis and
were constrained. Thermal displacement parameters for hydrogen
atoms were constrained to the parent atom with Uiso(H) = 1.2Ueq(C)
for methylene and aromatic hydrogens including those on the
porphyrin system, while Uiso(H) = 1.5Ueq(C) for the methyl group
of the solvent, so-called “riding mode” (Ueq = 1/3(U11 + U22 + U33)).

The structures were completely refined using full-matrix least-squares
methods and the SHELXL-97 program.42

The indium-chloride moiety in the ClInTFcP complex was found to
be statically disordered over two positions. Indeed, such disorder is
very common for indium containing macrocycles and is induced by the
five-coordinate central ion where the metal atom lies out of porphyrin
plane. Final refined populations for the two positions were 0.84 and
0.16, respectively. In the crystal structure, the position of the minor
component of the indium-chloride moiety (In1b-Cl1b) overlaps with
the position of the toluene molecule (C61−C67). For this reason, the
population of the toluene molecule position is less than one and
related to the In−Cl part. The two positions were refined together
with like related variables and with a total contribution to the
population equal to 1. The best value for R1 was 0.051, but the
difference electron density map analysis revealed five peaks, 3.35, 3.03
2.23, 2.08, 2.05 e−/Å3, that correspond to a disordered pentane
molecule (a toluene/pentane solvent system was used for crystal-
lization of ClInTFcP). It is a well-known fact that it is very difficult to
correctly model disorder of alkane chains. Unfortunately, such disorder
could not be resolved, so the SQUEEZE procedure implemented in
the PLATON43 program was used to remove a contribution from the
disordered area. Afterward, refinement was successfully completed
with a final R1 equal to 0.039 and a maximum/minimum of electron
density equal to 0.6/−0.45 e−/Å3. MERCURY44 and PLATON/
PLUTON43 software were used for visualizing the results. The
structure FcInTFcP@4C60 was solved by the direct method
implemented in the SHELXS-9742 program and refined using the
SHELXL-2013 program.42 The compound crystallizes in a tetragonal
symmetry, I41/acd space group (origin at −1). The porphyrin system
and equatorial ferrocenyl groups adopt −4 symmetry while the indium
metal and the axial ferrocene group are disordered over symmetry
elements (−4 axis). The indium metal and the ipso carbon atom of the
axial ferrocenyl group lie on a special position (0.5, 0.25, z) and are
disordered over two positions. The occupation factors were con-
strained to be 0.5 for both atoms. All other atoms of the axial
ferrocenyl group are disordered over four positions by a −4 symmetry
operation and thus occupation factors were constrained to be 0.25.
One C60 molecule is also disordered over the symmetry element (2-
fold axis) and thus all occupation factors were constrained to be 0.5.
The second C60 molecule was found to be disordered over two
positions. The occupation parameters for both parts were refined,
while their sum was constrained to be 1. After refinement the
occupation factors from both parts are 0.47 and 0.53. A number of 1,2
and 1,3 bond restraints were applied for the fullerene molecules and
the axial ferrocenyl group (DFIX, DANG, SADI). All atoms except
hydrogens were refined in an anisotropic approximation and numerous
numbers of atom displacement parameters (ADP) restraints were used
(DELU, SIMU, and ISOR). The total number of restraints was 760,
and the total number of parameters to refine was 1292, while the
number of unique reflections was 8438. The structure was refined
using full-matrix-block least-squares methods where coordinates and
ADPs of each disordered fullerene molecule were refined in individual
blocks. The coordinates and ADPs of the FcInTFcP molecule were
refined in an individual block as well as together with the fullerene
molecules to keep an overlap between the blocks. The overall scale
factor was refined in each block. Hydrogen atoms were added
geometrically and refined in the “riding” approximation. A weight
function has not been refined and was used as proposed by the
program w = 1/[σ2(Fo

2) + (3/5(Fo
2 + 2Fc

2))2], where Fo
2 and Fc

2 are
observed and calculated structure amplitudes. All information about
the refinement of crystal structures is presented in Tables 1 and 2
above; the corresponding CIF files are presented in the Supporting
Information.
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