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Abstract: A fullerene ammonium derivative has been com-
bined with different metalloporphyrin—crown ether receptors
to generate very stable supramolecules. The combination of
fullerene—porphyrin and ammonium—crown ether interactions
leads to a strong chelate effect as evidenced by a high effective
molarity (3.16Mm). The different parameters influencing the
stability of the supramolecular ensembles, in particular the
nature of the metal in the porphyrin moiety, have been
rationalized with the help of theoretical calculations thus
providing new insights into fullerene-porphyrin interactions.

The construction of artificial photoactive devices capable of
mimicking photosynthesis by transforming sunlight into
chemical potential is one of the most sought objectives in
the quest for new sources of energy.!! For this purpose,
chemists have developed a wide variety of donor—acceptor
systems, in which photon energy is used to produce a photo-
induced electron transfer from the donor to the acceptor.?
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Among them, porphyrins and fullerenes have extensively
been combined due to their respective notable electron-donor
and electron-acceptor properties.”!

Most research on porphyrin—fullerene conjugates has
been based on covalent chemistry.l However, considering
the versatility of noncovalent interactions, a variety of
supramolecular ensembles involving both chromophores has
been reported.”! Surprisingly, although many of these exam-
ples involve n—n interactions between both components, the
nature of this affinity, which challenges the traditional belief
that a curved guest requires curved hosts for effective
complexation,'! is not yet fully understood. Crystallographic
data suggests that it stems from the attraction between the
higher electron density of a [6,6] double bond of the fullerene
sphere and the protic center of a free-base porphyrin or the
metal of a metalloporphyrin, therefore confronting the
general notion of fullerenes as molecular acceptors.”] In
addition, little is known on the role of the metal atom.[™! To
the best of our knowledge, there are few examples dealing
with this issue in solution: the porphyrin sandwiches devel-
oped by Aida and co-workers® and the “jaws porphyrins”['”!
and the calix[4]arene-linked bisporphyrins!'!l developed by
Reed, Boyd, and co-workers. None of these papers fully
rationalized the binding or association constants (K,) for the
different metals beyond pointing to the existence of an
electrostatic component as free-base porphyrins bind ful-
lerenes with a similar strength than their Zn" analogues.™
One of them even suggests that the high binding constants
obtained in the complexation of fullerenes can be ascribed to
their desolvation rather than to electronic effects.'t! Compu-
tational studies mainly point to the presence of dispersion
forces in the complex and do not provide an accurate analysis
of the interaction.[**1?

Furthermore, supramolecular complexes presenting
a single porphyrin—fullerene m-m interaction are readily
dissociated in solution, given their low thermodynamic
stability, making their study more challenging. However, as
previously reported in our group, the inclusion of additional
supramolecular recognition motifs can lead to a cooperative
stabilization of the complex, in which the introduction of an
additional ammonium-crown ether interaction dramatically
stabilized the resulting complex.'®l Therefore, understanding
and quantifying the cooperative interplay between different
noncovalent interactions and the structure of the supramolec-
ular complexes obtained remain a major challenge." For this,
the effective molarity (EM) is a key parameter, as it assesses
the chelate effect of a system by accounting for the easier
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Scheme 1. EM quantifies the ease of cyclization versus oligomeriza-
tion.

formation of an intramolecular reaction over its intermolec-
ular analogues (Scheme 1).1%!

To shed light on these topics, this work presents a complete
study on the effect of different metals, namely Co, Ni, Cu, and
Zn, on the binding constant of a series of novel metal-
loporphyrin—[60]fullerene cup-and-ball complexes. Their self-
assembly is assessed through the EM of the Zn-based
complex and their K, values are rationalized with the help
of electrochemical studies and quantum-chemical calcula-
tions.

Targeted complexes [1-M-3] were obtained by mixing the
corresponding porphyrin—crown ether conjugates (1-M; M =
2H, Co, Ni, Cu, Zn) and the methano[60]fullerene derivative
30 as shown in Scheme 2.

2R = NHBOC
3R = NHPCF,c0P°

Ar = 3,5-di-tert-butylphenyl

Scheme 2. Formation of supramolecular complexes [1-M-3] from their
corresponding building blocks 1-M (M =2H, Co, Ni, Cu, Zn) and 3.

Complexation was first evidenced by '"H NMR spectros-
copy. Addition of 1equiv of 3 to 1-Zn resulted in a fast
equilibrium leading to a shift of the signals particularly visible
in the aromatic region (see Figure S1 in the Supporting
Information, SI).

Measurement of the binding constant of [1-M-3] was
undertaken by monitoring the changes in the UV/Vis
absorption spectra of 1-M after addition of increasing
quantities of 3 in DCM at room temperature. A representa-
tive example is the formation of [1-Zn-3] (Figure S3).
Addition of increasing quantities of 3 to 1-Zn resulted in
a redshift of the Soret band (4,,,, =416 nm —423 nm), which
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was observed in all complexes (see Figure S4). This shift has
been accounted for by the charge transfer from the axial
ligand to the porphyrin ring,'"”! and is widely used as an
evidence of the presence of intermolecular m-stacking.>

The appearance of a single isosbestic point at 422 nm
suggests a single equilibrium between the unbounded and the
bounded species.'¥! Given the unlikely formation of a 1:2
complex by simultaneous collision of three molecules, this is
most probably a 1:1 complex. This stoichiometry is in line with
that found for a related system developed by our group! and
was also evidenced by positive ESI-MS. Thus, the mass
spectrum obtained from an equimolar mixture of 1-Zn and 3
in DCM displayed a single-charged ion peak at m/z 2461.00
ascribable to the 1:1 complex [1-Zn-3] after loss of the
counteranion (calculated m/z 2461.00). In addition, the MS of
a 1:4 mixture of 1-Zn:3 showed exclusively the peak
corresponding to a 1:1 stoichiometry (see Figure S2). Finally,
nonlinear curve fitting of the titration data using Specift
multivariate analysis software (see SI) fitted to a 1:1 model
and led to the K, values reported in Table 1.

Table 1: Calculated binding constants (K;) for porphyrins 1-M toward the
methanofullerene derivative 3 at 25°C in DCM.

Complex logK,£30
[1-2H.3] 5.5+0.2
[1-Co-3] 6.3+0.2
[1-Ni-3] 59+0.1
[1-Cu-3] 6.3+£0.3
[1-Zn-3] 6.9+0.2
7. 6.9

Interestingly, the pattern found for the binding constants
of [1-M-3] complexes is very different from those reported in
previous studies as [1-2H-3] does not bind fullerene with
a similar strength than [1-Zn-3].°" Indeed, the values
obtained in our series correlate with that expected for
a porphyrin-Cg, associate governed by van der Waals forces,
in which K, becomes larger as the number of electrons in the
porphyrin increases, with the sole exception of [1-Co-3]. Its
different behavior can be attributed to the strong interaction
between fullerenes and Group 9 metals (Co, Rh, Ir),[ga] which
has been related to the partial occupation of the Co-d..
orbital, leading to less repulsive interactions.'”*! Experimen-
tally, this is evidenced by the fact that the Soret band of 1-Co
shows the largest redshift of all the series (A, =24 nm)
upon complexation, suggesting a larger charge transfer
interaction (see SI).

It is crucial to note that all previous examples were based
on the complexation of pristine Cg, whose low solubility
limited the choice of solvents for the titration experiment
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making its desolvation the driving force of the complexation,
as already mentioned in the introduction."! The use of
methanofullerene 3 has elegantly circumvented this limita-
tion, enabling us to have a better insight into the nature of this
interaction, while basically retaining the original properties of
the fullerene moiety.

The chelate effect in these self-assembled systems was
assessed by estimating the EM of the reference complex [1-
Zn-3]. For this purpose, each of the interactions leading to the
complex was independently evaluated and compared to the
overall stability, K, (Scheme 3)." The porphyrin conjugate 1-

logK, =5.1+0.1
logkK;=1.3+0.3

logKy = 3.3 £ 0.1

¢

1-Zn-3] [0,-1-Zn-3] [6:3]

e

Scheme 3. a) The EM is obtained by evaluating each supramolecular
interaction separately. b) The porphyrin—fullerene interaction was
assessed by 'H NMR titration of 1-Zn with methanofullerene 2 in
CDCl; at room temperature yielding K| (Figures S5 and S6). c) The
stability of the ammonium—crown ether association, K|, was evaluated
by "H NMR titration of 3 with crown ether 6.2 The overall binding
constant, K,, was obtained by UV/Vis titration of 1-Zn with 3 in CHCl,
at room temperature (see Figure S7).

Zn was combined with methanofullerene 2, whose ammoni-
um moiety is protected to prevent any H-bonding interaction,
to evaluate the porphyrin—fullerene interaction. The strength
of the ammonium-crown ether motif was evaluated by
titrating 3 with 6.?”! The high EM obtained (3.16M) reflects
how the introduction of the ammonium—crown ether associ-
ation as an additional recognition motif increases the
complementarity of the building blocks with a minimum
cost in their preorganization.

The supramolecular complexes were further studied by
Osteryoung square wave voltammetry (OSWV) and cyclic
voltammetry (CV). Formation of [1-M-3] led to changes of
the electrochemical signature of the 1-M porphyrins suggest-
ing donor-acceptor interactions in the ground state (see
Table S1 and Figures S8-S10). Indeed, a slight shift of the first
oxidation potential and a change in intensity are detected by
OSWV upon interaction. In the case of 1-Co, the first
oxidation potential is centered on the metal and not on the
mi-system of the porphyrin ligand.”! In CV, for this particular
association, an apparent anodic shift of the first oxidation
potential (AE =220 mV) is observed (Figure S10). This is the

Angew. Chem. Int. Ed. 2015, 54, 1255-1260

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

most important shift value in comparison with all the other
cases and is in line with specific interactions of the metal
center and the fullerene sphere (see above). As for the
reduction, the significant anodic shift (ca. 50 mV) of the first
reduction of the fullerene moiety upon addition of 3 to 1-Co
further evidences this phenomenon.

The molecular structures and binding energies of the [1-
M:3] complexes were theoretically investigated to gain
a better understanding of the different interactions governing
the associates (see SI for full computational details). Geom-
etry optimizations were first performed at the semiempirical
PM7 level and show that, after full-geometry relaxation, the
ammonium group of the methanofullerene interacts with the
crown ether of the porphyrin by H-bond formation, whereas
the fullerene ball recognizes the center of the porphyrin
system by noncovalent forces (Figure 1).

Accurate density functional theory (DFT) optimizations
of the [1-M-3] geometries were performed at the B97-D/6-
31G* level starting from the PM7-optimized structures (see
Figure S11 for the DFT-optimized geometries). The main
interactions governing the supramolecular association are
represented by the M-Cg, (a) and NH--O (b) distances given
in Table 2 (see Figure 1 for labeling). In addition, C—H-xt
dispersion interactions (¢ and d) between the fert-butyl-
substituted benzene rings of the porphyrin and the mt-cloud of
the fullerene also contribute to the supramolecular complex.
The increase in the electron density on the metal atom

Figure 1. Minimum-energy structure calculated for the [1-Cu-3] com-
plex at the PM7 level. Side (left) and front (right) views are displayed.
The different types of intermolecular noncovalent interactions are
denoted with labels a-d. Only relevant hydrogen atoms are displayed
for clarity.

Table 2: DFT-optimized (B97-D/6-31G*) intermolecular distances (a—d,
in A) characterizing the [1-M-3] associates, and binding energies (Ey;nq)
computed at the PBEO-D3/cc-pVTZ level.

Complex M-Cgo NH---O CH--Cqy  CH--Cy Eping

(a)® (b)™ (¢ (d) (kcalmol™)
[1-2H3] 2756  1.848 2.679 2.577 —~92.4
[1-Co-3] 2119 1.850 2.642 2.573 —-93.8
[1-Ni-3] 2.793 1.842 2.623 2.610 —88.7
[1-Cu-3] 2754 1.846 2.662 2.599 -91.3
[1-Zn-3] 2.701 1.845 2.698 2.591 —92.8

[a] Distance between the center of the porphyrin (the metal atom) and
the center of the closest [6,6] bond of Cq. [b] Shortest distance between
the hydrogen atoms of the ammonium group and the oxygen atoms of
the crown ether. [c] Shortest distance between the hydrogen atoms of the
peripheral benzene rings of the porphyrin and the closest Cq, carbon
atom. [d] Shortest distance between the hydrogen atoms of the tert-butyl
groups and the closest Cg, carbon atom.
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determines a shortening in the M—Cy, distance from 2.79 Ain
[1-Ni-3] to 2.70 A in [1-Zn-3], and the nonmetalated [1-2H-3]
associate presents an intermediate value of 2.76 A identical to
[1-Cu-3]. Calculations predict an M-Cg, distance of only
2.12 A for [1-Co-3] underestimating the value of 2.60-2.80 A
recorded for neutral Co" metalloporphyrin complexes.?
However, as discussed below, this underestimation is pre-
sumably due to the relatively small basis set employed in the
geometry optimization. The hydrogen bond NH--O lengths
(b) that account for the ammonium—crown ether interaction
do not vary along the series of porphyrin—fullerene associates
(Table 2). The CH--C, interactions ¢ and d are all around
2.60 A and determine a slight folding of the porphyrin
macrocycle to better wrap the fullerene surface.

The association or binding energy (Ey;,q) of the [1-M-3]
associates was calculated at the PBEO-D3/cc-pVTZ level of
theory using the B97-D/6-31G*-optimized geometries
(Table 2). Passing from Ni to Zn, E,;,q rises from —88.7 to
—92.8 kcalmol ™! due to the more stabilizing M-Cg, interac-
tion that takes place in moving to electron-richer metal atoms.
The stabilization in the formation of the nonmetalated [1-
2H-3] complex amounts to —92.4 kcalmol™', and the largest
association energy is computed for [1-Co-3] (—93.8 kcal
mol ™). The differences found between the calculated E;,q
and the experimental trends found for K, may arise from the
solvent and entropic effects, which are not taken into account
in the calculations.

To quantify the contribution of the main interactions
governing the formation of the [1-M-3] complexes, binding
energies at the PBE0-D3/cc-pVTZ//B97-D/6-31G* level were
computed for simplified model systems of [1-Zn-3] (see
Figure S12 and Table S2). The noncovalent interaction
between the fullerene ball and the phenyl-substituted por-
phyrin amounts to —22.5 kcalmol ™!, and the presence of the
tert-butyl groups at the meta position of the phenyl rings
(interaction d) produces an additional stabilization of approx-
imately 4 kcalmol™' (—26.3 kcalmol ™) in agreement with
previous theoretical studies.'?*! The ammonium-crown
ether NH---O contacts are computed to be the main stabilizing
interaction and provide an interaction energy of —64.9 kcal
mol ', which is three times the stabilization of the porphyrin—
Cy interaction in good accord with the experimental trends
discussed above (Scheme 3). The binding energy obtained
from the sum of these three supramolecular interactions
(—91.2 kcalmol ") is pretty close to the total association
energy computed for [1-Zn-3] (—92.8 kcalmol™") supporting
the validity of the analysis performed.

Calculations evidence the charge transfer from the axial
Cy ligand to the metal center since the positive charge of the
metal decreases in passing from 1-M to [1-M-3] (see
Table S3). This effect is especially important for [1-Co-3]
(0.20e) due to the participation of the Co-d.. orbital in the
half-filled HOMO (see Figure S15), and determines the larger
red shift observed for this complex in the UV/Vis spectrum
(see above). The fullerene guest is therefore acting as a donor,
giving electron density to the metal and, at the same time, it is
also acting as an acceptor receiving electron density from the
porphyrin macrocycle through the m—m interaction between
both fragments (see Table S3).

www.angewandte.org
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Keeping in mind that Cg, interacts with the porphyrin
moiety mainly through the electron-rich [6,6] double bonds,®
we modeled a simplified system (MP-C,H,) in which the
pristine porphyrin (MP) interacts with a molecule of ethylene
(Figure S13). This reduced model allows performing more
accurate calculations to better understand the relative
stabilization of the different associates when varying the
metal in the porphyrin.

Geometry relaxation of the porphyrin—ethylene complex
at the PBEO-D3/cc-pVTZ level led to a minimum-energy
conformation in which the ethylene stands parallel to the
porphyrin plane with a C,, molecular symmetry (Figure S13).
A clear correlation between the calculated binding energies
and metal-ethylene distances is now obtained, because the
shorter the distance along the series NiP-C,H, (3.18 A)>
CuP-C,H, (3.00A)>ZnP-C,H, (2.75A)> CoP-C,H,
(2.62 A) is, the larger is the stabilization of the complex
(Table 3). In comparing the 2HP-C,H, and CuP-C,H, com-

Table 3: Binding energies, metal—ethylene distances, and natural pop-
ulation analysis (NPA) charges of the porphyrin central atom (M =2H,
Co, Ni, Cu, Zn) calculated at the PBE0-D3/cc-pVTZ level of theory for the
simplified porphyrin—ethylene associates.

Complex  Eying [kcalmol™] M-—ethylene distance [A] M net charge [e]
2HP.C,H, —4.636 2.986 +0.942
CoP.C,H, —8.534 2.619 1+0.720
NiP-C,H, —4.530 3.177 +0.733
CuP.C,H, —5.965 2.997 +1.006
ZnP-C,H, -8.047 2.749 +1.223

plexes, which have similar M—ethylene distances, the larger
association energy computed for the latter suggests that the
presence of the metal favors the stabilization of the complex
by approximately 1.5 kcalmol™'. The M-C,H, distance com-
puted for the CoP-C,H, associate (2.62 A) is significantly
longer than that obtained for the [1-Co-3] complex at the B97-
D/6-31G* level, and is in good accord with previously
reported M-Cy, distances for Co-based porphyrin—fullerene
associates.!

The net charge calculated for the metal atom increases in
going from CoP-C,H, (+0.720¢) to ZnP-C,H, (+1.223¢)
(Table 3) and, in a first approach, can be related with the
stabilizing electrostatic interaction between the porphyrin
and the fullerene guest. However, as discussed here in the
following, additional contributions to the binding energy
provoke a nonlinear correlation between the net charge of the
porphyrin central atom and the total association energy.

Symmetry-adapted perturbation theory (SAPT)™ calcu-
lations were performed for 2HP-C,H,, NiP-C,H,, and
ZnP-C,;H, to decompose the total binding energy into
electrostatic, exchange, induction, and dispersion energy
components (Table 4). SAPT decomposition was not per-
formed for CoP-C,H, and CuP-C,H, because it is not
available for open-shell systems. A stabilization in the
electrostatic term of more than 10 kcalmol™' is predicted in
passing from NiP-C,H, to ZnP-C,H, because of the shorter
M-ethylene distance and the larger positive charge held by
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Table 4: Energy decomposition (in kcal mol™) calculated at the SAPTO/
def2-TZVP level for closed-shell porphyrin—ethylene systems with
M=2H, Ni, Zn.

2HP-C;H, NiP-C,H, ZnP-C,H,
electrostatic —2.794 —5.277 —16.212
exchange 7.046 8.605 22.101
induction —0.690 —0.728 —3.900
dispersion —7.033 —7.055 —10.521
TOTALH —3.472 —4.455 —8.532

[a] Total SAPTO energy is corrected according to the spin-component
scaling approach.

the metal atom in ZnP-C,H, (Table 4). The same reasoning
cannot be applied to 2ZHP-C,H,, for which the large positive
charge accumulated in the H atoms is not translated into
a high electrostatic stabilization due to the comparatively
small size of the H atoms. The exchange interaction contrib-
utes positively to the final association energy and is computed
to be much larger for ZnP-C,H, than for 2ZHP-C,H, and
NiP-C,H, (Table 4). The shorter metal-ethylene distance and
especially the larger atomic size of Zn magnify the value of
this repulsive interaction. The induction term is meant to
decrease exponentially with the distance between the two
interacting moieties. In ZnP-C,H,, for which the M-ethylene
distance is significantly smaller and the Zn atom bears
a relatively large positive charge of +1.22¢, the induction
term is computed to be non-negligible (—4 kcalmol ™). For
the other two systems, this stabilizing term is less than
1 kcalmol™".

Finally, the dispersion energy is computed to be the largest
stabilizing contribution in 2HP-C,H, and NiP-C,H,, and it
stabilizes the ZnP-C,H, complex in more than 10 kcalmol ™!
(Table 4). Absolute binding energies at the SAPTO level
(2HP-C,H,: —3.472 kcalmol !, NiP-C,H,: —4.455 kcalmol !,
ZnP-C,H;: —8.532kcalmol™") nicely match the values
obtained at the PBE0-D3/cc-pVTZ level (Table 3) except
for 2HP-C,H,, which is now computed to be slightly less stable
than NiP-C,H, in better accord with the experimental
evidences. Theoretical calculations therefore suggest that
the energy term that mainly contributes to the stabilization of
the 2HP-C,H, associate is the dispersion component. In the
metal-based porphyrin complexes, the electrostatic contribu-
tion acquires a major role, especially for ZnP-C,H,, for which
M-ethylene distances are shorter and the metal bears a larger
positive charge.

In conclusion, a new series of supramolecular cup-and-
ball complexes has been prepared to evaluate the impact of
the metal moiety in the porphyrin—fullerene interaction. The
high binding constants obtained for [1-M-3] and the large EM
of [1-Zn-3] (3.16 M) evidence the nice complementarity of t—m
and ammonium—crown ether interactions in the self-assembly
of the dyads. Further electrochemical and computational
studies were also performed. The combination of the
experimental and in silico results clearly show that, whereas
n—m interactions are governed by dispersion forces in free
base porphyrins, they arise both from electrostatic and
dispersion interactions in metalloporphyrins.
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