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ABSTRACT: The dual-analyte responsive behavior of tet-
raTTF-calix[4]pyrrole receptor 1 has been shown to complex
electron-deficient planar guests in a 2:1 fashion by adopting a
so-called 1,3-alternate conformation. However, stronger 1:1
complexes have been demonstrated with tetraalkylammonium
halide salts that defer receptor 1 to its cone conformation.
Herein, we report the complexation of an electron-deficient
planar guest, 1,4,5,8-naphthalenetetracarboxylic dianhydride
(NTCDA, 2) that champions the complexation with 1, resulting
in a high association constant Ka = 3 × 1010 M−2. The
tetrathiafulvalene (TTF) subunits in the tetraTTF-calix[4]-
pyrrole receptor 1 present a near perfect shape and electronic
complementarity to the NTCDA guest, which was confirmed by
X-ray crystal structure analysis, DFT calculations, and electron density surface mapping. Moreover, the complexation of these
species results in the formation of a charge transfer complex (22⊂1) as visualized by a readily apparent color change from yellow
to brown.

■ INTRODUCTION

Considerable efforts have been focused on the preparation of
supramolecular host systems with the capability of recognizing
specific chemical species through weak noncovalent inter-
ations.1−3 In this context, the use of 1,4,5,8-naphthalene
diimides4 (NDIs) appears particularly attractive, on account of
their intriguing properties as electron-deficient and aromatic
species, their ability to form face-to-face aromatic interactions
with electron donors, and their ease of functionalization. Since
the late 20th century, many systems containing NDIs have been
studied in the context of semiconducting materials,5 sensors,6,7

foldamers,8,9 catenanes,10 and rotaxanes.11,12 Even though NDI
has received considerable attention, much less time has been
devoted to its precursor molecule, the commercially available
1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA, 2),
and only a few examples of receptors exist.13 To the best of our
knowledge, no pure organic receptors occur for NTCDA.
Herein, we report a remarkably strong complexation between

the neutral tetrathiafulvalene (TTF)-substituted calix[4]-
pyrrole14−18 receptor 1 and the guest NTCDA 2 (Scheme
1). Calix[4]pyrrole has been shown to act as receptor for
neutral substrates,19−21 in its 1,3-alternate conformation, and in

particular the TTF-substituted calix[4]pyrroles14−18 have been
shown to complex electron-deficient aromatic guests such as
1,3,5-trinitrobenzene (TNB) and 2,4,6-trintrotoluene (TNT).
The recognition behavior of calix[4]pyrroles toward
anions,15,17,22 in its cone conformation, is also widely
appreciated, and binding constants as high as Ka = 1.5 × 107

M−1 have been reported17 for chloride anions (as its
tetraethylammonium (TEA) salt). On account of the mutual
complementarity between the electron-donating TTF subunits
of receptor 1 and the electron-accepting NTCDA guests,
complexation was expected to take place upon mixing 1 and 2.
However, it was unexpected that the complex formed (22⊂1)
exhibited an overall complexation strength that is among the
highest reported for neutral complexes23,24 and comparable to
charged systems such as cucurbituril-guests-binding25,26 and
bisporphyrin macrocycles27 for C60. This makes receptor 1
attractive, not only for NTCDA sensing, but also for the
preparation of supramolecular systems containing NDI and its
analogues pyromellitic diimides and perylene diimides.
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■ RESULTS AND DISCUSSION
Crystal Structure. Initial evidence for the complexation

between 1 and 2 came from single-crystal X-ray diffraction
analysis. Diffraction grade crystals were grown by slow diffusion
of an n-hexane layer into a CH2Cl2 solution containing 1 (1
mM) and 2 (2 mM). The resulting structural analysis (Figure
1) revealed a solid-state structure containing one tetraTTF-

calix[4]pyrrole receptor 1 complexed with two guest molecules
2, forming a charge transfer (CT) complex. The two guest
molecules are oriented parallel relative to the TTF “arms”
having one set of the anhydride oxygens pointing toward the
NH protons and involved in hydrogen bonding in the solid
state. The interplanar distance between two TTF units is in the
range of 6.9−7.0 Å, which is close to the optimal distance of 7
Å for CT interactions.28

1H NMR Spectroscopic Investigations. Support for the
interaction between 1 and 2 in solution was evident when
comparing the 1H NMR spectrum (CDCl3, 500 MHz, 298 K)
of 1 with that of a 1:2 mixture of 1 and 2 (Figure 2c). The 1H
NMR spectrum of 1 reveals a signal resonating at δ = 7.15 ppm,
which can be assigned to the free NH protons. Upon addition
of 2 equiv of 2 to this solution, the signals corresponding to the

resonances of the NH protons are shifted downfield to δ = 9.28
ppm (Δδ = +2.13 ppm). The large downfield shift can be
attributed to the combination of CT interaction and hydrogen
bonding taking place between 1 and 2. The aromatic CH
protons of 2 are sandwiched between two shielding TTF
subunits and can be found as a sharp signal resonating at δ =
8.72 ppm (Δδ = −0.18 ppm) as compared to pure 2 (Figure
2e). In the aliphatic region of the spectrum, the signals from the
protons in the thiopropyl chains are found to be upfield shifted
(Δδ = −0.06, −0.12, and −0.21/−0.25 ppm). In particular, the
SCH2 protons are observed as two broad signals at 298 K,
which upon cooling to 228 K sharpens into two multiplets (dt,
J = 13.1 and 6.7 Hz). This finding can, most likely, be ascribed
to the fact that that the strong complexation between 1 and 2
leads to a conformationally restricted complex where the two
SCH2 protons of the thiopropyl chains become chemically
different resulting in an AB type system at low temperature.29
1H NMR titration of 2 into a solution of 1 (see Figure S1)
resulted in an immediate broadening of the NH proton
resonances of 1 (δ = 7.16 ppm). Upon further addition of 2
(0.8 equiv), the resonance at δ = 7.16 ppm disappeared,
whereas a new signal resonating at δ = 9.28 ppm is observed,
which can be assigned to the complexed NH protons in the
22⊂1 complex.

Optical and Electrochemical Investigations. Formation
of the complex between 1 and 2 was also studied using
absorption spectroscopy. The addition of 2 equiv of 2 to a
solution of 1 gives rise to a color change from yellow to brown
and the appearance of a CT absorption band centered at 990
nm in the absorption spectrum (Figure 3). An absorption
spectroscopic titration experiment was carried out in CH2Cl2
solution (5.6 μM of 1) to determine the association constants
(K1, K2, and Ka) for the interaction between receptor 1 and
guest 2. The guest binding event was visualized by following
the progressive color change produced as 2 was added to
receptor 1 (Figure 3, inset). Plots of the associated changes in
absorption intensity as a function of guest concentration were

Scheme 1. (a) Chemical Structures of Receptor 1 and Guest
2, and (b) Mechanistic Scheme Displaying the Proposed
Complexation between 1 and 2 and the Complex 22⊂1

Figure 1. Single-crystal X-ray structure of the complex 22⊂1
illustrating the four hydrogen-bond interactions taking place between
the NH protons of 1 and the carbonyl oxygen atoms of 2. Ellipsoids
are scaled at the 30% probability level. Nonparticipating hydrogen
atoms have been removed for clarity.

Figure 2. Partial 1H NMR spectra (CDCl3, 500 MHz, 298 K): (a) 1 (2
mM), (b) 1 + 1 equiv of 2, (c) 1 + 2 equiv of 2, (d) the solution from
(c) at 228 K, and (e) 2 (saturated).
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then used to construct the binding isotherm (Figure 3, inset).
The data were fitted to a two-site Adair equation30 (R2 >
0.998), and the two microscopic binding constants could be
determined to K1 = 2.9 × 104 M−1 and K2 = 1.0 × 106 M−1,
respectively (Ka = 2.9 × 1010 M−2). Fitting the data to a Hill
equation31 (R2 > 0.993) gave an association constant of Ka =
1.7 × 109 M−2 and a Hill coefficient of n = 1.57 (see Figure S8),
showing a strong cooperative binding effect at the second
binding site. To the best of our knowledge, this is the highest
reported association constant for a TTF-calixpyrole macrocyclic
host and any neutral or charged species.
The strong complexation and cooperative binding effect can

be explained by the ideal geometry of guest 2 for the binding
sites of 1 and the inductive effect that the first binding exerts on
the second binding site of receptor 1 (Figure 4).
To verify the strong complexation of the neutral complex,

another complementary spectroscopic method was used.
Utilizing the fluorescent output of 2, a titration of 2 (5.6
μM) with 1 was carried out in CHCl3 (Figure 5). The broad
fluorescence at 360−450 nm is efficiently quenched by 95%
upon addition of 1 equiv of 1 and >99% quenched at 2 equiv of
2. The data could be fitted to a 2:1 binding isotherm32 (R2 >
0.999), giving K1 and K2 as 6.0 × 104 and 5.0 × 105 M−1,
respectively (Ka = 3.0 × 1010 M−2).

This success led us to consider the redox processes of the
TTF subunits of 1 and the NTCDA guest 2 as a possible
transducer of the recognition event. Cyclic voltammetry (CV)
was used to probe the putative NTCDA-induced changes in the
redox potentials. The deconvoluted voltammogram (Figure 6)

Figure 3. Absorption spectroscopic titration of receptors 1 (5.6 μM)
with 2 (CH2Cl2, 295 K). Increasing amounts of 2 were added for each
absorption spectra (0−6 equiv) leading to a broad CT band centered
at λ = 990 nm. Inset shows the calculated binding isotherm derived by
using the two-site Adair equation30 for the absorption at λ = 1000 nm.

Figure 4. Illustration of the cooperative binding modes of receptor 1 upon binding two guests 2. (a) The free receptor predominantly obtains the
1,3-alternate conformation with a high degree of flexibility in the two binding sites. (b) When one molecule of 2 is bound, the receptor 1 obtains a
more rigid 1,3-alternate conformation due to the CT interactions between the TTFs and 2 and the hydrogen-bonding interactions between the
pyrrole NH protons of 1 and the oxygen atoms of 2. These interactions lead to a hyperpolarization of 1 where the TTFs of the vacant binding site
become more electron-rich and the vacant pyrrole NH protons become more acidic. (c) The improved binding of the second binding site results in a
stronger complexation and an overall stabilized 22⊂1 complex.

Figure 5. Fluorescence emission spectra of 2 (5.6 μM, λex = 330 nm)
upon addition of increasing amounts of 1 (CHCl3 at 295 K). Inset
show the change in fluorescence at λ = 390 nm with increasing
concentration of 1 fitted to a 2:1 binding isotherm.32

Figure 6. Deconvoluted cyclic voltammograms of receptor 1 (0.01
mM in CH2Cl2) recorded at 100 mV s−1 after the addition of
successive aliquots of 2 (reference electrode, Fc+/Fc; supporting
electrolyte, tetrabutylammonium hexafluorophosphate (TBAPF6, 0.1
M)).
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shows that progressive addition of 2 to a solution of receptor 1
results in the disappearance of the first oxidation process (E1/2

1

= 0.297 V) for the TTF units in 1, corresponding to the gradual
loss of uncomplexed 1 and an appearance of two new redox
processes at (E1/2

1 = −0.371 V and E1/2
2 = −0.813 V)

corresponding to first reduction of complexed 2 and
subsequent second reduction of uncomplexed 2. Addition of
more than 2 equiv of 2 resulted in the appearance of a new
redox process (E1/2

1 = −0.314 V), matching uncomplexed 2.
These results supports that a strong complexation between
receptor and guest is taking place in solution.
DFT Calculations. The structure and properties (geometry,

CT interaction, and excitation) of 1, 2, and the 22⊂1 complex
were also investigated through density functional theory (DFT)
calculation in CHCl3 modeled by the polarizable continuum
model (PCM).33 Full geometry optimizations were performed
at the M05-2X/6-31G* level of theory (Figure 7). For the
uncomplexed receptor, the four HOMOs (highest-occupied
molecular orbital) are predominantly localized on the four
individual TTF units. The two LUMOs (lowest-unoccupied
molecular orbitals) of the free guest show orbitals with a nodal
plane running through the middle. Upon complexation, the
energies of the four HOMOs are paired and show shifts to
lower energies (−5.9 and −6.0 eV) as a result of stabilization,
together with a concurrent increase of the LUMOs of 2 (−2.8
eV). These rearrangements are consistent with a CT interaction
among the frontier MOs. In the complex pairs of HOMOs are
mixed together, indicating that the CT interaction between 1
and encapsulated 2 acts as an electronic bridge. The DFT
calculations confirmed that 2 is a close to perfect fit for 1, with
pairs of TTF “arms” closely wrapped around the two guest
units. Beside the very high binding constants, one of the most
significant features of the 22⊂1 complex is the combination of
shape and electronic complementarity between the TTF units
present in 1 and the guest 2. This complementarity is evident
from the charge density plot (Figure 8), which shows that free
receptor 1 has a partial positive charge on the NH protons and
partial negative charge on the sulfur atoms. For 2, partial
negative and positive charges are found on the oxygen atoms
and the carbonyl carbons, respectively, giving rise to overlap
between oppositely partial charged surfaces. In the complex, the
charge distribution is less pronounced as a result of CT-
interaction. Natural bond orbital (NBO) analysis shows a CT
interaction in the opposite direction of the hydrogen bond
where 0.17 electrons is transferred from 1 to 2, indicating a

significant CT stabilization. Single-point time-dependent DFT
calculations (CAM-B3LYP/6-31+G**) were carried out to
investigate the CT excitation in the 22⊂1 complex; the lowest
excitation is found to be a result of excitation from HOMO and
HOMO−1 to LUMO and LUMO+1 (1.61 eV/770 nm)
consistent with a CT-band. The excitation energy is found to be
overestimated by about 30% as was also seen in the literature.34

Competition Analysis. The variety of which receptor 1 can
complex different guests such as anions, neutral, and charged
planar guests has been an intriguing quality of the TTF-
calix[4]pyrrole system. Most prominently, it binds anions in the
so-called cone conformation, wherein it becomes a good host
for spherical guests such as fullerenes C60 and C70. It is in the
cone conformation that the highest association constant (Ka =
1.5 × 107 M−1 for TEACl)17 has been reported. To probe the
competitive binding of 1, we prepared a solution of 1 (1.1 mM)
and 2 equiv of 2 (2.2 mM) in CDCl3 (Figure 9). Monitoring
the pyrrole NH resonances located at δ = 9.28 ppm (Figure 9a)
for the complex 22⊂1, aliquots of tetrabutylammonium chloride
(TBACl, Ka = 2.5 × 106 M−1)15 were subsequently added.
Addition of 10 equiv of TBACl (Figure 9b) to the complex
solution resulted in a slight broadening and decrease of the NH
proton resonances at δ = 9.28 ppm, while a broad singlet arises
at δ = 10.82 ppm that can be assigned to 1 in its chloride-bound
cone conformation (1·Cl−). Integration of the two signals
corresponding to the complexes of 1·Cl− and 22⊂1 gave a ratio
of 1:6.3, respectively. This finding clearly indicates that the
complex 22⊂1 is the most stable complex. Further additions of
TBACl to the solution containing the complex 22⊂1 resulted in
further shifts in the complex ratio of 1:1.1 (Figure 9c, 30 equiv
of TBACl) and 1:0.3 (Figure 9d, 50 equiv of TBACl) for the
complexes of 1·Cl− and 22⊂1, respectively. It is appreciated that
the competition experiment for receptor 1 requires a change of
conformation from the more stable 1,3-alternate conformation
to the cone conformation, which may offer further stabilization

Figure 7. Energy level diagram (eV) of 1, 2, and 22⊂1 (MO5-2X/6-31+G**) using the PCM model of CHCl3.
33

Figure 8. Electron density surfaces (isovalue = 0.008) mapped
according to the value of the electrostatic potential of respective
receptor 1 and guest 2 as well as their complex 22⊂1.
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of the already formed 1,3-alternate complex of 22⊂1. However,
this analysis supports the notion that the binding strength of
receptor 1 for 2 should be of the same order as that for TBACl
or higher.

■ CONCLUSION
In summary, the tetraTTF-calix[4]pyrrole receptor 1 features
the combination of hydrogen bonding and charge transfer
interaction, resulting in a very effective association of the
1,4,5,8-naphthalenetetracarboxylic dianhydride guest (2). So-
lution and solid-phase characterization was employed to
describe the complexation event. DFT calculations and electron
density surface mapping confirmed the exquisite combinations
of shape and electronic complementarity that exist between the
TTF units present in 1 and the guest NTCDA. The stabilized
1,3-alternate complex 22⊂1 is shown to be favored over
chloride anion binding (TBA+ salt in the cone conformation).
We are currently exploring the stability of the complexes
formed between the receptor 1 and NDIs, pyromellitic
dianhydride, pyromellitic diimides, and their analogues, and
preliminary results also indicate strong complexation with these
guests.

■ EXPERIMENTAL SECTION
TetraTTF-calix[4]pyrrole14 1 was synthesized according to known
literature procedures. NTCDA was purchased from Sigma-Aldrich and
used as received. 1H NMR spectra were recorded on a 400 MHz NMR
spectrometer at 298 K. The variable-temperature and 2D 1H NMR
spectra were recorded on a 500 MHz NMR spectrometer. The NMR
samples were dissolved in CDCl3 and TMS, or the residual solvent was
used as internal standard. Solvent signals were assigned according to
Nudelman et al.35 Absorption and emission spectroscopic studies were
carried out using spectroscopic grade solvents. Cyclic voltammetry
(CV) was performed in a three-electrode cell equipped with a
platinum millielectrode, a platinum wire counter-electrode, and a silver
wire used as quasi-reference electrode. The electrochemical experi-
ments were carried out under dry and oxygen-free atmosphere (H2O <
1 ppm, O2 < 1 ppm) in CH2Cl2 [1] = 10 μM) with Bu4NPF6
(TBAPF6) (0.1 M) as supporting electrolyte. The voltammograms
were recorded with positive feedback compensation. On the basis of
repetitive measurements, the absolute errors of potentials were
estimated to be around ±5 mV. Crystallographic data were collected
on a diffractometer with Mo Kα radiation (λ = 0.71073 Å).
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