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ABSTRACT: A nanographene-fused expanded carbaporphyrin (5) and its BF2 complex (6)
were synthesized. Single-crystal X-ray structures revealed that 5 and 6 are connected by two
hexa-peri-hexabenzocoronene (HBC) units and two dipyrromethene or BODIPY units,
respectively. As prepared, 5 and 6 both show nonaromatic character with figure-of-eight
carbaoctaphyrin (1.1.1.0.1.1.1.0) cores and adopt tweezers-like conformations characterized
by a partially confined space between the two constituent HBC units. The distance between
the HBC centers is >10 Å, while the dihedral angles between the two HBC planes are 30.5
and 35.2° for 5 and 6, respectively. The interactions between 5 and 6 and fullerene C60 were
studied both in organic media and in the solid state. Proton NMR spectral titrations of 5 and
6 with C60 revealed a 1:1 binding mode for both macrocycles. In toluene-d8, the
corresponding binding constants were determined to be 1141 ± 17 and 994 ± 10 M−1 for 5
and 6, respectively. Single-crystal X-ray diffraction structural analyses confirmed the
formation of 1:1 fullerene inclusion complexes in the solid state. The C60 guests in both
complexes are found within triangular pockets composed of two HBC units from the tweezers-like receptor most closely associated
with the bound fullerene, as well as an HBC unit from an adjacent host. Femtosecond transient absorption measurements revealed
subpicosecond ultrafast charge separation between 5 (and 6) and C60 in the complexes. To the best of our knowledge, the present
report provides the first example wherein a nanographene building block is incorporated into the core of a porphyrinic framework.

■ INTRODUCTION
Carbaporphyrins represent porphyrin analogues where one or
more nitrogen donor atoms in the core are replaced by a
carbon atom.1 They have attracted interest for their π-
conjugation pathways that differ from those of traditional
tetrapyrrolic porphyrins as well as their own unique metal
coordination chemistry. To date, polycyclic aromatic hydro-
carbons (PAHs), such as naphthalene,2−6 anthracene,7−9

phenanthrene,10−14 triphenylene,15 and pyrene,16−18 have
been used to create carbaporphyrins. Recently, we reported
that dibenzo[g,p]chrysene could serve as a building block to
prepare a bis-dicarbacorrole, a highly twisted three-dimen-
sional (3-D) cage structure, and a pyrene-containing belt-like
system.19−22 However, to the best of our knowledge, large π-
extended PAHs, such as nanographenes, have yet to be
introduced into carbaporphyrin frameworks. Were they
available, such systems could advance our understanding of
nanographene chemistry while providing potentially interesting
new supramolecular receptors. The present study was
undertaken in an effort to explore this promise.
Nanographenes are polyaromatic hydrocarbons that have

attracted increasing synthetic attention due to their intriguing
structures and potential utility in nanoelectronics, optoelec-
tronics, and spintronics.23−27 Compared to top-down prepa-
rative methods, such as the “cutting” of graphene and carbon
nanotubes, bottom-up synthetic approaches can control more
accurately the size, edge structure, and location of the

functionalities present in the nanographene.28 Although
known for decades,29,30 it was only with the development of
an efficient synthesis of hexa-peri-hexabenzocoronene (known
as HBC) by Müllen and co-workers31 that HBC-based
nanographenes became readily amenable to synthesis.32−34

Early on, in an effort to assess electronic communication
between the HBC and porphyrin unit, Jux and co-workers
synthesized the first directly linked HBC-porphyrin con-
jugate.35 Subsequently, they reported several systems bearing
multiple HBC or porphyrin units.36−39 Guldi and co-workers
further studied the interactions between HBC-porphyrin
conjugates and fullerenes in both noncovalently linked
supramolecular complexes and covalent-linked HBC-porphyr-
in-fullerene conjugates.40−42 Currently, several other nano-
graphene-porphyrin conjugates are known;43−45 however, to
our knowledge, introducing a nanographene unit into the core
of a porphyrinic framework remains an unmet synthetic
challenge.
In this work, two dipyrromethene units were used to

connect two HBC units and form what we believe is the first
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Scheme 1. Synthesis of Carbaporphyrin Tweezers 5 and Its Bis-BF2 Complex 6
a

aConditions: (i) 1,2-Bis(4-(tert-butyl)phenyl)ethyne in Ph2O, 260 °C, 5 h, 90%; (ii) DDQ and TfOH in CH2Cl2, 0 °C, 0.5 h, then RT, 5 h, 87%;
(iii) n-BuLi in THF, − 78 °C, 1 h, then mesitaldehyde, − 78 °C, 1 h, 65%; (iv) dipyrromethane and BF3·OEt2 in dry CH2Cl2, RT, 2 h, then DDQ,
RT, 0.5 h, 7%; (v) DIPEA in toluene, 25 °C, 15 min, then BF3·OEt2, 80 °C, 24 h, 54%. Mes, t-Bu, and C6F5 denote mesityl, tert-butyl, and
pentafluorophenyl groups, respectively.

Figure 1. Partial 1H NMR spectra of 5 and 6 recorded in CD2Cl2. Dots indicate signals from the meso-mesityl groups, and asterisks indicate residual
solvent peaks. The labeling refers to the features for only one set of proton signals due to symmetry.
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HBC-fused carbaporphyrin (5). In contrast to earlier reported
linked, as opposed to fused, nanographene-porphyrin systems,
5 adopts a figure-of-eight carbaoctaphyrin (1.1.1.0.1.1.1.0)
core.12 This twisting leads to a tweezers-like structure with a
partially confined space that differs from a previously reported
diphenanthrioctaphyrin12 that also adopts a figure-of-eight
conformation. Treating 5 with BF3·OEt2 provides the
corresponding BF2-chelated dipyrromethene complex 6 (i.e.,
a BODIPY-like analogue), which retains its tweezers-like
conformation. Both 5 and 6 act as effective receptors for
fullerene C60. A 1:1 binding stoichiometry dominates in
toluene-d8 solution with the corresponding binding constants
being measured as 1141 ± 17 and 994 ± 10 M−1 for 5 and 6,
respectively. We further revealed subpicosecond ultrafast
charge separation in the complexes 5·C60 and 6·C60. In
contrast to the many extensively studied46−54 and in certain
instances highly effective receptors based on curved building
blocks,55−57 our system is noteworthy for containing relatively
planar HBC subunits. It also stands, to our knowledge, as the
first expanded carbaporphyrin receptor−fullerene guest com-
plex to be fully characterized both in organic media and in the
solid state.

■ RESULTS AND DISCUSSION
The synthesis of 5 and 6 is shown in Scheme 1. Intermediate 2
was prepared from the Diels−Alder reaction of known
precursor 1 with 1,2-bis(4-(tert-butyl)phenyl) ethyne in
Ph2O at reflux. Treatment with 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ) in the presence of trifluoromethane-
sulfonic acid (TfOH) yielded the fused dibrominated
intermediate 3. Reaction of 3 with mesitaldehyde in the
presence of n-butyllithium yielded the bicarbinol 4. A BF3·
OEt2-catalyzed [2 + 2] condensation between 4 and
pentafluorophenyl-substituted dipyrromethane, followed by
oxidation with DDQ, yielded 5 in 7% yield. Carbaporphyrin
5 was then treated with an excess of BF3·OEt2 in the presence
of N,N-diisopropylethylamine (DIPEA). After heating at reflux
in toluene under N2, the BODIPY-like BF2-chelated
dipyrromethene complex 6 was obtained in 54% yield. Both
5 and 6 were characterized by 1H, 19F, two-dimensional
correlation spectroscopy (2D COSY), nuclear Överhauser
effect (NOE), NMR and UV−vis−NIR spectroscopies, as well
as high-resolution matrix-assisted laser desorption/ionization
time-of-flight (HR-MALDI-TOF) mass spectrometry, and
single-crystal X-ray diffraction analyses.
The 1H NMR spectra of 5 and 6 were recorded in CD2Cl2

(Figure 1). The resonances for 5 and 6 could be readily
assigned from the corresponding 2D COSY and NOE spectra
(Figures S36−S39 and S43−S46). In the case of 5, the pyrrolic
β-CH protons were found to resonate at 7.90, 6.81, 6.78, and
6.35 ppm (labeled with Hm, Hn, Ho, and Hp, respectively). The
signals at 9.38 and 10.37 ppm were assigned to the CH protons
within the carbaporphyrin macrocycle (inner CHs, labeled
with Ha and Hb). The other signals from the CH protons (Hc

to Hl) on the HBC backbone could also be readily assigned,
with chemical shifts ranging from 8.31 to 9.30 ppm. The NH
signal is observed at 12.92 ppm, as confirmed by a D2O
exchange experiment (Figure S35). The average chemical shift
difference between the pyrrolic NH and β-CHs proton signals
(Δδ) was found to be 5.96 ppm. The value is comparable to
what was reported for a nonaromatic carbaporphyrin cage
(5.98 ppm).21 Thus, macrocycle 5 is best considered as
nonaromatic. It should also be noted that there is one mesityl

group located between two HBC units. This orientation leads
to an upfield shifting of the corresponding proton signals. For
instance, the Hq and Hs protons on the mesityl group
(highlighted in purple) are found to resonate at 5.26 and 0.64
ppm, respectively (Figure S34).
In the bis-BF2 complex 6, the pyrrolic β-CH signals are

assigned at 7.54, 6.61, 6.78, and 6.47 ppm (labeled with Hm′,
Hn′, Ho′, and Hp′, respectively). The signals of the inner CHs
(Ha′ and Hb′) appear at 9.14 and 9.39 ppm and are shifted
upfield relative to Ha and Hb in the free base macrocycle 5.
The remainder of the CH proton signals (Hc′ to Hl′) on the
HBC backbone appear between 8.15 and 9.36 ppm. In
addition, the original NH signal disappears and two new sets of
BODIPY-like peaks appear in the 19F NMR spectrum (Figures
S42 and S47). Compared to the free base 5, the chemical shifts
of the Hq′ and Hs′ protons of the mesityl group of the bis-BF2
complex 6 are shifted upfield (to 4.39 and 0.09 ppm,
respectively), reflecting what are presumably enhanced
shielding effects.
The UV−vis−NIR absorption spectra of 5 and 6 were

recorded in toluene and are shown in Figure 2a. In the case of

5, an intense absorption band at 356 nm with a shoulder at 434
nm is seen, along with a broad absorption feature centered at
668 nm and a shoulder at 725 nm. For the bis-BF2 complex 6,
an intense band at 357 nm is observed, along with a broad
band centered at 672 nm and a very weak absorption at 495
nm. Compared to the free base 5, the molar extinction
coefficient of 6 is slightly lower, and the shoulder features are
less pronounced. Meanwhile, 5 and 6 show weak NIR
fluorescence in the range of 700−1300 nm (Figure 2b).
Along with their lowest absorption bands in the range of 600−

Figure 2. (a) UV−vis−NIR absorption spectra and corresponding
calculated oscillator strengths and (b) fluorescence spectra of 5 and 6
recorded in toluene by using an excitation wavelength of 670 nm.
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800 nm, these NIR fluorescence features of 5 and 6 are taken
as evidence of effective π-conjugative interactions between the
core (dipyrromethene and BODIPY) and the nanographene
units. This coupling is also reflected in the results of the time-
dependent density-functional theory (TD-DFT) calculations
for 5 and 6. Based on this latter analysis, their lowest
absorption bands mainly arise from electronic transitions
among highest occupied molecular orbital (HOMO) − 1,
HOMO, lowest unoccupied molecular orbital (LUMO), and
LUMO + 1 molecular orbital (Tables S1 and S2). Notably in
both 5 and 6, the core electron densities spread well beyond
the central dipyrromethene and BODIPY subunits to include
both flanking nanographene units (Figure S4).
The electrochemical properties of 5 and 6 were investigated

by cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) (Figure S1). The first oxidation and reduction
potentials of 5 were found to be 0.17 and −1.54 V (vs Fc+/
Fc), respectively, which leads to an electrochemical HOMO−
LUMO gap of 1.71 eV. The corresponding electrochemical
HOMO−LUMO gap was determined to be 1.78 eV in the case
of 6 based on first oxidation and reduction potentials of 0.35
and −1.43 V (vs Fc+/Fc), respectively. These HOMO−

LUMO gaps reflect the UV−vis absorption spectra and match
well the HOMO−LUMO energy gaps (1.974 and 2.050 eV for
5 and 6, respectively) estimated by density functional theory
(DFT) at the B3LYP/6-31G(d,p) level (Figure S4 and Table
S3).
Diffraction-grade single crystals of 5 were grown from

acetonitrile/hexanes. The resulting structures confirmed the
formation of the target macrocycle and its tweezers-like
conformation (Figure 3). Compound 5 consists of two HBC
units connected by two dipyrromethene units. The non-
hydrogen atoms in the backbone appear to be sp2 hybridized,
which is as expected for a structure that is fully conjugated.
The center-to-center distance between the two HBC units is
10.359 Å (centroids based on the 42 carbon atoms of the HBC
backbone), whereas the dihedral angle between the two HBC
planes (mean plane defined by all 42 carbon atoms of the HBC
backbone) is 30.5°. The two dipyrromethene units are nearly
parallel with a mean plane (defined by all 11 atoms of the
dipyrromethene backbone) distance of 3.583 Å. The dihedral
angles between the dipyrromethene and HBC planes show
similar values of 41.0, 42.6, 42.7, and 44.1°, respectively; thus,
the average angle can be calculated as 42.6° (Figure S26).

Figure 3. X-ray structures of 5 shown in (a) front, (b) side, and (c) top views; and 6 in (d) front, (e) side, and (f) top views. The thermal ellipsoids
are scaled to the 50% probability level. Solvent molecules, hydrogen atoms, meso-aryl substituents, and tert-butyl groups are omitted for clarity.

Figure 4. (a) Changes in the chemical shift of the inner NH proton resonance seen in a 1H NMR titration of 5 with C60 in toluene-d8 where the
starting concentration of the receptor was 0.95 mM; (b) changes in the chemical shift of the Hs′ proton resonance seen in a 1H NMR spectroscopic
titration of 6 with C60 in tolene-d8 where the starting concentration of the receptor was 1.0 mM; (c) Job plot constructed from the chemical shift
changes seen during 1H NMR spectral titrations of 5 or 6 with C60 in toluene-d8 using the same starting concentrations as in (a) and (b).
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Overall, the tweezers-like molecules pack in a zigzag pattern.
The two HBC planes of the adjacent repeat units are parallel to
each other, and the corresponding separation distances are
about 3.548 and 3.589 Å (Figures S22 and S23). These values,
which are less than the sum of the van der Waals radii, indicate
that the π−π interaction plays a key role in the packing. In
addition, some nearest carbon−carbon distances between the
methyls of the mesityl and tert-butyl substituents and adjacent
HBC backbone are about 3.646−3.721 Å. The nearest fluorine
atom on the pentafluorophenyl group was found at a distance
of 3.166 Å from the corresponding HBC plane, leading us to
suggest that CH−π and F−π interactions also contribute to the
observed stacked arrangement (Figures S22 and S23).
Diffraction-grade single crystals of bis-BF2 complex 6 were

grown from toluene/methanol (Figure 3). The corresponding
structure revealed that the dihedral angle between the two
HBC planes had increased to 35.2° relative to 5 and that the
average dihedral angle between the two BODIPY planes (mean
plane defined by all 12 atoms except for the F atoms of the
BODIPY backbone) and the two HBC planes increased to
60.9° (Figure S26). The distance between the two nearly
parallel BODIPY units increased to 5.548 Å (Figure 3e). These
structural changes are ascribed to increases in both steric
hindrance and rigidity relative to 5. The packing diagram
revealed that 6 also adopts a zigzag arrangement in the solid
state; however, unlike 5, the two molecules within the
individual repeat units are embedded within their respective

cavities (Figures S24 and S25). The distances from the tert-
butyl methyl groups, mesityl methyl groups, and the fluorine
atoms on the pentafluorophenyl substituents to the nearest
HBC plane were found to vary from 3.119 to 3.721 Å. In
contrast to 5, the distance between the two paralleled adjacent
HBC planes in 6 is about 4.410 Å, a finding that rules out
appreciable π−π interactions. Thus, the stacking seen in the
case of 6 is thought to reflect CH−π and F−π interactions
(Figures S24 and S25).
In order to test whether molecular tweezers 5 and 6 could

act as supramolecular receptors, toluene-d8 solutions were
subjected to 1H NMR spectroscopic titrations using C60 as a
putative substrate (Figures 4, S7, and S13). In the case of 5, a
continuous variation plot was constructed using changes in the
signal for the inner NH proton and one of the methyl protons
from the mesityl (Mes) substituent (Hs) in the shielded area.
This Job plot and standard curve fitting allowed a 1:1 binding
constant (Ka) of 1141 ± 17 M−1 to be derived (Figure S9). For
6, protons on the HBC backbone (Ha′) and a Mes methyl
signal (Hs′) proved to be the easiest to monitor; this allowed a
1:1 Ka of 994 ± 10 M−1 to be derived (Figure S15). We
speculate that the slightly lower affinity seen in the case of 6
reflects the increased rigidity of the framework, which in turn
makes it more difficult for the C60 to be accommodated within
the tweezers-like cavity.
Compared to a reported macrocyclic heptagon-containing

nanographene, for which a Ka = 420 ± 2 M−1 was derived

Figure 5. Single-crystal structures of 5·C60 shown in (a) front and (b) top views and of 6·C60 shown in (c) front and (d) top views; more extended
views of (e) the interactions between C60 and 5 and (f) between C60 and 6. Thermal ellipsoids are scaled to the 50% probability level. Solvent
molecules, hydrogen atoms, meso-aryl substituents, and tert-butyl groups are omitted for clarity.
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based on a 1H NMR spectroscopic titration in o-DCB-d4,
53 the

affinities of 5 and 6 for C60 are roughly 2-fold higher. Note: to
allow comparisons to this prior system, receptor 5 was
subjected to titration with C60 in ODCB-d4. A Ka value of
approximately 1300 M−1 was obtained (Figures S10−S12).
The Ka values for 5 and 6 are comparable to that of a doubly
curved nanographene, for which a Ka of 1170 ± 2 M−1 was
reported based on 1H NMR spectroscopic titrations carried
out in toluene-d8.

52 A 1H NMR spectroscopic titration
between C60 and hexa-tert-butylhexabenzocoronene (a known
HBC monomer, synthesized for comparison; Figure S16)
revealed only modest changes that failed to yield reliable
binding constants when fitted to a 1:1, 1:2, or 2:1 binding
model (Figures S17−S21). On this basis, we conclude that the
tweezers-like conformation inherent in 5 and 6 serves to
increase the ability of the planar HBC subunits to interact with
the curved fullerene surface of C60.
Single crystals of the 1:1 complex of 5 and C60 (5·C60) were

grown by allowing n-heptane to diffuse into a toluene solution
containing the host (5) and guest (C60) in a 1:1 molar ratio
(Figure 5). As expected, the C60 molecule was found to reside
between the two HBC planes. Compared to the fullerene-free
host 5, the HBC backbone in 5·C60 is slightly distorted. The
angle between the two HBC planes of 5·C60 is seen to increase
to 47.8°, while the average angle between the HBC and the
dipyrromethene planes increases to 53.4° (the individual
dihedral angles are 49.1, 50.3, 57.1, and 57.3°; Figure S26).
The distances between the nearest carbon of the C60 molecule
and the two HBC planes are 3.072 and 3.229 Å, respectively;
this is as would be expected for a complex wherein π−π
interactions between the C60 and the two HBC arms play a
stabilizing role. Several of the phenyl CH protons and those of
the mesityl methyl groups, as well as some tert-butyl groups on
the edge of the HBC units, appear to interact with the C60 via
weak CH−π bonds as evidenced by carbon−carbon distances

that vary from 3.438 to 3.914 Å (Figure S28). A third HBC
unit on an adjacent host molecule was found to interact with
the C60 guest (Figure 5e) as inferred from the 3.170 Å
separation between the fullerene and the closest carbon on this
adjacent HBC unit.
Single crystals of the 1:1 complex of 6 and C60 were grown

by allowing n-heptane to diffuse into a toluene solution
containing the host (6) and guest (C60) in a 1:1 molar ratio
(Figure 5). As true for 5·C60, the tweezers-like structure in 6·
C60 is wider than in the free host 6, as reflected in a dihedral
angle between the two HBC planes in 6·C60 that increase to
45.0° and average angles between the dipyrromethene and
HBC planes that are now 64.9° (Figure S26). The fullerene
molecule in 6·C60 is found within a triangular pocket made up
of two HBC units from one host and an HBC unit from an
adjacent host. The nearest carbon on the C60 guest is separated
from these three HBC planes by distances of 3.021, 3.213, and
3.073 Å, respectively, leading to the inference that π−π
donor−acceptor interactions also contribute to the complex-
ation of C60 in the case of BODIPY complex 6.
We further examined the complexation of 5 and 6 with C60

by means of UV−vis−NIR absorption measurements (Figure
S2). Although the spectral changes for 5 and 6 were modest
upon titration with C60, clear isosbestic points were seen, as
would be expected for the clean formation of 5·C60 and 6·C60.
Upon complex formation, the lowest absorption bands of 5
and 6 are attenuated. Similar spectral changes were observed in
a previous study involving the complexation of C60 by an
expanded porphyrin.58

To unveil the excited-state dynamics of complexes 5·C60 and
6·C60, we carried out transient absorption (TA) measurements
(Figure 6). Both 5 and 6 show decay in their TA spectra within
1 ns, reflecting excited-state lifetimes of 160 and 220 ps for 5
and 6, respectively. An increase in the TA spectral decay with a
long residual TA signal was seen upon treatment of 5 and 6

Figure 6. Transient absorption spectra of (a) 5, (b) 6, (d) 5 with excess C60, and (e) 6 with excess C60 in toluene with photoexcitation at 400 nm
and (c, f) their decay profiles at 560 nm.
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with an excess of C60. Moreover, compared with the TA
spectra of 5, an additional excited-state absorption band is
observed at 730 nm in the TA spectra of 5 in the presence of
excess C60. These TA features are consistent with the
generation of long-lived charge-separated species following
photoexcitation of 5·C60 and 6·C60. DFT calculations revealed
binding energies of −10.3 and −10.5 kJ/mol in the case of 5·
C60 and 6·C60, respectively (Figure S5). The corresponding
HOMO and LUMO analyses provide a clear rationale for the
photoinduced electron transfer from 5 (and 6) to C60 (Figure
S6).
It is noteworthy that the TA spectra of 5 with excess C60

contains initially an additional excited-state absorption band at
730 nm as compared to the spectra recorded for 5 alone
(Figure S3a,b). This indicates that an ultrafast electron transfer
process in 5·C60 occurs within our TA Instruments time
resolution (∼200 fs). On the other hand, no apparent TA
spectral signals ascribable directly to the formation of 6·C60 are
seen, the TA decay profiles of 6 with an excess of C60 show a
rise component within the initial delay time (∼10 ps) with a
time constant of 800 fs (Figure S3c,d). This feature is not
observed in the TA spectrum of 6 and is thus ascribed to a
subpicosecond ultrafast charge separation process within 6·C60.
The electron transfer event seen in the fullerene complexes 5·
C60 and 6·C60 are thought to reflect a delocalization of electron
density from the core (dipyrromethene and BODIPY) to the
peripheral nanographene units in 5 and 6 as well as effective
electron transfer to the bound C60 through nanographene-C60
π−π interactions.

■ CONCLUSIONS
In summary, we synthesized and characterized a new
nanographene-fused expanded carbaporphyrin. This hybrid
system contains two covalently linked nanographene units with
large π-surfaces. The as-prepared free base form (5) can be
easily functionalized by treating with BF3·OEt2 to form a
BODIPY-type complex, 6. Both 5 and 6 adopt tweezers-like
conformation and bind C60 well, in contrast to what is seen for
a planar HBC monomer prepared as a control system. The
present work provides a nexus between expanded porphyrin
and nanographene chemistry and sets the stage for the
synthesis and study of new molecular systems that display
novel electronic features and act as receptors for relatively large
substrates.
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