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ABSTRACT: A new shape-persistent macrocycle comprising
two 2,3-triphenylene moieties bridged by m-phenylene ethyny-
lenes has been synthesized. UV−vis and fluorescence spectros-
copies indicate limited interaction between the two triphenylene
units. The compound, which has a pronounced oblong shape
(the core measures approximately 2.2 × 1.0 nm), aggregates in
CDCl3 and toluene-d8 to give stacked dimers, as indicated by the
1H NMR signals corresponding to protons on or near the core,
which shift upfield with increasing concentration. These changes
in NMR shielding were modeled using DFT calculations on
candidate dimer geometries. The best match to the experimental
data was obtained for a dimer consisting of arene−arene stacking by 3.6 Å (on average) with a displacement along the molecular
long axis of 3.5−4.0 Å. This displacement is larger than can be explained by the electronic effects of aromatic stacking
interactions. Instead, the minimization of steric interactions between the side chains appears to control the dimer geometry, with
the alkoxy groups of one molecule sliding into registry with the gaps along the periphery of the other. Such lateral displacement
(as opposed to rotation) is a direct consequence of the extended oval shape of the compound.

■ INTRODUCTION

The self-assembly of disc-shaped molecules into columns is
important in the generation of functional materials, as has been
demonstrated, for example, in self-assembled nanostructures,1

gels,2 and discotic liquid crystals.3,4 Often, the formation of
these supramolecular structures is driven by the stacking of
shape-persistent aromatic cores, leading to functional properties
through intermolecular charge and energy transfer. Related to
these bulk materials, the solution-phase aggregation of disc-
shaped molecules into dimeric or polymeric stacks provides
important model systems for understanding aromatic stacking
and is also used to generate systems with useful properties.5−7

In this context, many structural classes have been explored,5

including polycyclic aromatics (e.g., triphenylenes,8 hexabenzo-
coronenes,9 and perylene diimides10) and shape-persistent
macrocycles.11−14

Recently, we have been exploring the properties of a new
class of shape-persistent macrocycles with push−pull designs,
focusing on functionalized tetrabenzo[18]cyclynes (TBCs) and
related structures.15,16 Our previously reported compounds
feature electron-rich and -poor units separated by pairs of
(cross-)conjugated bridges (i.e., they are donor−bridge−
acceptor compounds with two bridges). These macrocycles
represent a simple, fundamental design for two-dimensional π
systems, allowing the study of electron transfer mediated by
multiple conjugated pathways. Our focus to this point has been
the spectroscopic investigation of single-molecule properties;
however, a long-term goal of the project is the incorporation of
these chromophores into functional materials through colum-

nar stacking (e.g., in liquid crystals). The stacking of discotic
molecules through arene−arene interactions is, of course, well-
known. However, the push−pull macrocycle design has a subtle
but important structural consequence for self-assembly: by their
nature, these structures will have oblong shapes on nanometer-
length scales, unlike the majority of discotics which are
approximately circular. While examples of similar structures
are known (discussed below), to the best of our knowledge the
consequences of an oblong shape on the stacking geometries of
nm-scale discotics have not been examined in detail.
Here, we present the synthesis, characterization, and

aggregation properties of a new shape-persistent macrocycle,
Tp(mP)2Tp. This compound allows us to probe two new
elements of our TBC design: the electronic communication
between relatively large chromophores (triphenylenes) as
mediated by the m-phenylene bridges and the effect of the
extended, oval-like shapes on aromatic stacking. An important
feature of Tp(mP)2Tp is that it exhibits clean dimerization in
solution which is readily monitored by 1H NMR spectroscopy.
Consequently, it is a useful model system for the study of
solution-phase aromatic stacking, particularly as DFT calcu-
lations of the changes in 1H NMR chemical shifts allow the
dimer geometry to be determined directly.
Compound Tp(mP)2Tp complements recent reports of

triphenylene-containing macrocycles, which have featured the
triphenylene moieties connected at the 3,6 positions (as
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opposed to 2,3). For example, Peng has used bridged
triphenylene macrocycles as rigid core units in the self-assembly
of microstructures, also exploring their photophysical proper-
ties,17−19 including one example with a core that is isomeric
with that of Tp(mP)2Tp.

18 Likewise, Cammidge has examined
bridged triphenylenes as a design paradigm for discotic nematic
liquid crystals20 and as porphyrin-like architectures.21 Other
triphenylene-based macrocycles have been explored for their
spectroscopic properties and self-assembly on surfaces, in
solution, and in the bulk.22,23

■ RESULTS AND DISCUSSION
Synthesis. Our synthesis of Tp(mP)2Tp, shown in Scheme

1, is based on our previously reported strategy toward push−

pull macrocycles. Briefly, known 2,3,6,7-tetramethoxytripheny-
lene24,25 was brominated to give 2, which was subsequently
deprotected to give 2,3-dibromo-6,7,10,11-tetrahydroxytriphe-
nylene 3. Surprisingly, despite its structural simplicity and its
potential as an advanced precursor to desymmetrized
triphenylenes (e.g., for liquid crystals25−27), compound 3
does not appear to have been previously reported. Alkylation

of 3 gave known25 intermediate 4, which was coupled with the
m-phenylene bridges28 by standard Sonogashira coupling to
give compound Tp(mP)2, a useful reference compound for
later comparison of its properties to those of Tp(mP)2Tp. The
key macrocyclization step using copper-free Sonogashira
coupling conditions with Pd(PtBu3)2 as the catalyst29 gave
the target compound in modest yield (16%). This yield is lower
than was achieved for our previous macrocycles15,16 but is
explained by the use of less efficient aryl bromide substrate 4 in
the present case as opposed to more reactive aryl iodides.
To better understand its structure, macrocycle Tp(mP)2Tp

was studied by DFT calculations at the B3LYP/6-31G(d) level,
with the hexyloxy groups simplified to ethoxy groups
(Tp(mP)2Tp′). The optimized geometry is shown in Figure
1. At this level of theory, the C2-symmetric macrocycle is very

close to planarity, with a slight distortion from perfect C2h
symmetry. The intraannular hydrogen atoms are predicted to
be only 2.12 Å apart, slightly below the sum of their van der
Waals radii (2.18 Å). The width of the macrocyclic core is
approximately 1.0 nm and its length is 2.2 nm as measured
between opposing carbon atoms (Figure 1). As shown in the
Supporting Information, the calculated HOMO of the
macrocycle is predicted to be localized on the triphenylene
moieties, whereas the LUMO is localized on the m-phenylene
bridges. For comparison, similar calculations were also
performed for the acyclic precursor Tp(mP)2, again with the
hexyloxy groups simplified to ethoxy groups (Tp(mP)2′, see
the Supporting Information). To best correspond to the
structure of the macrocycle, we only considered the conformer
with the alkynyl hydrogens directed inward. Not surprisingly,
the geometry of this reference structure is distorted from
planarity because of steric interactions between the alkynyl
groups, with each m-phenylene unit twisted by 19° from the
plane of the triphenylene. The FMOs, however, are directly
analogous to those calculated for Tp(mP)2Tp′.

Photophysical Properties. We were interested in
investigating whether the cross-conjugated m-phenylene
bridges mediate electronic communication between the
triphenylenes. UV−vis and fluorescence spectra of both
Tp(mP)2Tp and Tp(mP)2 are shown in Figure 2.30 TD-
DFT calculations on Tp(mP)2Tp′ at the ground-state
geometry are in good agreement with the UV−vis spectrum
of Tp(mP)2Tp (see the Supporting Information). To further
probe the photophysical properties of the compounds,
quantum yields (Φ) and fluorescence lifetimes (τ) were also
determined and are shown in Table 1. From these values,
radiative (kr = Φτ−1) and nonradiative (knr = (1 − Φ)τ−1) rate
constants for excited-state decay were calculated.

Scheme 1a

aReagents and conditions: (a) Br2, CH2Cl2, rt; (b) BBr3, CH2Cl2, rt;
(c) C6H13Br, K2CO3, DMF, reflux; (d) 1-ethynyl-3-(hexyloxy)-5-
(triisopropylsilylethynyl)benzene, Pd(OAc)2, CuI, PPh3, NEt3, tol-
uene, 80 °C; (e) TBAF, THF, rt; (f) 4, Pd(PtBu3)2, NEt3, toluene, rt.

Figure 1. Optimized geometry of Tp(mP)2Tp′ (B3LYP/6-31G(d)).
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The similarities in the UV−vis and fluorescence properties of
the two compounds suggest no significant interaction between
the triphenylenes in either the ground or excited states, with
only small effects that can be rationalized by constraints
imposed by macrocyclization. The small differences in Stokes
shifts, quantum yields, and fluorescence lifetimes likely result
from a smaller degree of excited-state geometric reorganization,
a small decrease in the nonradiative excited-state decay rate
(knr) because of structural rigidity, and a small increase in the
radiative excited state decay rate (kr) because of enforced
planarization of the π-system.31 This behavior is in contrast to
that recently observed for a triphenylene dimer macrocycle
bridged by butadiyne units at the 3,6 positions, for which
increased ground-state conjugation but decreased excited-state
conjugation were observed because of strain imposed by the
macrocyclic structure.23 The similarity in photophysical proper-
ties between Tp(mP)2Tp and Tp(mP)2 is consistent with the
very low strain of the tetrabenzo[18]cyclyne core and the cross-
conjugated nature of the m-phenylene bridges.
Solution-Phase Aggregation. Macrocycle Tp(mP)2Tp

exhibits concentration-dependent 1H NMR spectra in CDCl3
and toluene-d8,

32 with pronounced upfield shifts of the signals
associated with the protons on or near the rigid core. This
phenomenon is commonly attributed to aggregation through
the stacking of aromatics, with the upfield shifts resulting from
the placement of protons in the shielding zone above the
neighboring aromatic system. The chemical shifts, shown in
Figure 3, were well fit by a monomer−dimer equilibrium
model33
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where δ is the observed chemical shift, Δδ (= δd − δm) is the
overall change in chemical shift from monomer (δm) to dimer
(δd), C is the concentration, and Kd is the association constant
for dimer formation. This model cannot in itself distinguish a

monomer−dimer equilibrium from polymerization by isodes-
mic indefinite association.34 However, the overall changes in δ
are consistent with aggregation that predominantly stops at the
dimer (Δδ < 1 ppm).33 Strong additional support for
dimerization is obtained from the DFT calculations of Δδ
described below, which indicate that the shielding effect of two
(and only two) stacked molecules accounts for the observed
spectral changes.
Nonlinear least-squares fits of eq 1 (Figure 3) to the

experimental data yielded values for Kd, δm, and δd (and thus
Δδ). The association constants Kd are in good agreement
regardless of which proton signal is considered. Taking the
(variance-weighted) average, we obtain Kd = 215 ± 5 M−1 in
CDCl3 and 370 ± 110 M−1 in toluene-d8 at 298 K. For
comparison, these association constants are on the same order
as those determined by Müllen for similarly substituted hexa-
peri-benzocoronenes (although those compounds were ana-
lyzed in terms of an indefinite association model).9 Although
the structural details are obviously quite different, the total
aromatic surface area of Tp(mP)2Tp is comparable to that of a
hexabenzocoronene (e.g., 8 Clar sextets vs 7). Smaller
aromatics related to Tp(mP)2Tp exhibit much less tendency
to aggregate; for example, 2,3,6,7-hexakis(n-hexyloxy)-
triphenylene does not significantly associate under similar
(solvent, temperature) conditions.8 Other single-triphenylene-
based compounds with expanded aromatic surfaces have been
shown to aggregate, but with Kd values about 2 orders of
magnitude smaller that those of Tp(mP)2Tp.

35,36 While most
of the reported triphenylene dimer macrocycles do exhibit

Figure 2. UV−vis and fluorescence spectra of Tp(mP)2Tp and
Tp(mP)2 in CH2Cl2 (1.0 × 10−6 M and 5.0 × 10−7 M, respectively).

Table 1. Photophysical Properties of Tp(mP)2Tp and
Tp(mP)2 in CH2Cl2

compd Stokes shift (nm) Φ τa (ns) kr (ns
−1) knr (ns

−1)

Tp(mP)2Tp 33 0.62 5.2 0.12 0.073
Tp(mP)2 37 0.55 5.7 0.096 0.079

aMonoexponential fits obtained in both cases.

Figure 3. Observed NMR shifts (δ) as a function of concentration (C)
in CDCl3. The solid lines are fits to eq 1, the Δδ are those extracted
from the fits.
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aggregation,17,19−21,23 unfortunately there are none that have
been studied under directly comparable conditions. That said, a
macrocyclic triphenylene trimer reported by List and Müllen
exhibits somewhat stronger aggregation behavior (indefinite
association with K = 444 M−1 at 80 °C in TCE-d2).
To better understand the self-association of Tp(mP)2Tp, we

also looked at the aggregation of two related compounds: the
precursor Tp(mP)2 and tetrabenzocyclyne B(mP)2B. Individ-
ually, these two compounds represent reasonable approxima-
tions of the structural components of Tp(mP)2Tp. Like
Tp(mP)2Tp, the acyclic triphenylene Tp(mP)2 exhibits
concentration-dependent 1H chemical shifts in CDCl3 (see
the Supporting Information). Fitting of eq 1 to the data yields
an association constant of Kd = 2.7 ± 0.7 M−1, 2 orders of
magnitude smaller than that for Tp(mP)2Tp. No indication of
aggregation was observed by NMR for the smaller macrocycle
B(mP)2B. Conversion of these Kd values to free energies of
dimerization gives ΔG° ≈ 0, −0.6, and −3.2 kcal/mol for
B(mP)2B, Tp(mP)2, and Tp(mP)2Tp, respectively. While not
surprising, these results underscore the importance of both the
area of the exposed aromatic-surface (Tp(mP)2 vs B(mP)2B)
and the preorganization as a symmetrical, rigid structure
(Tp(mP)2Tp vs Tp(mP)2) in determining the favorability of
columnar stacking of shape-persistent discotics.

For compounds with approximately circular shapes, the
possible parallel stacking geometries are straightforward: they
could stack in a perfect cofacial alignment, one component
could be rotated relative to the other, and there could be a
lateral displacement. In contrast, the possibilities for the dimers
of oblong molecules like Tp(mP)2Tp are more complex:
rotation acts to decrease the area of contact of the two
components, and there are two limiting modes of displacement
(the long and short axes) that could act simultaneously.
Understanding how this shape anisotropy affects the stacking
modes of the dimers is an important question, however: as ever
more complex molecular architectures are engineered into
columnar materials, it may not always be possible (or desirable)
to incorporate functional π-systems into cores with circular
footprints.
It is clear from the changes in chemical shifts (Δδ) in Figure

3 that the signals of some protons in Tp(mP)2Tp are much
more sensitive to dimerization than others (e.g., Ha vs Hd, Hg vs
Hf). Presumably, these differences reflect the positioning of
different protons with respect to the aromatic surface of the
stacking partner. Indeed, this sensitivity of the chemical shifts of
protons in different environments has been previously used in
qualitative support of proposed stacking geometries.35,37 The
comparatively low symmetry of Tp(mP)2Tp, with eight
chemically inequivalent sets of protons, and the current
availability of ab initio methods for NMR predictions38 enable
a straightforward semiquantitative exploration of its dimeriza-

tion. Computational NMR predictions have been used to probe
supramolecular structure in the past.39−42 We are not aware of
studies of the stacking of large discotics; however, NMR
calculations of smaller stacked arenes have been previously
reported. Notably, Czernek has shown that ab initio methods
(including DFT methods) are able to provide a qualitative
estimate of shielding tensors in benzene dimers, even if the
methods do not themselves capture the energetics of the
system.43 This point is particularly relevant to the present case
as the DFT methods used for NMR prediction do not predict
the relevant aromatic stacking interactions. Similarly, Platts has
used DFT (and other) methods to explore shielding parameters
in parallel displaced and T-shaped benzene dimer config-
urations.44

For the Tp(mP)2Tp′ dimers, we carried out DFT
calculations of the 1H isotropic shieldings using the GIAO
method45,46 in combination with the WP04 functional47 and 6-
31G(d) basis set. This method offers an excellent balance
between computational cost and accuracy.48 The isotropic
shieldings calculated for an isolated molecule of Tp(mP)2Tp′
(B3LYP/6-31G(d) geometry) are in very good agreement with
the δm values of Tp(mP)2Tp, as shown in the Supporting
Information. The optimized geometry of Tp(mP)2Tp′ (Figure
1) was thus used as the basis for the construction of various
dimers. Two macrocycles were held coplanar at a separation of
3.5 Å, chosen because of the 3.4−3.6 Å separation typically
observed in simple stacked aromatics (e.g., in discotic liquid
crystals3 and stacked benzene dimers49,50). Various dimer
geometries were then generated in three different ways: by
displacing the macrocycles along their long axes by dl, by
displacing the macrocycles along their short axes by ds, and by
rotating the macrocycles relative to each other by θ, as shown
in Figure 4 (top). As our interest was in qualitative trends, the
dimer geometries were not themselves optimized.
Chemical shift changes on dimerization were then calculated

(Δδcalc) by simply subtracting the calculated isotropic shieldings
for the dimers from those calculated for the isolated
Tp(mP)2Tp′. The computational predictions (Figure 4,
bottom) show a good match to the experimentally observed
data in only one of the considered scenarios: of the 37 dimer
geometries, the best 10% are those with dl ≈ 3.0−4.5 Å, as
judged by the RMS differences between the predicted and
experimental values (RMS differences of ∼0.1 ppm).
Considering the crudeness of the model adopted here, this
agreement between the experimental and calculated Δδ values
is remarkable: the long axis displacement alone semi-
quantitatively accounts for the chemical shift changes of each
proton. The errors on the Δδ values are actually comparable to
those typical of chemical shift calculations using fully optimized
geometries.48

To confirm that the stacking stops at the dimer, we also
carried out calculations on model trimers with variable long axis
displacements; assuming that nearest neighbor effects predom-
inate, the chemical shift changes for the central macrocycle in
the trimer should be a reasonable approximation of those for a
polymeric stack. These calculated chemical shift changes are
wholly inconsistent with the experimental data (see the
Supporting Information), with RMS differences of ≥0.35
ppm in all cases.
Of course, the results here do not preclude the formation of

more complex dimers (i.e., combinations of dl, ds, and θ), but
they do suggest that displacement along dl is their defining
structural characteristic. To further refine the results, we have
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calculated the dependence of Δδcalc on long axis displacement
with other stacking distances ranging from 3.2−4.0 Å, with
details given in the Supporting Information. While the stacking
distance does affect Δδcalc, there is no effect on the general
trend: the best fits to the experimental data are still found for dl
≥ 3.5 Å in all cases; the best match is obtained for a separation
of 3.6 Å and dl = 3.5 Å. Fixing the separation and dl at these
values, we then looked at the effect of varying ds followed by θ.
Short-axis displacement by ds = 0.5 Å gave a small improvement
in the RMS error (0.09 vs 0.10 ppm). Given that these RMS
errors are comparable to the uncertainty inherent to the
chemical shift calculations, this difference is probably best
interpreted as uncertainty in the short-axis displacement on the
order of 0−1 Å. The subsequent variation of θ did not improve
the match to the experimental data, as perturbation by even 15°
roughly doubled the RMS difference. The dimer geometry best
matching the experimental data is shown in Figure 5.
In general, perfectly eclipsed, cofacial stacking of aromatic

systems is not favorable. Even for the simplest system, the
benzene dimer, parallel displaced stacks are favored (approx-
imately isoenergetic with the T-shaped, edge-to-face config-
uration).51 In order to understand the stacking of Tp(mP)2Tp,
we begin by focusing on the triphenylene moieties, as they

represent the largest individual aromatic surfaces. Theoretical
studies of the triphenylene dimer52−54 have shown that the
global energy minimum is obtained when the two molecules are
related by a relative rotation of ∼35° along their C3 axes.

52,54

For simple triphenylenes, parallel displacement (including that
analogous to displacement by dl) also generates local energy
minima that are nearly isoenergetic with the rotated geometry.
However, these minima are reached at a displacement of 1−2 Å
for unsubstituted triphenylene, significantly less than the 3.5−
4.0 Å observed here for Tp(mP)2Tp.
The preference for lateral displacement (dl) over rotation (θ)

in Tp(mP)2Tp is presumably a direct consequence of its

Figure 4. GIAO/PCM/WP04/6-31G(d) calculations of Δδcalc values for model dimer systems. Top: Dimer geometries that were investigated. The
macrocycles were held coplanar at a separation of 3.5 Å. The displacement along the long axis (dl), the displacement along the short axis (ds), and the
relative orientation (θ) were varied. Middle: predicted Δδcalc as a function of dl, ds, and θ. The experimental Δδ values for Tp(mP)2Tp are
represented by the dashed lines. Bottom: RMS differences between Δδ and Δδcalc, with the best matches highlighted in gray.

Figure 5. Tp(mP)2Tp′ dimer geometry with best match to
experimental data. The two macrocycles are offset by dl = 3.5 Å and
ds = 0.5 Å with a stacking distance of 3.6 Å.
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oblong shape: because of the rigid bridging m-phenylenes, one
triphenylene cannot rotate with respect to its stacked partner
without greatly decreasing the overall contact between the two
molecules. In contrast, lateral displacement is obviously
accommodated at both ends simultaneously. Why then is the
observed displacement roughly a factor of 2 larger than can be
explained by the triphenylenes alone? To explore these
interactions further, we carried out a simple computational
model study on the parallel-displaced stacking of 2,3,6,7-
tetraethoxytriphenylene 6. By analogy with the Tp(mP)2Tp′
dimers, its structure was optimized at the B3LYP/6-31G(d)
level and dimers were constructed with a fixed interplanar
separation of 3.5 Å, varying the displacement by analogy with dl
(Figure 4). As the purpose of these calculations was again a
qualitative explanation of the trends, the geometries of the
dimers were not themselves optimized. Single-point energies
were calculated at the B97-D/TZV(2d,2p) level, which is
widely used in the modeling of aromatic stacking inter-
actions.50,55,56 As shown in Figure 6, the optimum displacement

is ∼2 Å, very close to that reported for the parent
(unsubstituted) triphenylene, suggesting that the alkoxy groups
do not account for the increased displacement in Tp(mP)2Tp
dimers through a simple electronic effect. We then considered
the possibility that the extension of the π-surface into the
macrocycle favors increased displacement. However, similar
B97-D/TZV(2d,2p) calculations on 2,3,6,7-tetraethoxy-10,11-
diethynyltriphenylene 7 suggest only an insignificant effect on
the optimum dl. Further calculations on the central TBC unit 8
suggest that it also favors displacements of 1.5−2.0 Å.57 While
these calculations are crude, they suggest that the displacement
by dl = 3.5−4.0 Å is not intrinsically favored by electronic
effects on the aromatic stacking interactions responsible for
dimer formation.
The simplest explanation for the observed stacking behavior

is that the “extra” displacement is driven by steric interactions
between the alkoxy side chains. It is notable that the dimer
geometries best matching the experimental NMR data (e.g.,
Figure 5) place two of the three sets of side chains of one
Tp(mP)2Tp molecule in registry with the gaps along the

periphery of the other molecule. These steric effects would not
be captured by the DFT calculations because of the side-chain
truncation to ethoxy groups and in particular because only rigid
single conformers were considered. The fitting of the alkoxy
groups of one molecule into the empty spaces of the other is
qualitatively obvious from the NMR observations (Figure 3):
Hf and Hh show very little change in chemical shift relative to
the monomer (Δδ ≈ 0), indicating that they are out of contact
with the aromatic surface of the stacking partner.
This explanation is consistent with the stacking behavior of

related systems. For example, while the structures of columnar
liquid crystals as a class typically involve tilting relative to the
column axis58 (implying some lateral displacement of the
discotic cores), similar interactions are thought to occur
between alkoxy groups in triphenylene-based liquid crystals.59

Indeed, in the solid-state structures of simple hexaalkoxy-
triphenylenes, it is the alkoxy groups and their steric demand
that dictate the packing arrangements, not stacking interactions
between the triphenylenes.60 Further, steric interactions
between thioether side chains have been implicated in the
helical twisting of the H phase of the well-known columnar
semiconductor 2,3,6,7,10,11-hexahexylthiotriphenylene
(HHTT).61 The offset induced here is also reminiscent of
Anthony and co-workers’s use of bulky groups to control the
crystal packing of pentacene derivatives.62 The steric effects of
substituents on discotic cores have been deliberately exploited
to control self-assembly: Müllen and co-workers have used
bulky substituents to direct the self-assembly of hexabenzocor-
onenes in solution, promoting the formation of twisted
dimers.37

A common theme of these studies is that when substituents
are radially distributed around a discotic core, the minimization
of steric interactions naturally occurs via rotation, maintaining
contact between the aromatic surfaces. It is also true that typical
circular aromatic cores, including triphenylenes (as discussed
above), hexabenzocoronenes, and phenylene ethynylene
macrocycles,63,64 tend to intrinsically favor twisted stacking
geometries. Here, however, the Tp(mP)2Tp molecules
minimize interactions between the substituents through lateral
displacement as a direct consequence of their elongated shapes,
as this geometry best maintains contact between the aromatic
surfaces. This effect occurs without any specific, directional
intermolecular interactions (e.g., hydrogen bonds), which have
been used to direct discotics toward alternate self-assembly
modes in the past.65 Moving forward, these results suggest that
polymeric stacks of similar oblong discotics will maintain
approximately rectangular geometries, over short length scales,
as opposed to helical or rotationally disordered stacks with
overall circular cross-sections.

■ CONCLUSIONS
In summary, we report here a new shape-persistent macrocycle,
Tp(mP)2Tp, with two triphenylenes bridged by m-phenylene
units leading to a pronounced oblong shape. UV−vis and
fluorescence spectroscopies suggest little electronic interaction
between the two triphenylene moieties. In solution, the
macrocycle aggregates into stacked dimers with association
constants of Kd = 215 ± 5 M−1 (in CDCl3) and 370 ± 110 M−1

(in toluene-d8), as determined from the concentration
dependence of 1H NMR spectra. The association constants
are higher than those reported for other shape-persistent
macrocycles but comparable to other discotics with similar
aromatic surface areas (e.g., hexa-peri-benzocoronenes). DFT

Figure 6. Energy profile for displacement along dl for dimers of model
compounds 6−8. The stacking distance in the dimers is 3.5 Å.
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modeling was used to probe how various dimer geometries
would affect the 1H chemical shifts. Only displacement along
the long axis of the dimer was in agreement with the
experimental observations, with the optimum geometry
corresponding to a stacking distance of 3.6 Å and a lateral
displacement of 3.5−4.0 Å. The magnitude of this displacement
cannot be explained by the intrinsic electronic stacking
preferences of either the triphenylene units or the macrocyclic
core but instead likely reflects the steric influence of the alkoxy
side chains. This dimer geometry demonstrates that the oblong
shape of the macrocycle has a significant effect on its self-
assembly even absent specific, directional interactions.

■ EXPERIMENTAL SECTION
General Methods. Unless otherwise noted, all solvents, reagents,

and starting materials were purchased from commercial sources and
used without further purification. Melting points were determined
using a differential scanning calorimeter at a heating rate of 10 °C/
min. NMR spectra were measured in CDCl3 solutions using 300 or
500 MHz NMR spectrometers. Chemical shifts are reported in δ
(ppm) relative to TMS using the residual solvent protons as internal
standards (7.28 ppm for 1H, 77.0 for 13C in CDCl3 and 2.06, 205.3
ppm in acetone-d6). MALDI-TOF mass spectra were recorded in
reflectron mode using DHB as the matrix or without added matrix.
Synthesis of Macrocycle Tp(mP)2Tp (Scheme 1). 2,3-

Dibromo-6,7,10,11-tetramethoxytriphenylene (2). A solution of
2,3,6,7-tetramethoxytriphenylene25 (1) (2.07 g, 5.94 mmol) in
CH2Cl2 (600 mL) was cooled in an ice−salt bath and then treated
dropwise with Br2 (1.87 g, 11.7 mmol). The mixture was stirred
overnight at rt, treated with 20% NaS2O5(aq), and extracted with
CH2Cl2. The organic layers were dried (MgSO4), filtered, and
concentrated. Purification by recrystallization (CHCl3) gave com-
pound 2 as a white solid (1.53 g, 51%): mp 286 °C; 1H NMR (500
MHz, CDCl3) δ 8.57 (s, 2H), 7.71 (s, 2H), 7.68 (s, 2H), 4.15 (s, 6H),
4.14 (s, 6H); 13C NMR (500 MHz, CDCl3) δ 150.1, 149.1, 129.2,
127.7, 124.3, 122.0, 121.6, 104.3, 104.0, 56.2, 56.1; MALDI-TOF-MS
(no matrix) calcd for C22H18Br2O4 505.96, found 505.87 (see the
Supporting Information for theoretical and experimental isotopic
distributions).
2,3-Dibromo-6,7,10,11-tetrahydroxytriphenylene (3). A solution

of 2 (1.1 g, 2.2 mmol) in CH2Cl2 (150 mL) was cooled to −78 °C,
treated with a 1 M solution of BBr3 in CH2Cl2 (20 mL, 20 mmol), and
stirred at rt for 18 h. The reaction mixture was poured into water and
then extracted with EtOAc. The organic layers were dried (MgSO4),
filtered, and concentrated to give compound 10 (0.93 g, 95%) as a gray
solid which was used without further purification: mp 140 °C dec; 1H
NMR (500 MHz, acetone-d6) δ 8.74 (s, 2H), 8.04 (s, 2H), 7.89 (s,
2H), 3.18 (br s, 4H); 13C NMR (500 MHz, CDCl3) δ 147.1, 145.7,
129.7, 127.8, 124.5, 121.0, 120.9, 108.5, 108.0; MALDI-TOF-MS
(DHB) calcd for C18H10Br2O4 447.89, found 447.75 (see the
Supporting Information for theoretical and experimental isotopic
distributions).
2,3-Dibromo-6,7,10,11-tetrahexyloxytriphenylene (4). A mixture

of 3 (81 mg, 0.18 mmol), 1-bromohexane (238 mg, 1.44 mol), and
K2CO3 (249 mg, 1.8 mmol) in DMF (1 mL) was heated at reflux for
40 h. The solvents were then evaporated and washed with CH2Cl2.
The solvents were evaporated, and the residue was partitioned
between dilute H2SO4(aq) and CH2Cl2. The aqueous layer was
extracted with CH2Cl2, and the combined organic layers were dried
(MgSO4), filtered, and concentrated. Purification by flash chromatog-
raphy (2:1 hexanes/toluene) gave 4 (62.1 mg, 44%) as a white solid
with the expected spectral properties.25

Trimer 5. A Schlenk vacuum tube was charged with 4 (592 mg, 0.75
mmol), CuI (4.3 mg, 0.023 mmol), Pd(OAc)2 (5.0 mg, 0.022 mmol),
and PPh3 (39.6 mg, 0.15 mmol). The tube was evacuated and
backfilled with argon (3×), and then 1-ethynyl-3-(hexyloxy)-5-
[(triisopropylsilyl)ethynyl]benzene28 (789.3 mg, 2.06 mmol) was
added as a solution in 1:3 triethylamine/toluene (40 mL). The

reaction mixture was degassed by three freeze−pump−thaw cycles,
sealed, and stirred at 80 °C for 24 h. The mixture was then diluted
with EtOAc, washed with water and brine, dried (MgSO4), filtered,
and concentrated. Purification by flash chromatography (3:1 hexanes/
CH2Cl2) gave 5 as a yellow solid (926 mg, 89%): mp 79 °C; 1H NMR
(500 MHz, CDCl3) δ 8.64 (s, 2H), 7.96 (s, 2H), 7.81 (s, 2H), 7.39 (s,
2H), 7.11 (s, 2H), 7.02 (s, 2H), 4.3−4.2 (m, 8H), 3.86 (t, J = 6.4 Hz,
4H), 2.0−1.9 (m, 8H), 1.75 (qu, J = 7.4 Hz, 4H), 1.61 (m, 8H), 1.5−
1.3 (m, 16H), 1.2−1.1 (m, 54H), 1.0−0.9 (m, 18H); 13C NMR (500
MHz, CDCl3) δ 158.9, 150.1, 149.3, 128.6, 127.4, 126.5, 124.84,
124.79, 124.3, 122.6, 122.3, 119.3, 117.0, 106.8, 106.1, 92.7, 91.1, 89.1,
69.6, 69.4, 68.2, 31.7, 31.6, 29.4, 29.3, 25.8, 25.7, 22.7, 22.6, 18.7, 14.1,
11.3; MALDI-TOF-MS (DHB) calcd for C92H132O6Si2 1388.96, found
1388.83 (see the Supporting Information for theoretical and
experimental isotopic distributions).

Trimer Tp(mP)2. A solution of 5 (893.4 mg, 0.64 mmol) in THF
(15 mL) was treated with a 1 M solution of TBAF in THF (369.7 mg,
1.41 mmol). The reaction mixture was stirred at rt, poured into water,
and extracted with EtOAc. The combined organic layers were dried
(MgSO4), filtered, and concentrated. Purification by flash chromatog-
raphy (2:1 hexanes/CH2Cl2) gave Tp(mP)2 (422.7 mg, 61%) as a
light yellow solid: mp 85 °C; 1H NMR (500 MHz, CDCl3) δ 8.57 (s,
2H), 7.90 (s, 2H), 7.77 (s, 2H), 7.41 (s, 2H), 7.17 (s, 2H), 7.05 (s,
2H), 4.3−4.2 (m, 8H), 3.92 (t, J = 6.4 Hz, 4H), 3.09 (s, 2H), 2.0−1.9
(m, 8H), 1.79 (qu, J = 7.1 Hz, 4H), 1.6−1.5 (m, 8H), 1.5−1.3 (m,
28H), 1.0−0.9 (m, 18H); 13C NMR (500 MHz, CDCl3) δ 158.9,
150.1, 149.3, 128.6, 127.6, 126.6, 124.92, 124.88, 123.5, 122.6, 122.3,
119.0, 117.8, 106.75, 106.68, 92.4, 89.3, 82.8, 77.5, 69.6, 69.3, 68.2,
31.7, 31.6, 29.4, 29.2, 25.9, 25.88, 25.86, 22.7, 22.6, 14.08, 14.06;
MALDI-TOF-MS (DHB) calcd for C74H92O6 1076.69, found 1076.55
(see the Supporting Information for theoretical and experimental
isotopic distributions).

Macrocycle Tp(mP)2Tp. A Schlenk vacuum tube was charged with
Pd(PtBu3)2 (6.7 mg, 0.013 mmol) and 4 (150 mg, 0.19 mmol),
evacuated, and backfilled with argon (3×). Then Tp(mP)2 (137 mg,
0.13 mmol) was added as a solution in 1:3 triethylamine/toluene (16
mL). The reaction mixture was degassed by three freeze−pump−thaw
cycles and stirred at room temperature for 18 h. The reaction mixture
was then diluted with toluene, washed with water, dried (MgSO4),
filtered, and concentrated. Purification by flash chromatography (2:1
hexanes/CH2Cl2) gave Tp(mP)2Tp (34 mg, 16%) as a white solid:
mp 80 °C; 1H NMR (500 MHz, CDCl3) δ 8.31 (s, 4H), 7.86 (s, 4H),
7.65 (s, 2H), 7.46 (s, 4H), 7.18 (s, 4H), 4.36 (br t, 8H), 4.14 (br t,
4H), 3.99 (br t, 8H), 2.06 (m, 8H), 1.93 (m, 16H), 1.71 (m, 8H),
1.6−1.4 (m, 48H), 1.0−0.9 (m, 30H); 13C NMR (500 MHz, CDCl3) δ
158.9, 149.8, 149.0, 128.5, 128.4, 126.6, 124.9, 124.5, 122.4, 121.9,
117.3, 106.8, 105.9, 92.2, 89.5, 69.3, 69.1, 68.4, 31.9, 31.78, 31.75, 29.7,
29.5, 29.4, 26.1, 25.9, 22.8, 22.7, 14.14, 14.09; MALDI-TOF-MS
(DHB) calcd for C116H148O10 1701.11, found 1700.96 (see the
Supporting Information for theoretical and experimental isotopic
distributions).

Synthesis of Macrocycle B(mP)2B (Scheme 2). The synthesis of
macrocycle B(mP)2B is shown in Scheme 2.

Trimer 9. A Schlenk vacuum tube was charged with CuI (3.8 mg,
0.02 mmol), Pd(OAc)2 (5.6 mg, 0.02 mmol), and PPh3 (32.0 mg, 0.12
mmol), and the tube was evacuated and backfilled with argon (3 × ).
Then 1-ethynyl-3-(hexyloxy)-5-[(triisopropylsilyl)ethynyl)]benzene28

(246.3 mg, 0.64 mmol) and 1,2-bis(hexyloxy)-4,5-diiodobenzene66

(167.4 mg, 0.32 mmol) were added as solutions in diisopropylamine
(1.6 mL). The suspension was degassed by three freeze−pump−thaw
cycles and stirred overnight at 80 °C. The reaction mixture was then
cooled to rt, diluted with EtOAc, and washed with water and brine.
The combined aqueous layers were extracted with EtOAc, and then
the combined organic layers were dried (MgSO4), filtered, and
concentrated. Purification by flash chromatography (1:2 CH2Cl2/
hexanes) gave 206.1 mg (63%) of 9 as a reddish-orange viscous oil,
which solidified on standing at rt: 1H NMR (300 MHz, CDCl3) δ 7.23
(∼t, 2H), 6.99 (s, 2H), 6.97 (∼t, 2H), 6.94 (∼t, 2H), 4.02 (t, J = 6.5
Hz, 4H), 3.79 (t, J = 6.3 Hz, 4H), 1.84 (qu, J = 6.8 Hz, 4H), 1.70 (qu, J
= 6.5 Hz, 4H), 1.48 (m, 4H), 1.35 (m, 20H), 1.10 (s, 42H), 0.90 (m,
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12H); 13C NMR (75 MHz, CDCl3) δ 159.2, 150.0, 127.6, 125.1,
125.0, 119.3, 117.6, 117.0, 106.7, 91.8, 91.2, 89.0, 69.8, 68.6, 31.8, 29.4,
25.9, 22.7, 18.8, 14.0, 11.7; MALDI-TOF-MS (dithranol) calcd for
C68H102O4Si2 1038.73, found 1038.67 (see the Supporting Information
for theoretical and experimental isotopic distributions).
Trimer B(mP)2. To a solution of 9 (168.5 mg, 0.16 mmol) in THF

(4 mL) under an argon atmosphere was added a 1 M solution of
TBAF in THF (0.11 mL, 0.11 mmol). The solution was stirred for 2 h
at rt, diluted with EtOAc, and washed with water and brine. The
combined aqueous layers were extracted with EtOAc, and then the
combined organic layers were dried (MgSO4), filtered, and
concentrated. Purification by flash chromatography (1:3 CH2Cl2/
hexanes) gave 113.2 mg (96%) of B(mP)2 as a yellow powder: 1H
NMR (300 MHz, CDCl3) δ 7.26 (s, 2H), 7.03 (s, 2H), 7.00 (s, 2H),
6.97 (s, 2H), 4.03 (t, J = 6.7 Hz, 4H), 3.87 (t, J = 6.6 Hz, 4H), 3.03 (s,
2H), 1.84 (qu, J = 6.9 Hz, 4H), 1.73 (qu, J = 6.8 Hz, 4H), 1.41 (m,
24H), 0.91 (m, 12H); 13C NMR (75 MHz, CDCl3) δ 159.3, 150.2,
127.9, 125.3, 123.8, 119.3, 119.2, 118.4, 117.4, 91.7, 89.3, 83.3, 77.3,
70.0, 68.8, 31.8, 29.5, 29.5, 25.9, 22.7, 14.0; MALDI-TOF-MS (DHB)
calcd for C50H62O ∼ 4 (M+) 726.46, found 726.37 (see the Supporting
Information for theoretical and experimental isotopic distributions);
HRMS (ESI) calcd for C50H63O4 (M + H+) 727.4726, found
727.4722.
Macrocycle B(mP)2B. A Schlenk vacuum tube was charged with

Pd(PtBu3)2 (3.6 mg, 0.007 mmol) and B(mP)2 (34.1 mg, 0.047
mmol), and the tube evacuated and backfilled with argon (3×). Then
DABCO (5.526 g, 49.264 mmol) and 1,2-bis(hexyloxy)-4,5-
diiodobenzene (31.1 mg, 0.059 mmol) were added as a mixture in
toluene (24.0 mL). The mixture was degassed by three freeze−pump−
thaw cycles. After sonication to give a homogeneous solution, the
reaction mixture was stirred at rt overnight. The solution was then
diluted with toluene and washed with water and brine. The combined
aqueous layers were extracted with toluene. Then the combined
organics were dried (MgSO4), filtered, and concentrated. Purification
by flash chromatography (1:1 toluene/hexanes to 7:3 toluene:hex-
anes) gave 15.5 mg (33%) of B(mP)2B as a light brown solid which
was recrystallized from benzene to give an off-white powder prior to
characterization: mp 183 °C; 1H NMR (500 MHz, CDCl3) δ 7.58 (s,
2H), 7.04 (s, 4H), 7.02 (s, 4H), 4.04 (t, J = 6.54 Hz, 8H), 4.00 (t, J =
6.4 Hz, 4H), 1.85 (qu, J = 7.1 Hz, 8H), 1.76 (m, 4H), 1.49 (m, 12H),
1.36 (m, 24H), 0.92 (∼t, 18H); 13C NMR (125 MHz, CDCl3) δ
159.1, 149.5, 128.1, 124.8, 118.7, 117.2, 116.0, 91.6, 89.1, 69.4, 68.4,
31.7, 29.3, 29.2, 25.8, 25.8, 22.8, 14.2; MALDI-TOF-MS (DHB) calcd
for C68H88O6 1000.66, found 1000.55 (see the Supporting Information
for theoretical and experimental isotopic distributions).
UV−vis and Fluorescence Spectra. UV−vis and fluorescence

spectra were determined in spectrophotometric-grade solvents used
without further purification. UV−vis spectra were recorded using 10
mm quartz cuvettes (except in quantum yield measurements, for which
100 mm cuvettes were used). Emission spectra are corrected.
Quantum yields were determined in nitrogen-sparged solutions
relative to 9,10-diphenylanthracene in cyclohexane (Φ = 0.92),

which was cross-checked against quinine bisulfate in 0.5 M
H2SO4(aq) (Φ = 0.54), matching the literature values within 10%.
The absorbance of the sample solutions was kept below 0.1 (10 mm
cuvette) to avoid the inner filter effect. Measurements were performed
at rt, with both sample and reference solutions excited at 350 nm.
Fluorescence lifetimes were determined for nitrogen-sparged solutions
by time-correlated single-photon counting. Good monoexponential fits
were obtained for both Tp(mP)2Tp and Tp(mP)2.

Computational Chemistry. All calculations were performed using
Gaussian 09, rev. B.01.67 All energy minima were verified to have 0
imaginary frequencies by vibrational frequency analysis. Geometries
are provided in the Supporting Information.
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(23) Wettach, H.; Höger, S.; Chaudhuri, D.; Lupton, J. M.; Liu, F.;
Lupton, E. M.; Tretiak, S.; Wang, G.; Li, M.; De Feyter, S.; Fischer, S.;
Förster, S. J. Mater. Chem. 2011, 21, 1404−1415.
(24) Borner, R. C.; Jackson, R. F. W. J. Chem. Soc., Chem. Commun.
1994, 845−846.
(25) Cammidge, A. N.; Gopee, H. J. Mater. Chem. 2001, 11, 2773−
2783.
(26) Henderson, P.; Kumar, S.; Rego, J. A.; Ringsdorf, H.;
Schuhmacher, P. J. Chem. Soc., Chem. Commun. 1995, 1059−1060.
(27) Ichihara, M.; Suzuki, H.; Mohr, B.; Ohta, K. Liq. Cryst. 2007, 34,
401−410.
(28) Grave, C.; Lentz, D.; Schaf̈er, A.; Samorì, P.; Rabe, J. P.; Franke,
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