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Dual molecular tweezers extending from a
nanohoop†
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The field of nanohoops is mature enough that synthetic protocols

exists to tune their size, composition (incorporation of heteroaro-

matic building blocks), connectivity (para versus meta linkages), and

solubility in different media (hydrophobic versus hydrophilic). Here,

we report an additional dimension incorporating the concept of

fullerene tweezers into a nanohoop. The resulting hybrid nanohoop

is highly strained at 77 kcal mol�1, possesses a quantum yield of

0.12, emits at 584 nm, and displays a positive cooperative binding

for C60 (4K2 c K1).

Realization of well-defined molecular compounds with radial p
conjugation can be traced back to the late 90s in reports of
anthracene dimers1 and [n]cyclo-para-phenylacetylenes.2 Later,
the synthesis of nanohoops, or [n]cyclo-para-phenylenes ([n]CPPs),
was described.3,4 Their modular bottom up synthesis has led to a
wide range of applications.5 Since then, the field of conjugated
aromatic macrocycles has expanded in many directions, including
their use as novel building blocks for nanomaterials,6 opto-
electronic materials,7 fluorophores,8 polymers,9 and in supra-
molecular recognition and sensing.10 The curved nature of CPPs
leads to weak intermolecular p–p stacking in solution; however, its
cyclic nature creates an internal site suitable for hosting molecules
that exhibit radial connectivity, e.g., fullerenes, or another CPP.11

Multiple literature reports describe CPPs binding fullerenes in a
belt-like fashion.12–21 Alternatively, an entire field exists centred
around developing molecular tweezers – a molecular, bivalent,
tweezer-like receptor containing two recognition subunits linked
covalently – to bind fullerenes.22 However, to the best of our

knowledge, a nanohoop serving as a scaffold to create molecular
tweezers has not been accomplished before.

Herein, we present 1 comprising a structure built with
dibenzo[a,c]phenazine (DBP) repeating units which form the
backbone of a strained conjugated aromatic macrocycle, or
nanohoop, and also act as dual molecular tweezers for binding
of C60. The backbone of [8]CPP can be inscribed within the
nanohoop portion of 1 (Fig. 1). It has been demonstrated that
[8]CPP is too small to form a belt-like host:guest adduct with
C60, which only becomes possible with nanohoops containing
at least ten para-phenylenes.12,19,23 Thus, fullerene binding is
proposed to take place in between the DBP units (vide infra),
effectively creating dual molecular tweezers.

Dibenzo[a,c]phenazine, an electron acceptor with a half-
wave reduction potential (E1/2) of �1.35 V vs. Ag/Ag+ in
DMF,24 was introduced into a nanohoop by using the known
building block S1 (ESI†).25 A high-yielding and straightforward
SNAr reaction using 3,5-di-tert-butylphenol with K2CO3 in DMF
led to 3a (2.7 g, 93% yield). Miyaura borylation of 3a catalyzed
by Pd(dppf)Cl2 led to 2 in 64% yield (Fig. 2a). Compound 1 was
achieved by subjecting 2 to Pt(COD)Cl2 and CsF in refluxing
THF for 72 hours to form a square-shaped Pt metallacycle that
was not isolated. Next, reductive elimination prompted by PPh3

Fig. 1 Nanohoop-supported dual molecular tweezers 1 binding two
equivalents of C60. R = 3,5-di-tert-butylphenyl.
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led to 1 in 9% yield. MALDI-MS analysis of 1 (Fig. 2b) matches
its expected molecular ion [M + H]+. Moreover, 1H NMR char-
acterization displays a symmetric spectrum that to a first
approximation could result from the D2d or C4v symmetric
species (Fig. 2c). However, the assignment as D2d was initially
supported by DFT conformational analysis, where the D2d

isomer (1,3-alternate) is lowest in energy relative to the C4v

(cone), Cs (partial-cone), and C2h (1,2-alternate) conformational
isomers (Fig. S12, ESI†). All conformers fall within a relative
energy window of 13 kcal mol�1. Rotation of the DBP fragment
in 10 (R = Me) is highly disfavored, where DFT calculations
indicate a rotational barrier of B30 kcal mol�1 (Fig. S13, ESI†).
Thus, isomer interconversion is energetically prohibited at
room temperature. Moreover, DFT calculations at the B3LYP/
6-31G(d) level of theory concluded that contortion in 10 results
in 77 kcal mol�1 of strain energy (Fig. S14, ESI†). Interestingly,
this value is only slightly higher than that reported for [8]CPP at
72.2 kcal mol�1,26 even though 1 only has four single bonds
along the nanohoop fragment with DBP units likely bending
away from planarity. Finally, definitive structural assignment
was obtained from single-crystal X-ray diffraction. Crystals of 1
were grown from vapor diffusion of MeCN into a solution of 1
in ortho-dichlorobenzene/DCM (1 : 1). The molecular crystal
structure of 1 (Fig. 2d) displays a cylindrical shape whose
diameter measured at the nanohoop fragment is 11.12(7) Å.

Species 1 is a bright yellow powder with its lowest energy
absorption peak located at lmax of 412 nm (Fig. 3). It also
displays several absorption bands at higher energies with

discernable peaks at 393, 354, and 283 nm. Time-dependent
DFT (TD-DFT) analysis supported the assignment of these
absorption bands. Our calculations show that the absorption
at 412 nm corresponds to the HOMO�1 or HOMO�2 - LUMO
transition (Table S2, ESI†). In fact, comparing with compound
3b indicates that most of the observed transitions result from
the dibenzo[a,c]phenazine fragment (Fig. 3). However, the
transition at 354 nm is unique to 1 and based on our calcula-
tions it seems to arise from HOMO�6 - LUMO. Additionally,
the HOMO - LUMO transition in 10 is symmetry forbidden

Fig. 2 Synthesis and characterization of 1. (a) Two step synthetic protocol to get 1 from 3a. (b) Experimental MALDI MS molecular ion peaks of 1 (blue
trace). Black trace represents simulation of [M + H]+ isotopic distribution. (c) Aromatic region of 1H NMR of 1 collected in CD2Cl2 at 20 1C. (d) Molecular
crystal structure of 1. Thermal ellipsoids are set at 50% probability level. The H atoms and tert-butyl groups on the R group are removed for clarity.

Fig. 3 Absorption and emission profile of 1 (black and orange traces) and
3b (grey and blue traces) in CH2Cl2 at room temperature. Emission data
were collected by light excitation at 350 nm. Inset: Photographic image of
a solution of 1 and 3b in CH2Cl2 irradiated with UV light.
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( f = 0.0), consistent with [n]CPPs.27 Our DFT results show both
the HOMO and LUMO delocalized symmetrically across 10, the
former is localized exclusively across the nanohoop fragment,
while the latter presents orbital density on the entire molecule
(Fig. S15, ESI†).

Nanohoops with emission past 550 nm are rare.28–31 We
noticed a bright orange solution when 1 is dissolved in dichloro-
methane and exposed to UV light. Unlike other bright nanohoop
fluorophores,29 compound 1 displays a mild fluorescence solvato-
chromism (Fig. S16, ESI†). The visual comparison between emission
from 1 and 3b is markedly different (Fig. 3 inset). In 1, the emission
envelope is characterized by a broad band with peak at lem of
584 nm. In stark contrast, 3b emits with lem at 420 nm. Intrigued by
the emissive properties of 1, we determined its quantum yield
(f, ESI†). Compound 1 has a f of 0.12, which is slightly higher
than that of [8]CPP (0.084),32 but lower than nanohoops with
the highest quantum yields reported to date, e.g., [10–12]CPP
(f = 0.46 to 0.81),33,34 BT[10]CPP (f = 0.59),35 and TB[12]CPP
(f = 0.59 to 0.98).36 Last, the red-shifted emission in 1 relative
to 3b likely results from extended p delocalization across all
four DBP units.

Since the architecture of 1 combines design principles related to
conjugated aromatic macrocycles and molecular tweezers, we
hypothesized that 1 could serve as an ideal host for C60. To
demonstrate the fullerene hosting properties of 1, we performed
1H NMR titration experiments by adding C60 to a solution of 1 in
1,1,2,2-tetrachloroethane – a solvent that enhances the solubility of
C60.

37 The data shown in Fig. 4a displays a downfield shift of
resonance ‘‘a’’ with increasing equivalents of C60. Note that reso-
nances ‘‘b’’ and ‘‘c’’ show amild upfield shift whenC60 is added into
1 (Fig. S18, ESI†). The data in Fig. 4a does not fit to a 1 :1 host : guest
(H :G) model when analyzed using Bindfit, but instead fits well to a
1 :2 system with K1 = 149 M�1 and K2 = 1021 M�1 (Fig. S19, ESI†).38

The resulting mole fraction obtained from the fit is shown in
Fig. 4b, and clearly indicates a positive cooperative effect39,40 where
the intermediate 1 :1 H:G is almost absent.41 Moreover, fluores-
cence quenching experiments were conducted to further examine
C60 binding into 1. Analysis of the data in Fig. 4c using a 1 :2 H:G
model provides values of K1 = 1956 M�1 and K2 = 4311 M�1

(Fig. S20, ESI†). While the magnitude of K1 and K2 between the
two methods do not match, the overall trend in the association
constants reflect the same positive cooperativity, that is 4K2 c K1,
and confirms our initial hypothesis that 1 functions as dual
molecular tweezers hosting two molecules of C60. It is impor-
tant to highlight that a single molecular host accommodating
two fullerene species is rare.42–45 Finally, to visualize the 1 : 2
host : guest adduct, a DFT model was optimized and is shown
in Fig. 4d. As observed from the structure, the DBP units are
pushed out to accommodate the C60 guests. The distortion of 1
upon C60 binding may explain the positive cooperative effect.
Last, non-covalent interactions mainly take place between the
DBP units and C60 with little contribution from the nanohoop
as visualized in the contact surface obtained from the indepen-
dent gradient model based on Hirshfeld partition of molecular
density (IGMH, Fig. S22, ESI†).46

In summary, we report an orange emitting dual molecular
tweezers–nanohoop which is capable of simultaneously hosting
two C60 molecules with moderate affinity. We anticipate that
the present work will pave the way towards extended nanohoop-
tweezers to develop applications in optoelectronic devices and
supramolecular materials.
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Fig. 4 (a) 1H NMR titration of C60 into 1 in 1,1,2,2-tetrachloroethane-d2 at 20 1C. Shift of resonance ‘‘a’’ is shown as labelled in Fig. 2a. (b) Mole fraction of
1, C60C1, and (C60)2C1 obtained from fitting NMR data in (a) to a 1 : 2 host : guest model using Bindfit. (c) Fluorescence quenching titration of 1 with C60 in
1,1,2,2-tetrachloroethane. (d) DFT optimized structure of (C60)2C1 at the B3LYP-D3BJ/6-31G* + PCM(CH2Cl2) level of theory.
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