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Abstract: An ethylene glycol-decorated [6]cyclo-meta-
phenylene (CMP) macrocycle was synthesized and
utilized as a subunit to construct a fourfold AuI

2� aryl
metallacycle with an overall square arrangement. The
corners consist of rigid dinuclear gold(I) complexes
previously known to form only triangular metallacycles.
The interplay between the conformational flexibility of
the [6]CMP macrocycle and the rigid dinuclear gold(I)
moieties enable the square geometry, as revealed by
single-crystal X-ray diffraction. The formation of the
gold complex shows size-selectivity compared to an
alternative route using platinum(II) corner motifs. Upon
reductive elimination, an all-organic ether-decorated
carbon nanoring was obtained. Investigation as a host
for the complexation of large guest molecules with a
suitable convex π-surfaces was accomplished using
isothermal NMR binding titrations. Association con-
stants for [6]cycloparaphenylene ([6]CPP), [7]CPP, C60,
and C70 were determined.

Carbon nanotubes (CNTs) are based on a hexagonal
honeycomb lattice of sp2-carbon atoms. They can be semi-
conducting or metallic, depending on the orientation of the
lattice with respect to the nanotube axis.[1,2] Due to the large
interest in this exciting class of materials, several methods
have been developed to access their shortest possible
repeating units, such as cyclo-para-phenylenes (CPPs) or
zigzag carbon nanobelts.[3–9] While this can be seen as an
endeavor towards the diameter-selective bottom-up syn-
thesis of CNTs, these aromatic macrocycles possess unique
properties on their own. Their radially oriented π-orbitals
and inherent strain energy lead to distinct photophysical
properties compared to their corresponding linear
structures.[10–12] These properties can be altered by the
implementation of hetero- or polycyclic aromatic
moieties.[13–18] Additionally, the shape persistence and the
convex–concave π-surface of CPPs and other related macro-

cycles has led to multiple supramolecular host–guest studies,
most prominently with fullerenes.[19–24] Other applications in
a variety of research areas, such as sensing or imaging, have
also been investigated.[25–27] Existing synthetic methodologies
of ring or belt formation have been applied to extend the
possible molecular shapes in the areas of macrocycles,[28]

belts,[7–9,29–31] lemniscates,[26,32,33] and cages.[34–36] Larger cyclic
nanorings, such as molecular phenine nanotubes,[37–39] cyclo-
[n]porphyrins,[40] or cyclo[n]hexabenzocoronenes[41] were
constructed from extended molecular subunits as building
blocks in a macrocyclization strategy. For example, [6]cyclo-
meta-phenylene ([6]CMP, a phenine subunit) was employed
as monomer for the synthesis of expanded CPP-type carbon
nanorings by a Pt-mediated cyclization.[38,39,42] These phenine
nanorings, pioneered by Isobe and co-workers, are curved
yet almost strain-free due to the conformational flexibility of
the subunits and their overall large diameter. However,
utilizing reversible Pt-complexation often resulted in com-
plex product mixtures typically containing various ring sizes
of the reductively eliminated carbon nanorings.[41–46] We
were intrigued by a synthetic protocol for carbon nanorings
based on an AuI-macrocyclization with a promising size-
selectivity by Tsuchido, Osakada, and co-workers.[47] This
approach is limited to triangular geometries using rigid rod-
shaped aromatic subunits.[48] In contrast, we aimed to
explore flexible polycyclic subunits to access carbon nanor-
ings bearing a large cavity for host–guest chemistry.

Here we present a size-selective strategy to obtain highly
functionalized carbon nanorings with a large inner cavity
defined by sterically demanding ethylene glycol groups at
the edges for the supramolecular binding of guest
molecules.[49] Previously, we reported a strategy confining
the inner space of strained cyclo[n]pyrenylene nanorings by
ethylene glycol functionalization of diketone moieties.[46]

Following this approach, we now used an extended ethylene
glycol-functionalized subunit A in an AuI-macrocyclization
protocol by Tsuchido, Osakada, and co-workers
(Scheme 1).[47] In this approach, a dinuclear gold(I) complex
is used as a corner motif to subsequently obtain an extended
carbon nanoring as supramolecular host.[50]

The rich chemistry developed on [n]CMPs (with n=6, 8,
10), first synthesized by Staab[51] and later used by Cram as
spherands,[52] make these planar aromatic macrocycles an
ideal starting point in the construction of larger
structures.[53–55] Diboronic ester 5 was synthesized on a
multi-gram scale within three steps starting from commer-
cially available 9,10-phenanthrenequinone (Figure 1 and
Section S2).[56] One-pot macrocyclization of diboronic ester
5 and 1,3-dibromobenzene led to the formation of bisacetal
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interphenylene-bridged [6]CMP derivative 4 (Figure 1; ro-
man numeral I; see also Figure S1 Section S2). Due to the
reduced symmetry of 4, the one-pot macrocyclization of the
unequal building blocks 5 and 1,3-dibromobenzene is
impeded compared to parental [6]CMP.[57] We also explored
an alternative step-wise synthetic route and different sub-
stitution patterns of 4, which resulted in similar overall
yields toward 3 (Section S2). Examination of the single-
crystal structure of 4 showed that the macrocycle establishes
an overall chair conformation analogous to cyclohexane.[79]

A dihedral scan at the DFT:B3LYP/6-31G(d,p) level of

theory revealed an energy difference of 0.3 kcalmol� 1

between a boat and a chair conformation of 4 (Figure 2).
A small energy difference between those two conformers

is crucial as the [6]CMP moiety must adopt a boat
conformation in the desired final nanoring 1 (Figure S21).
The energetic barrier ΔG� for the chair-to-boat isomer-
ization is 3.1 kcalmol� 1 allowing fast exchange between the
energetically similar conformers (Figure 2). For comparison,
the chair!twist-boat isomerization of deuterated
cyclohexane (C6HD11) at 25 °C is too fast to be detected on
the NMR time scale and has a barrier of ca. 10 kcalmol� 1.[58]

Subsequent regioselective Ir-catalyzed C� H borylation of 4
gave diboronic ester 3. Initial exploration of established
platination methods[5,59,60] to form a Pt-macrocycle 2-Ptn and
reductive elimination gave a mixture of various ring sizes.
We isolated the fourfold nanoring 1 and the fivefold
nanoring 1-v by tedious recycling gel permeation chromatog-
raphy (rGPC) in < 1% yield, each (Figures S52–S55).
Formation of several ring sizes and low yields are common
features observed in other examples following the platinum-
mediated macrocyclization, including our own ethylene
glycol-functionalized cyclo[n]pyrenylenes.[41,42,44,61,62] We
therefore turned to gold(I)-mediated macrocyclization
methods and targeted a cyclotrimerization strategy with the
initial aim to form a triangular-shaped macrocycle.[47,48]

Reaction of [6]CMP diboronic ester 3 with [Au2Cl2-
(dcpm)] (dcpm=bis(dicyclohexylphosphino)methane) pro-
duced an unexpected fourfold gold macrocycle 2-Au in 33%
yield after rGPC. No additional defined fractions of larger
ring sizes were detected during preparative rGPC resulting
in a straight forward separation. Comprehensive character-
ization of 2-Au by NMR spectroscopy was not possible due
to broad signals and limited solubility. Aiming for increased
dynamics of the system we performed variable temperature
(VT) NMR experiments, yet did only observe degradation

Scheme 1. Comparison of the macrocyclic geometries accessible with
PtII (L= ligand) or AuI complexes, which function as templating agents.
Conformational flexibility of the [6]CMP unit forms a fourfold macro-
cycle.

Figure 1. Synthesis of 1: I) Pd(OAc)2, SPhos, K3PO4, 60 °C, 4 h, 7%; II) 4,4’-di-tert-butyl-2,2’-bipyridine, [Ir(OMe)(COD)]2, bis(pinacolato)diboron,
1,4-dioxane, 120 °C, 18 h, 73%; III) [Au2Cl2(dcpm)], Cs2CO3, toluene/EtOH/H2O (4 :1 :1), 50 °C, 20 h, 33%; IV) PhICl2, DMF, � 50 °C to 25 °C, 20 h,
20%; V) [PtCl2(COD)], CsF, THF, 66 °C, 24 h, not isolated; VI) P(Ph3), toluene, 100 °C, 22 h, <1%, over two steps for 1 and 1-v;
dcpm=bis(dicyclohexylphosphino)methane. The inset shows the SXRD structure of 4 top view and side view, as well as a schematic representation
of a six-membered ring in the chair conformation.
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of 2-Au at 65 °C to subunit 4 (Figures S109–S110). We
cannot assure complete bulk purity but repeatedly observed
the formation of single-crystalline material exhibiting uni-
form unit cell parameters (Figure 3a, Figures S6–S9)).
Macrocycle 2-Au displays an unusual geometry with two
[6]CMP moieties in a chair conformation and two [6]CMP
moieties in a boat conformation, which produces hyperbolic
edges of the complex. This equal mixing of both conformers
in the same structure leads to an unusual geometry of the
overall macrocycle. The sum of the angles deviates from the
typical (Euclidian) 360°, characteristic for hyperbolic geo-
metries. The four Au2(dcpm) corners show torsion angles
along the C� Au···Au� C bonds of 53° and 48° (Figure S8),
while aurophilic interactions between the AuI···AuI centers,
bridged by a dcpm ligand, are present with distances of
3.124 Å and 3.150 Å (Figure S8). These values are in the
same range as for earlier reported triangular structures and
determine the hyperbolic geometry of this fourfold macro-

cycle with corner angles significantly below 90°.[47,48] This
demonstrates the rigidity between the two AuI centers
imposed by the aurophilic interactions in this complex while
flexibility originates from the [6]CMP subunits (torsional
freedom around the phenyl–phenanthrenyl bonds, Fig-
ure 3a). Complex 2-Au has two chirality axes formed by the
twisted Au2P2C five-membered rings of the two corners in
the asymmetric unit. X-ray crystallography revealed one M
and one P chirality axis (Figure 3a). The polarized C� H
bonds of the ethylene glycol groups in the center of 2-Au
engage in several C� H···O hydrogen bonds with heavy atom
distances between 3.126 Å and 3.409 Å (Figure S10). We
assume that this cooperative interaction network stabilizes
the overall structure of 2-Au while preventing inner void
space. The oxidative chlorination of complex 2-Au induced
the reductive elimination to final carbon nanoring 1 in 20%
yield with definite size selectivity (as observed by rGPC of
the crude reaction mixture, see Figure S67). Prior silica gel
column chromatography of the reaction mixture allows to
recover the gold precursor [Au2Cl2(dcpm)]. Unambiguous
structural proof was obtained by single-crystal X-ray analysis
of 1 revealing its porous molecular structure with several
resolved CHCl3 and benzene solvent molecules (Figures S11
and S16) due to Cl3C� H···Ohost hydrogen bonds (3.2–3.5 Å
heavy atom distance) and C� Cl···Ohost halogen bonds
(3.0 Å).[63,64] The central diameter of ca. 16 Å is comparable
to that of [12]CPP and the packing shows a slipped-stacked
tubular arrangement, presumably due to the sterically
demanding ethylene glycol groups that prevent a self-filling
herringbone assembly (Figure S13–S15).

The UV/Vis absorption maximum λmax of 1 at 261 nm
shows only a small red shift compared to its monomer 4 at
259 nm due to the poorly conjugated meta-connectivity
between the individual CMP-panels. Similar to [n]CPP-type
macrocycles, a small red-shifted shoulder can be observed
for 1. Considering the oscillator strengths (fos) of the
calculated transitions, this shoulder at 292 nm is assigned to
a Laporte-forbidden HOMO–LUMO transition
(Table S1).[10,65,66] It is a common feature observed for CPPs
and originates from the high molecular symmetry retained
in their molecular orbital structure.[12] The main absorption
band at 261 nm of 1 does not correspond to the HOMO!

Figure 2. The optimized structures of 4 in the boat, transition state
(TS), and chair conformation at the DFT:B3LYP/6-31G(d,p) level of
theory. Initial dihedral scan coordinate (black dots) with energetic
positions of unrestricted optimized structures of boat, TS, and chair
(blue dots). The scan was performed on the dihedral bond (highlighted
in purple). All hydrogen atoms, except the inner ones of [6]CMP, are
omitted for clarity.

Figure 3. a) Single-crystal X-ray structure of gold macrocycle 2-Au with an inset showing the dcpm ligand and the chirality of the gold corner and
b) all-organic macrocycle 1. H-atoms, dcpm ligands and solvent molecules are omitted for clarity, thermal ellipsoids are shown at 50% probability
at 100 K. dcpm=bis(dicyclohexylphosphino)methane.[79]
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LUMO+1 or HOMO!LUMO+2 transition as it is
typically observed for [n]CPPs, but is composed of multiple
transitions between various energy levels (Figure S24,
Table S10). Macrocycle 1 and monomer 4 show large
apparent Stokes shifts of 87 and 67 nm (0.76 and 1.21 eV),
respectively (with regard to the forbidden HOMO–LUMO
transition for 1), which is an important feature for future
sensing applications with nanoring 1.

The photophysical properties of these CPP-type macro-
cycles are assigned to their symmetrically curved structure
induced by the strain necessary to create the circular
arrangement. The strain energy of 1, calculated using
StrainViz,[67] revealed an evenly distributed dihedral strain
energy on all twelve biphenyl units within the CMP-panels,
but a localized strain energy on the bonds connecting the
[6]CMP moieties (red bonds Figure 4b). Nevertheless, the
overall strain for 1 is significantly smaller with 9.3 kcalmol� 1

compared to 48.3 kcalmol� 1 for [12]CPP.[67] The key for the
unusual geometry of organo-metallic macrocycle 2-Au and
the low molecular strain energy of 1 lies in the conforma-
tional freedom of subunit 4.

Macrocycle 1 has an unusually large void volume for a
single small molecule with an estimated size of 5500 Å3

(Figure 5c, blue volume, calculated and visualized using the

MS Roll suite implemented in X-Seed[68]). The gate diameter
formed by the ethylene glycol groups is smaller compared to
the cavity diameter in the center of macrocycle 1, which
motivated us to explore the guest uptake into this confined
space (Figures S17–S18, Table S7).[46,49,69,70]

Previous studies have shown that shape-persistent
[n]CPPs bind [n–5]CPPs and fullerenes selectively.[14,23,37,42,71]

The similarity of 1 to [12]CPP, with regard to the cavity
diameter, directed us to investigate the binding of [7]CPP
through 1H NMR isothermal binding titrations. Upon
addition of [7]CPP to 1 in CDCl3 at 25 °C, three sets of
protons (Ha, Hd, He, Figure 5a) showed a significant change
of the chemical shift (Δδ) at fast exchange (Figure 5b). Non-
linear least-square curve fitting of the titration data on Hd

afforded an association constant (Ka) of 360 M
� 1 (Fig-

ure S32). A 1 :1 host–guest stoichiometry was confirmed by
the stochastic distribution of the corresponding residuals
(Figure S33).[72,73]

The downfield shift of proton Hd can be rationalized
with the increased magnetic shielding experienced by these
protons due to the exposition towards the π-surface of
[7]CPP aligning parallel to the walls of 1 in its center. The
association constant of 1···[7]CPP is in the same range as that
of [12]CPP···[7]CPP determined by Yamago and co-workers
(Ka=93 M

� 1 in TCE-d2 at 50 °C).[74] Additionally, we per-
formed isothermal binding titration of 1 and [6]CPP. While
earlier investigations found no binding of [n]CPPs with [n–
6]CPPs, we could fit the obtained 1H NMR binding data of
proton Hd to obtain Ka=110 M

� 1. It is weaker than the
association of 1···[7]CPP due to the size mismatch of 1 and
[6]CPP.

We next turned our attention to the inclusion of
fullerenes (C60, C70) as guest molecules, because of their
shape-complementary convex π-surface. Although macro-
cycle 1 has a central diameter of 16 Å—slightly too large to
efficiently host C60 with its mean diameter of 7.1 Å—we
determined an association constant of 7.2·103

M
� 1 for 1···C60

at 25 °C in o-dichlorobenzene-d4 (DCB-d4). Compared to
the spherical shape of C60, the shape of C70 is reminiscent of
a rugby football with a short axis of 7.12 Å and a long axis

Figure 4. a) UV/Vis absorption (solid lines) and emission (dashed
lines) spectra of 4 and 1 (CH2Cl2, 25 °C, excitation wavelength 250 nm).
b) Molecular strain energy for 1 calculated and visualized using
StrainViz (DFT:B3LYP/6-31G(d)).

Figure 5. a) Molecular structure of 1; b) 1H NMR spectrum of 1 upon addition of [7]CPP in the range of 8.40–7.80 ppm in CDCl3 at 25 °C; c) single-
crystal X-ray structure of 1 with the visualized void volume (calculated using the MS Roll suite implemented in X-Seed[68]) and the investigated
guests with their corresponding association constants (Ka) determined by 1H NMR isothermal binding titration.
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of 7.96 Å.[75] As expected, the larger C70 can fill more of the
void volume of host 1 leading to an increased π-π interaction
surface that is reflected in a Ka of 1.0×104

M
� 1 (Figure 5c). In

comparison, a structurally similar [4]CPP geodesic phenine
framework ([4]CPP-GPF) shows binding to C70 in the less
competitive solvent toluene-d8 of Ka=4.7×104

M
� 1.[42] Possi-

ble structures of the investigated complexes were disclosed
by density functional theory (B3LYP/3-21G level of theory,
Figures S25–S28). These structures show that macrocycle 1
binds a variety of guests with large curved π-surfaces, albeit
they are not perfectly complementary in size and shape. In
contrast, our studies investigating the binding of rigid planar
π-aromatic molecules such as pyrene, perylene, or coronene
did not show pronounced binding (Figure 5c and S53–S62).
We envision 1 as a promising host molecule for future
assembly studies with more elaborated guests bearing the
potential to achieve large multi-component supramolecular
structures.

In summary, we synthesized a metal-organic macrocycle
consisting of hyperbolic geometric features that evolved
from the unique conformational flexibility of the macro-
cyclic subunits leading to an unprecedented fourfold
AuI� aryl macrocycle. The reductive elimination to carbon
nanoring 1 proceeds with size-selectivity and a remarkable
yield of 20%. The final macrocycle shows binding towards
multiple guests with convex π-surfaces. Binding to such large
and confined cavities will be of high interest for the sensing
of guests with biological relevance, as well as for construct-
ing interlocked molecular topologies. We are confident that
our findings bear importance for the design of metal- and
all-organic macrocycles and cages.[76–78]
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