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ABSTRACT: The synthesis of conjugated Möbius molecules remains elusive since twisted and macrocyclic structures are low-
entropy species sporting their own synthetic challenges. Here we report the synthesis of a Möbius macrocycle in 84% yield via alkyne
metathesis of 2,13-bis(propynyl)[5]helicene. MALDI-MS, NMR spectroscopy, and X-ray diffraction indicated a trimeric product of
twofold symmetry with PPM/MMP configurations in the helicene subunits. Alternatively, a threefold-symmetric PPP/MMM
structure was determined by DFT calculations to be more thermodynamically stable, illustrating remarkable kinetic selectivity for
this alkyne metathesis cyclooligomerization. Computational studies provided insight into the kinetic selectivity, demonstrating a
difference of 15.4 kcal/mol between the activation barriers for the PPM/MMP and PPP/MMM diastereodetermining steps.
Computational (ACID and EDDB) and experimental (UV−vis and fluorescence spectroscopy and cyclic voltammetry) studies
revealed weak conjugation between the alkyne and adjacent helicene groups as well as the lack of significant global aromaticity.
Separation of the PPM and MMP enantiomers was achieved via chiral HPLC at the analytical scale.

Dynamic covalent chemistry (DCC) is a powerful
synthetic strategy for assembling complex structures via

reversible reactions from simple building blocks. Such
reactions, including alkyne metathesis, imine condensation,
disulfide exchange, and boronic acid condensation, have
facilitated the preparation of organic architectures such as
macrocycles, catenanes, cages, and extended frameworks.1

Thermodynamically controlled DCC reactions enable error
correction of intermediates along multiple reaction pathways,
offering facile access to intricate connectivity and topology
beyond the reach of conventional synthesis. We and others
have developed alkyne metathesis cyclooligomerization2 as a
useful method for the efficient preparation of conjugated and
shape-persistent molecules where stepwise synthetic strategies
have fallen short.3

Limited examples of Möbius structures have been reported
because of the challenges associated with synthesizing
macrocycles and twisted structures.4 Among them, many
feature porphyrinoid scaffolds, in part because of the
heightened structural rigidity offered by pyrrole moieties.5

Two non-porphyrinoid Möbius structures with writhe-bearing
subunits have been recently reported by Rissanen, Herges, and
Durola (Figure 1) with different synthetic strategies regarding
the order of macrocyclization and writhe formation.6 While
their successes are inspiring to theoretical and experimental
chemists, both synthetic routes are lengthy with low overall
yields (∼1%). Very recently, Tanaka synthesized Möbius
[n]cycloparaphenylene (CPP) analogues utilizing [2 + 2 + 2]
cyclization with great enantioselectivity yet low overall yield.7

To circumvent the limitations associated with stepwise
macrocycle construction, we investigated a DCC-based
assembly of simple monomers into molecular Möbius strips
in a single step. We pursued a route toward a fully conjugated

structure via alkyne metathesis given the influence that Möbius
topology holds over the aromaticity of an annulene.8,9 Herein
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Figure 1. Structures of recently reported Möbius molecules and
efficient synthesis via alkyne metathesis in this work.
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we report the efficient synthesis of Möbius macrocycle 2 from
the metathesis of 2,13-bis(propynyl)[5]helicene 1.
Bis(propynyl)[5]helicene 1, prepared from 2,13-

dibromo[5]helicene10 in 90% yield, features a low inversion
barrier of 25.6 kcal/mol, similar to that of the parent
[5]helicene11 (23.4 kcal/mol; see Table S2). The dynamic
helicity makes 1 an ideal candidate for cyclooligomerization, as
chirality matching is allowed in the final ring closure step.
Compound 1 was first subjected to alkyne metathesis
conditions with 10 mol % [EtCMo(OSiPh3)3] at room
temperature and 5 mM in CHCl3. MALDI-MS analysis of the
crude reaction mixture revealed that in addition to
unconsumed starting material, ring-opened dimer, and high-
er-molecular-weight oligomers, a peak at m/z 900.2838 (Figure
2A) corresponding to the ring-closed trimer 2 was observed.

The ring-closed dimer 3 was never observed. Under the above
reaction conditions, the trimeric product was formed in 23%
yield as determined by NMR spectroscopy. To limit the
formation of oligomeric products, we diluted the reaction
mixture to 1 mM and increased the temperature to 40 °C,
obtaining the ring-closed trimer in 38% NMR yield. Increasing
the temperature to 60 °C at the same reaction concentration
led to the optimized conditions, giving an 84% NMR yield.
The solvent effect was also briefly explored, and reactions in
toluene gave significantly lower yields at elevated temperatures
due to competing precipitation (Table S1).
With regard to the symmetry of the macrocyclic product,

four stereoisomers are possible, namely, the PPM and MMP
enantiomeric pair of 2 and the PPP and MMM enantiomeric
pair of 4 (Figure 2B). Both diastereomers are twisted
structures with Möbius topology. The PPP/MMM pair features

threefold symmetry and is triply twisted, while the PPM/MMP
pair is C2-symmetric and singly twisted. Single-point energy
calculations (M06-2X, B3LYP, or PBE0 functional with the
def2-TZVP basis set; Table S3) showed that 2 is less stable
than 4 by 1−2 kcal/mol, suggesting that 4 is the
thermodynamically favored product. However, the 13C NMR
spectrum of the product is consistent with the exclusive
formation of 2, showing 33 aromatic and three alkynyl carbon
resonances (Figure 2C). The unexpected kinetic selectivity and
the PPM/MMP stereochemistry of the product were confirmed
by X-ray diffraction (XRD) of single crystals grown from a hot
ethyl acetate solution. The crystal structure of 2 was solved in
the orthorhombic P21/n space group, with two pairs of PPM/
MMP enantiomers in each unit cell (Figure 2D). The XRD
structure is very close to the DFT-minimized structure, except
that two of the three triple bonds deviate slightly from linearity
(average bond angles of 175°, 176°, and 178°).
Since DCC reactions are typically under thermodynamic

control, we were surprised that the less stable product 2 was
formed exclusively in the reaction. In fact, thermodynamic
driving forces are typically the sole factors considered when
planning a DCC synthesis. To elucidate the origin of the
kinetic selectivity, DFT calculations (B3LYP/6-31G(d)/SDD)
of the intermediates and transition states leading to structures
2PPM and 4PPP were performed (Figure 3). The rate-
determining step in both pathways is the initial formation of
the metallacyclobutadiene (TS1). The activation energy for
TS1PPP formation is 37.0 kcal/mol, whereas the barrier for
TS1PPM formation is 21.6 kcal/mol. The 15.4 kcal/mol
difference in activation energy accounts for the remarkable
kinetic control in the synthesis. Notably, a single metal-
lacyclobutadiene intermediate IMPPM was located after TS1PPM,
which quickly undergoes cycloreversion to give 2PPM. This
contrasts with the canonical observation of two discrete
metallacyclobutadiene intermediates (IM1PPP and IM2PPP)
following the first transition state (TS1PPP) as observed for
4PPP. TS2PPM was difficult to locate, most likely because of a
small energy difference (an early transition state according to
the Hammond postulate) between IMPPM and TS2PPM (Figure
S24). The free energy change from TS1PPM to 2PPM is −38.2
kcal/mol, which is consistent with the observation that 2 is
kinetically stable under metathesis conditions in the presence
of excess 1-phenyl-1-propyne (Figure S17).
Our experimental and computational studies illustrate

unique kinetic sensitivity of alkyne metathesis, particularly
for the preparation of rigid structures. This results from the
strained four-membered metallacycles in the intermediates and
transition states leading to product and their significant
deviation from linearity. Specifically, a significantly higher
level of bond angle distortion was observed in TS1PPP (138.7°
and 117.4°) than in TS1PPM (147.3° and 117.4°) (from CAr−
Csp−Mo and CAr−Csp−Csp, respectively), while no apparent
difference was noticed in terms of dihedral angle or bond
length (Figure S23). Therefore, seemingly stable and un-
strained products may have surprisingly high energy barriers
when constructed with alkyne metathesis. In the synthesis of 2,
such kinetic selectivity affords complete diastereocontrol.
The optical properties of 2 were explored to probe its

electronic structure. The UV−vis and fluorescence excitation
spectra of 2 are slightly red-shifted compared with those of 1,
while the emission spectra are nearly identical (Figure 4). We
attribute this to weak conjugation among the three helicene
subunits in 2 and an increase in oscillator strength for the S0−

Figure 2. (A) MALDI-TOF mass spectrometry established the
formation of a ring-closed trimeric species. (B) Space-filling models of
DFT-calculated structures of 2PPM and 4PPP. (C)

13C NMR spectrum
showing 36 carbon signals. (D) Crystal structure of 2PPM (left) and
the unit cell (right). Solvent molecules have been omitted for clarity.
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S1 transition in going from 1 to 2. The S0−S1 transition and
other low-energy transitions of 1 are symmetry-forbidden and
extremely weak, but the oscillator strengths of the same
transitions are higher for 2 (Table S5). The S0−S1 electric
transition dipole moment of 2PPM resembles the sum of those
of the three helicene units, and the spatial arrangement of
transition dipole moments of P- and M-helicene enables the
otherwise forbidden transition (Figure 4C). The increased
oscillator strength justifies the increased quantum yield of 2
over 1 (2.7% and 1.3%, respectively). To further probe the
electronic structure, comparative voltammetric measurements
of 1 and 2 were performed (Figures S18−S22). For the
reduction process, the magnitude of the normalized peak
currents (with respect to concentration and redox equivalents)
indicates a single three-electron voltammetric wave for 2
(Figure S22). The lack of stepwise behavior suggests that three
electrons are accepted in redox centers that act independently
of each other.13 This strengthens conclusions regarding the
additive behavior of the helicene units.
The photophysical and electrochemical properties described

above are consistent with our theoretical interrogations of
2PPM. The electron density of delocalized bonds (EDDB) plot
shows that one set of p orbitals of the alkynes are parallel to the
p orbitals of the adjacent helicenes, indicating significant

Figure 3. DFT (B3LYP/6-31G(d)/SDD)-calculated relative Gibbs free energies and (in parentheses) enthalpies of intermediates and transition
state structures in the formation of 2PPM and 4PPP. Energies in both pathways are relative to the open trimers O3PPM and O3PPP, respectively. The
SMD solvation model (CH3Cl) was used in the calculation. The rate-determining step in both pathways is the formation of the
metallacyclobutadiene (TS1). A simplified Me3SiO− ligand was used in the calculation. The transition state structures were rendered in
CYLview.12 The metallacyclobutadiene structures are highlighted in orange, and bond angles in TS1 are labeled in blue.

Figure 4. (A) UV−vis and (B) fluorescence spectra of 1 and 2 in
DCM. (C) The S0−S1 electric transition dipole moments (μe) of 2PPM
(green arrow; the contribution of the acetylene carbons is not
included) and the three helicene segments (blue arrows). Their
absolute values are labeled (unit: debye).
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conjugation between those moieties, albeit less pronounced
than the delocalization within the helicene units (Figure 5A, π-

EDDB1, pink). As expected, the p orbitals orthogonal to the
helicene plane contribute negligible electron density to overall
electron delocalization (Figure 5A, π-EDDB2, yellow). While σ
delocalization is evident within the framework of the helicene
fragments, almost zero σ delocalization is observed along the
bridging alkynyl bonds. Nondirectional electron currents can
be observed at the alkynes in the anisotropic current (induced)
density (ACID)14 plot, showing minimal helicene−helicene
interactions with no significant global aromaticity (Figure 5B).
Similar results were observed for an analogous compound
reported by Herges and Durola,6a and the authors argued that
their system features global Möbius aromaticity with
concurrent diatropic and paratropic ring currents. A larger
extent of delocalization was observed for the T1 excited state of
2, resulting in an increased level of electron delocalization
between the helicene and the alkyne units (Figure S27).
Chiral separation of the enantiomers of 2 was achieved by

analytical HPLC with a chiral-stationary-phase column
(CHIRALPAK IB-3). However, preparatory-scale separation
of 2 was unsuccessful because of its limited solubility.
Modification of the alkynes was attempted to address the
limited solubility and electrochemical stability of macrocycle 2.
As shown in Figure 6, one of the three alkynes selectively
reacts with tetrasubstituted cyclopentadienone 5, and the
Möbius topology is largely preserved in the product 6.
Subsequent cycloadditions were not observed, possibly
because of the steric hindrance around the remaining alkynes.
To examine the substrate scope of the reported synthetic
strategy, alkyne metathesis was also attempted for two
structurally related substrates. Compound 7 features an axially
chiral binaphthyl structure, which was key to the Möbius
structure reported by Rissanen and Herges,6b and hetero-

helicene precursor 8 is structurally analogous to 1; however,
neither substrate gave any macrocycles via metathesis.
In conclusion, we have demonstrated the use of alkyne

metathesis in the preparation of Möbius tris((ethynyl)
[5]helicene) macrocycle 2 through a synthetically efficient
cyclooligomerization process. The high diastereoselectivity
results from a 15.4 kcal/mol difference in activation energy
during the cyclization step in favor of the PPM/MMP
diastereomer. The findings reported here shed light on the
kinetic aspects of alkyne metathesis cyclooligomerization,
which is different from other DCC reactions. While the lack
of directional currents throughout the molecule in the ACID
plot suggests a negligible global aromaticity, the alignment of p
orbitals in the EDDB plots is set up for delocalization of π
electrons of the helicene and acetylene units in 2.
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