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ABSTRACT: Exploring routes to visible-light-driven rotary
motors, the possibility of red-shifting the excitation wavelength of
molecular motors by extension of the aromatic core is studied.
Introducing a dibenzofluorenyl moiety in a standard molecular
motor resulted in red-shifting of the absorption spectrum. UV/vis
and 1H NMR spectroscopy showed that these motors could be
isomerized with light of wavelengths up to 490 nm and that the
structural modification did not impair the anticipated rotary
behavior. Extension of the aromatic core is therefore a suitable
strategy to apply in pursuit of visible-light-driven molecular motors.

Molecular switches and motors are increasingly applied in
molecular machines1 and to control the properties of

materials2 as well as biological systems.3 The incorporation of
light-addressable switches into chemical and biological systems
allows for the tuning of property and function with high
spatiotemporal resolution. A potential drawback is the use of
UV light to achieve switching, as it can cause damage to the
material. Red-shifting the excitation wavelength of photo-
switches and motors in order to reduce undesired side effects
and to increase their applicability in, e.g., soft materials or
biological systems, continues to be one of the major
challenges.4 Various strategies have been reported to red-shift
the excitation wavelength of well-established photoswitches
such as azobenzenes and diarylethenes. The ortho-functional-
ization of azobenenes with, e.g., methoxy, fluorine, chlorine, or
thioether groups,5 the introduction of an electron donor−
acceptor pair,6 or the extension of the aromatic core has been
successful in achieving the visible-light excitation of azobenenes.
Bridging of azobenzenes also afforded photoswitches operable
in the far red region.7 For diarylethenes, the extension of the π
system8 or the covalent linkage of triplet sensitizers afforded
switches with red-shifted absorption spectra.9 New photo-
switches which can be operated with visible light are also being
developed.10

Light-driven molecular motors based on overcrowded
alkenes are unique among photoswitches, since their photo-
excitation leads to unidirectional rotation around their central
axis (Scheme 1).11 Irradiation of a typical motor 1 with the
stereogenic methyl group in the pseudoaxial position leads to
the formation of a metastable isomer having the methyl group
in a pseudoequatorial position. This metastable isomer can
relax to the more stable isomer via a thermal helix inversion
(THI) in which the upper half flips over the lower half. A
second irradiation and thermal step leads to the 360°
unidirectional rotation around the double bond. If the
temperature is kept below a certain threshold, the THI slows

down, and these molecules can function as multistate switches.
Both its repetitive unidirectional rotation upon continuous
irradiation as well as its multistate switching have been used to
achieve dynamic control of its function.12

Several successful approaches have been reported on how to
rotate molecular motors with visible light. In 2003, we showed
that the introduction of a push−pull system in the lower half
allows these systems to be operated with 430 nm light.13 The
use of photosensitizers employing either a palladium
porphyrin14 or a ruthenium complex15 also proved to be an
effective approach in achieving visible-light excitation. Fur-
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Scheme 1. Unidirectional Rotation of Motor 1
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thermore, Dube and co-workers developed a hemithioindigo
motor which can be driven by light up to 500 nm.16

Here, we explore for the first time the possibility of red-
shifting the excitation wavelength by extension of the aromatic
core of the molecular motor. This strategy has not been
successfully applied yet but could be pivotal toward the
application of molecular motors in biological systems or
artificial molecular machines. Nevertheless, to move the
excitation wavelength into the visible region is challenging
since modification of the structural and electronic properties
might perturb the motor functioning. Increasing the steric bulk
around the fjord region could hamper the thermal helix
inversion, and therefore, we opted to extend the lower part of
the common well-studied motor 1 to obtain motor 2 (Figure
1). TD-DFT (B3LYP 6-31G(d,p)) was employed to predict

how this structural modification affects the absorption proper-
ties of 2 (Figure 1). It was found for the known motor 1 that
the absorption maximum can be accurately predicted by this
method (experimental: 395 nm17 vs predicted: 398 nm). For
motor 2, it is anticipated that the HOMO−LUMO gap is
significantly reduced. The first calculated transition of 518 nm
has, however, a low oscillator strength (0.0105), and
considering the molecular orbitals involved in this transition,
it is doubtful whether the excitation of this transition would
lead to the isomerization of the double bond. The second
lowest energy transition (HOMO−1 → LUMO: 419 nm)

resembles more closely (in terms of molecular orbitals) the
HOMO−LUMO transition of 1, for which excitation does lead
to photoisomerization of the central double bond.17 These
results indicate that extension of the aromatic core in the lower
half would result in a red-shift of the wavelength at which these
molecules can undergo photoisomerization.
DFT at the B3LYP/6-31G(d,p) level was also employed in

order to investigate how the structural modifcation affects the
thermal isomerization reaction of 2. First, the ground states and
transition states (TS) were located using potential energy scans,
followed by a geometry optimization and frequency analysis.
It was found that the dibenzofluorenyl lower half of 2 adopts

a helical conformation, reminiscent of the structure of
helicenes. Motor 2, therefore, has three stereochemical
elements, i.e., the helicity in the upper and lower halves and
the stereogenic carbon center. Hence, for (R)-2, four
diastereoisomers exist. The optimized structures of the ground
states, the TSs, and their corresponding Gibbs free energies
were calculated (Figure 2 and Figure S10). It is remarkable that
for the photogenerated metastable state the P helical
conformation in the lower half is preferred, while for the
stable form the M helicity is thermodynamically favored.
Comparison of the barrier for THI for 2 (Δ⧧Gcalc = 95.5 kJ/
mol18) with the experimentally obtained barrier for THI of 1
(Δ⧧Gexp = 86 kJ/mol,17 Δ⧧Gcalcd = 88.5 kJ/mol) leads to the
expectation that the rotational speed decreases slightly upon
this extension of the aromatic core. The synthesis and study of
2 were therefore pursued to confirm this hypothesis.
In line with the reported syntheses of structurally related

overcrowded alkenes, it was opted to construct the sterically
hindered double bond employing a Barton−Kellogg reaction
(Scheme 2). Diazo 3 was prepared by the conversion of the
known ketone 419 into its corresponding hydrazone 5 with
hydrazine, followed by an oxidation using MnO2. The
preparation of thioketone 6 has been reported before,20 and
it was coupled to 3 at room temperature to afford the final
product 2 in 18% yield (two steps from 5).
UV/vis spectroscopy was used to follow the photochemical

isomerization of 2 (Figure 3). The irradiation of 2 in CH2Cl2 at
20 °C gave rise to a bathochromic shift in the UV/vis spectrum
with clear isosbestic points, indicative of the formation of the
metastable form. It was confirmed by using different wave-
lengths of light that 2 undergoes photochemical isomerization
with wavelengths up to 490 nm. The photostationary state
(PSS) ratio at λmax = 490 nm based on the spectral changes in
the UV/vis absorption was quite low, since the photogenerated
metastable state absorbs strongly in that region. The highest
PSS ratio (76:24 (metastable/stable)) was obtained when 420
nm irradiation was employed.
The photochemical isomerization of 2 at 420 nm was also

followed by 1H NMR spectroscopy. A solution of 2 in CD2Cl2
was cooled to −40 °C and irradiated at 420 nm (Figure S5).
The characteristic shift in the 1H NMR spectrum of the

stereogenic methyl group (Ha: 1.42 ppm →1.71 ppm) confirm
that the moiety adopts a pseudoequatorial position upon
isomerization of the double bond. Other notable shifts include
the shift in the methylene hydrogens (Hb: 2.89 ppm →3.29
ppm) and (Hb′: 3.65 ppm →3.70 ppm) and the stereogenic
hydrogen (Hc: 4.51 ppm →4.41 ppm), which can all be
assigned to the formation of the metastable state and is in
accordance with related motor 1. A PSS ratio of 76:24
(metastable/stable) was found by integration of the NMR
peaks.21

Figure 1. Structures and selected molecular orbitals of 1 (left) and 2
(right). Oscillator strength of selected transitions are given in
parentheses (see the SI).
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From the results obtained by UV/vis and 1H NMR
spectroscopy, it can be concluded that 2 exhibits the anticipated
isomerization behavior. After it was established that the
photochemistry still works accordingly, the subsequent thermal
relaxation was studied. The kinetics of the process was followed

at six temperatures between 10 and 35 °C. The Gibbs free
energy of activation of the thermal helix inversion was
determined using the Eyring equation and was 93.9 ± 1 kJ/
mol (Figure S10). The experimentally determined value is in
agreement with the predicted Gibbs free energy of activation of
95.5 kJ/mol. Comparison of the Δ⧧G° of the THI for motor 2

(Δ
⧧
G° = 93.9 ± 1 kJ/mol) and motor 1 (Δ⧧G° = 86 kJ/mol)

reveals that the speed of rotation of motor 2 is slightly lower
due to the structural modification, as anticipated on the basis of
DFT calculations.
In conclusion, it was demonstrated that extension of the

aromatic core of molecular motors is a viable strategy for red-
shifting their excitation wavelength. To this end, a novel
molecular motor with a dibenzofluorene lower half was
designed and synthesized. It was found that the extension of
the aromatic core allows for photoisomerization with visible
light with wavelengths up to 490 nm, without impairing the
motor function. Extension of the stator moiety is therefore a
promising strategy that can be applied to other molecular
motors as well. It will form a viable addition to the already
existing methods for red-shifting the excitation wavelength of
light-driven molecular motors. Further research focuses on
employing electron-donating/acceptor groups in combination
with extending the aromatic π system in order to reach even
higher excitation wavelengths.
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Figure 2. Energy diagram of the interconversion of the diastereoisomers of 2. Nomenclature is defined as follows: For (P,M)-2, the first
stereochemical descriptor (P) denotes the helicity in the lower half, while the second descriptor (M) denotes the helicity in the upper half. The
optimized structures of the transition states are depicted in Figure S10.

Scheme 2. Synthesis of Molecular Motor 2

Figure 3. Changes in the UV/vis absorption spectrum of a solution of
2 in CH2Cl2 upon irradiation with λmax = 420 nm.
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