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Visible-Light-Driven Photoisomerization and Increased Rotation
Speed of a Molecular Motor Acting as a Ligand in a Ruthenium(II)

Complex
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Abstract: Toward the development of visible-light-driven
molecular rotary motors, an overcrowded alkene-based
ligand and the corresponding ruthenium(ll) complex is
presented. In our design, a 4,5-diazafluorenyl coordination
motif is directly integrated into the motor function. The
photochemical and thermal isomerization behavior has been
studied by UV/Vis and NMR spectroscopy. Upon coordination
to a Ru" bipyridine complex, the photoisomerization process
can be driven by visible (1,,,, =450 nm) instead of UV light
and furthermore, a large increase of the speed of rotation is
noted. DFT calculations point to a contraction of the diaza-
fluorenyl lower half upon metal-coordination resulting in
reduced steric hindrance in the “fjord region” of the molecule.
Consequently, it is shown that metal-ligand interactions can
play an important role in the adjustment of both photophysical
and thermodynamic properties of molecular motors.

P hotoresponsive molecular switches and motors are emerg-
ing as fascinating tools for controlling the properties of smart
materials,? as well as biological functions.”) One of the
major hurdles at present, however, is that the molecules most
widely applied, that is, azobenzenes,*! diarylethenes,”! spiro-
pyrans,” and overcrowded alkenes,” are typically operated
with UV light. UV irradiation can also trigger highly
undesired side processes such as material degradation and
cellular apoptosis. One of the key challenges for scientists in
the field of photochromic switches is therefore to shift the
excitation wavelength to the visible range.

Several strategies toward photoswitching at longer wave-
length have been reported.’! These include changing the
substituent pattern” and BF, coordination'” in azo com-
pounds, as well as the attachment of aromatic dyes to
diarylethenes."!! The most widely applied approach though,
is by coordination to transition-metal complexes, which can
act as photosensitizers.'”! This process is not trivial, since it
can also lead to a perturbation of the excited state properties
of the switching unit.'¥ Nevertheless, this approach was
successfully used for the visible-light-induced photoisomeri-
zation of azobenzenes' diarylethenes™ spiropyrans,™®
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a rhodopsin-based switch,'” and a rotaxane-derived linear
motor."*

Overcrowded alkene-based molecular motors,'” devel-
oped in our research group, are unique among photorespon-
sive systems in the sense that their thermal isomerization
follows a helix inversion pathway, that is, the upper and lower
halves of the molecule flip relative to each other (Scheme 1).
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Scheme 1. 1somerization behavior of second-generation overcrowded
alkene-based motors with fluorenyl L1?% and 4,5-diazafluorenyl L2
lower halves.

Hence, upon repeated photochemical and thermal isomer-
ization steps, the upper half completes a full 360° unidirec-
tional rotary cycle with respect to the lower half. In the past,
we have put considerable effort into fine-tuning the speed of
rotation by structural modifications.””! Our second-genera-
tion molecular motors that have a fluorenyl-based lower half
(Scheme 1) are among the fastest reported to date.*?"l With
respect to altering the excitation wavelength, we have
recently shown that a substituted analogue of L1 could be
isomerized with visible light by energy transfer from a Pd"
porphyrin.”!! Whereas these studies were based on changes in
molecular design using different synthetic strategies, the
development of molecular motors as ligands to form metal
complexes has not yet been reported to date.

The synthesis and characterization of metallo-based steri-
cally overcrowded alkenes has been described earlier by us®
and the group of Belser.” In the latter example, a 4.5-
diazafluorenyl coordination motif was introduced and Ru",
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Os", and Re' complexes were successfully prepared. How-
ever, studies on the photochromism of these compounds have
not been reported to date. We envisioned that metal
coordination to molecular motor L2 with an intrinsic 4,5-
diazafluorenyl ligation motif could offer a viable method to
alter the rotary motion and light-absorption properties,
without requiring tedious synthetic work.

Herein, we describe the synthesis and characterization of
L2 and its Ru" bipyridine (bpy) complex [Ru(bpy),(L2)]-
(PFs),. The isomerization behavior of L2 is shown to be
comparable to that of L1. Upon ligation to a Ru" center, the
photoisomerization process can be triggered by visible light
(Amax =450 nm) and a 50-fold increase of the rotation speed is
observed. On the basis of the present results, we foresee that
metal-ligand interactions will play an important role in future
adjustments of both the photophysical and thermodynamic
properties of overcrowded alkene-based molecular motors.

Compound L2 was prepared by subjecting the respective
thioketone® and diazo" precursors to a Barton-Kellogg
coupling in refluxing THF (see the Supporting Information
for details). The product, isolated in 52 % yield as a racemate,
was subsequently stirred under reflux in ethanol with cis-
[Ru(bpy),CL]. Counteranion exchange using ammonium
hexafluorophosphate resulted in precipitation of [Ru(bpy),-
(L2)](PF,),, which was collected by filtration (61 %) and used
as a mixture of diastereomers (that is, A-(R), A-(S), A-(R),
A-(S)).

The photochemical and thermal isomerization behavior of
L2 and [Ru(bpy),(L2)](PF), was studied in degassed CH,Cl,
by using low-temperature UV/Vis spectroscopy. Irradiation of
L2 at —20°C with UV light (4,,=365nm) resulted in
a bathochromic shift of the absorption maximum from 390 nm
to 415 nm (Figure 1 A). By analogy with structurally related
overcrowded alkenes, for example L1, this shift indicates the
formation of the unstable isomer (Scheme 1).1%%!

The UV/Vis absorption spectrum of [Ru(bpy),(L2)](PFy),
shows maxima around 290, 425, and 450 nm (Figure 1B),
which are characteristic for Ru' bpy complexes.”®! The
highest-energy absorption band stems from ligand-centered
(LC) m—m* transitions, whereas the remaining two bands are
assigned as metal-to-ligand charge transfer (MLCT) dmt—*
transitions. Similar to L2, UV irradiation (4,,, =365 nm; T=
—30°C) resulted in a red-shifted absorption spectrum,
although it was less prominent. Interestingly, excitation into
the MLCT absorption bands using 450 nm visible light gave
rise to similar spectral changes.””) The spectrum of the
unbound ligand L2 on the other hand, did not alter upon
450 nm irradiation. The photoisomerization wavelength could
thus be extended from the UV to the visible region upon
coordination to Ru™.

[Ru(bpy);]*" complexes show broad luminescence around
2 =600 nm upon MLCT excitation.” For [Ru(bpy),(L2)]-
(PFg),, this luminescence is quenched (Figure S4 in the
Supporting Information), which may tentatively be attributed
to energy transfer from the metal complex to the motor.

The samples were irradiated until no further changes in
the UV/Vis absorption spectra were noted, that is, the
photostationary state (PSS) was reached. Clear isosbestic
points were observed (Figures S5-S7 in the Supporting
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Figure 1. UV/Vis spectra before and after irradiation of A) L2 at —20°C
and B) [Ru(bpy),(L2)](PFs), at —30°C measured in degassed CH,Cl, at
1x107° M. The insets show the change in UV/Vis absorption at

450 nm for L2 and 480 nm for [Ru(bpy),(L2)](PF), after several
irradiation/warming cycles.

Information) verifying that the stable —unstable conversion
is a unimolecular process. When the solutions were subse-
quently warmed, the original UV/Vis absorption spectra were
recovered, which is consistent with isomerization to the
thermodynamically most stable form. This irradiation/warm-
ing could be repeated over multiple cycles without notable
signs of fatigue (Figure 1, insets).

The rate of thermal isomerization was determined over
a range of temperatures and the thermodynamic parameters
of activation were calculated using the Eyring equation (see
Table 1 and Figures S8 and S9 in the Supporting Information).
The Gibbs free energy of activation (A*G®) and correspond-
ing half-life (#;,) at room temperature for L2 are somewhat
lower than the values reported earlier for L1 (A™G (20°) =

Table 1: Thermodynamic parameters for the thermal isomerization of
unstable L2 and [Ru(bpy),(L2)](PFs), as determined by UV/Vis spec-
troscopy.

ATH A'S ATG (20°C)  t, (20°C)
[kfmol™  [Jmol'K™']  [kJmol™] [s]
L2 75.6 -27.0 83.5 85
[Ru(bpy),(L2)]*" 70.8 -10.9 74.0 1.7

Angew. Chem. Int. Ed. 2015, 54, 1145711461


http://www.angewandte.org

85 kJ mol~" and ¢, = 190 s; measured in hexane).””! Remark-
ably, A*G° and t,), are drastically reduced when L2 is ligated
to Ru™. This result indicates that metal-ligand coordination
does not only allow for visible-light excitation, but may also
induce an acceleration of the thermal helix inversion (THI)
step.

The photoinduced formation of the unstable isomers was
additionally monitored by low-temperature '"H NMR spec-
troscopy (Figure S10 and S11 in the Supporting Information).
The PSS;; ratios were determined as 81:19 and 54:46
(unstable/stable) for L2 and [Ru(bpy),(L2)](PFy),, respec-
tively. For the latter compound, correlation of the PSSy ratio
and the 480 nm absorption increase in the UV/Vis spectrum
gave an estimated PSS,s, ratio of 36:64.1%"

DFT calculations have previously been used to provide
accurate predictions of the energy barrier for the THI step of
overcrowded alkene-based motors.””) To better understand
the decrease in the A*G®° value upon metal complexation,
energy minimizations were carried out for the stable,
unstable, and transition-state (TS) structures of (R)-L2 and
the A-[Ru(bpy),{(R)-L2}]*" isomer. As reliable results have
been obtained for these type of compounds using the B3LYP
functional,”™ it was chosen along with the 6-31G+
(d,p):LANL2DZ mixed basis set and an IEFPCM, CH,Cl,
solvent model. However, it has been recently shown by Merz
and co-workers that the TPSSTPSS functional gives a better
approximation of the thermodynamic properties of transition-
metal complexes than B3LYP.PY For that reason, the struc-
tures were additionally optimized using the TPSSTPSS
method.

The optimized structures and their relative energies are
presented in Figure 2. The stable isomers were found to exist
in a twisted conformation having their methyl substituent in
pseudo-axial orientation (Figure 3). The same conformation
was observed in the X-ray structures of fluorenyl-derived
molecular motors and is preferred over anti folding because of
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Figure 3. Line drawing of L2 with numbering scheme and Newman
projections along the C=C bond illustrating the twisted conformations.

the rigidity of the lower half.””! The higher energy unstable
isomers also adopt the twisted conformation and, inherent to
these molecular motors,'*?! have their methyl substituent
oriented equatorially.

The DFT-optimized TS state geometry of (R)-L2 shows
a slightly bent diazafluorenyl lower half. Furthermore, the
A*G (20°C) THI barrier (83.9kJmol ') calculated from
B3LYP matches the experimentally obtained value
(83.5 kJmol™'; vide supra) very well. For A-[Ru(bpy).{(R)-
L2}]*", two TS structures were found: one with a planar
diazafluorenyl moiety and the other, which is 3.0 kJ higher in
energy, with a similar kind of diazafluorenyl bending as in the
unbound ligand (see Tables S12 and S13 in the Supporting
Information). As was anticipated, the TPSSTPSS method
provided the better approximation (74.1kJmol ') of the
experimentally determined (74.0 kJmol™') A*G® barrier.!!

The TS geometries that were optimized by using either the
B3LYP or TPSSTPSS method are structurally very similar
(see the Supporting Information for bond lengths and angles).
Overall, some very important structural differences between
L2 and [Ru(bpy),(L2)]*" can be identified, which might
explain the lower A¥G® barrier of the latter compound. For
the Ru" complex, the nitrogen—nitrogen distance (x) is
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Figure 2. Plots of the relative energies between the unstable, stable and transition state geometries of A) (R)-L2 and B) A-[Ru(bpy),{(R)-L2}]*"
optimized by DFT using either the B3LYP (solid line) or TPSSTPSS (dashed) functional. The structures depicted were obtained at the B3LYP/6-

31G + (d,p):LANL2DZ level of theory.
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2.80 A, whereas it is 3.02 A for the unbound ligand. In
addition, the Cg4-Cg,-C, angle (a; see Figure3 for the
numbering scheme) is 4-5 degrees larger after metal com-
plexation. Apparently, the diazafluorene lower half becomes
slightly contracted upon coordination to Ru", which results in
a decreased steric hindrance in the “fjord region” of the
molecule (Figure 3).

It has been well established by our group that the speed of
rotation of the molecular motor is determined by the size of
the substituents in this fjord region,’?! whereas electronic
effects were found to have no significant influence.’” The
present result shows that the rotary motion can also be
modified through metal-ligand interactions.

In conclusion, we have presented the first molecular
ligand motor L2 for metal complexation, in which the 4,5-
diazafluorene coordination motif is embedded in the motor
rotary function. The photochemical and thermal isomeriza-
tion behavior of this ligand is comparable to that of its
fluorenyl-based counterpart L1. Upon ligation to Ru", the
excitation wavelength could be shifted to the visible region
(A =450 nm) and in addition, a 50-fold increase of the rotation
speed was observed. Metal-ligand coordination thus offers
a very practical approach to alter the photophysical and
thermodynamic properties of these type of compounds.
Complexation using other metal ions is currently under
investigation in our laboratory. Ultimately, we aim to apply
these molecular motors in photoresponsive materials oper-
ated by visible light.
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