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Abstract: Tuning the thermal behavior of light driven
molecular motors is fundamentally important for their future
rational design. In many molecular motors thermal ratcheting
steps are comprised of helicity inversions, energetically
stabilizing the initial photoproducts. In this work we inves-
tigated a series of five hemithioindigo (HTI) based molecular
motors to reveal the influence of steric hindrance in close
proximity to the rotation axle on this process. Applying a
high yielding synthetic procedure, we synthesized constitu-
tional isomeric derivatives to distinguish between substitution

effects at the aromatic and aliphatic position on the rotor
fragment. The kinetics of thermal helix inversions were
elucidated using low temperature 1H NMR spectroscopy and
an in situ irradiation technique. In combination with a de-
tailed theoretical description, a comparative analysis of
substituent effects on the thermal helix inversions of the
rotation cycle is now possible. Such deeper understanding of
the rotational cycle of HTI molecular motors is essential for
speed regulation and future applications of visible light
triggered nanomachines.

Introduction

For the past two decades the field of light driven molecular
motors[1] has been expanding vividly.[1b,c,2] Recently synchronous
motion,[3] the transduction of directional motion at the
molecular[4] or macroscopic scale,[5] high level control of motor
functionality,[6] applications in catalysis,[7] or the exploration of
alternative motor concepts, both experimentally and
theoretically,[2a,c,h,j,l,8] have been achieved. Yet, applications in
biology related fields[9] are still limited by the need for using
high energy UV light for most molecular motor operations.
Employing indigoid chromophores[10] as chemical core struc-
tures, we have been able to shift addressability of molecular
switches and motors into the region of less energetic visible

light. Three different types of molecular motors have been
developed by our group so far using hemithioindigo (HTI)[2j,10b,11]

as structural platform. The first type operates similar to the
classical Feringa motor in four different steps in which two
photoisomerization reactions are intersected by thermal helix
inversion steps.[2e–g,i,4a] The second type of motor operates in
three steps each of which is light driven and thus thermal
ratcheting steps are omitted.[2h] The third type allows a more
complex directional motion to be realized where a figure eight
shape is followed in four distinct steps.[2j]

The first type of HTI based molecular motors is able to
perform a fully directional and repetitive rotation around the
central double bond upon visible light input. To decipher the
whole rotational cycle with the high resolution power of NMR
spectroscopy we increased the steric hindrance in close
proximity to the central double bond.[2g] The resulting higher
ground state barriers for thermal helix inversions enabled a
direct experimental observation of the sequential population of
all four ground state intermediates and thus of the unidirection-
ality. Later studies with ultrafast spectroscopy enabled also a
comprehensive mechanistic picture of the excited state proc-
esses in the original HTI motor[2f] and in a series of three HTI
motors with increased steric hindrance at one position of the
rotor fragment.[12] In the present work we used our previously
developed synthetic methodology[2g] to synthesize two new
and constitutional isomeric HTI motor derivatives in order to
investigate the influence of sterically demanding substituents at
different sides of the rotor fragment. With these new derivatives
in hand a series of five HTI motors 1–5 with different steric
hindrance in close proximity to the photoisomerizable double
bond could now quantitatively be compared with respect to
their thermal ratcheting processes.
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Results and Discussion

General setup of the HTI motor comparison

The unidirectional rotation mechanism of selected first type HTI
motors has been explored previously by variable temperature
1H NMR spectroscopy as well as multiscale broadband transient
absorption measurements and resembles the rotation cycle
followed by overcrowded alkenes.[2g] Figure 1 depicts the
general energy profile of their light powered rotation and the
corresponding structures of the four different ground state
minima populated during this process in a repetitive sequence.
These structures all contain a stable sulfoxide stereocenter and
differ by the configuration of the double bond and the helical
twist of the rotor part relative to the stator part. Their individual
stereo configuration is given in Figure 1 together with the more
convenient labeling A to D, which is used in the following.

Irradiation of E-configured isomer A leads to photoisomeri-
zation of the central double bond and population of Z-
configured isomer B. In the next step isomer B converts to the
thermodynamically more stable isomer C in a thermal helix
inverting step. This concludes the first unidirectional 180°

rotation. A photoinduced Z/E isomerization of isomer C to the
metastable isomer D is again followed by a thermal helix
inversion, which regenerates isomer A as the starting point of
the cycle. In sum a repetitive rotary motion occurs as long as
light and sufficient thermal energy is available. All HTI-based
motor derivatives 1–5 exhibit higher energy barriers (ΔG� =

13.10–15.39 kcal/mol) for the thermal D to A helix inversions,
which facilitates direct observation of this step by low temper-
ature 1H NMR spectroscopy. Thermal B to C isomerizations are
accompanied by lower energy barriers, which impeded direct
observation of this process for the first generation of this type
of HTI based molecular motors. After synthesizing sterically
crowded derivatives, exhibiting significantly higher barriers for
their thermal helix inversions, the elusive B to C ground state
process could be observed directly by low temperature 1H NMR
spectroscopy.[2g] To this end different aliphatic groups were
introduced at the aromatic position of the rotor fragment in
close vicinity to the central double bond. In this work we
compare the formerly studied derivatives 1, 2, and 5, which
vary in the steric hindrance of substituents at the aromatic part
of the rotor fragment with two newly synthesized derivatives 3
and 4 (Figure 1). The new derivatives are constitutional isomers
of each other and steric hindrance is varied systematically on
both sides, e.g. the aromatic position (R1) and the aliphatic
quaternary carbon (R3) of the rotor fragment. This also allows
for the first time to probe the influence of varied sterics at the
aliphatic quaternary carbon center of the rotor fragment and at
the same time reveals important design criteria for conscious
adjustment of motor performance in the future.

Synthesis

The synthesis of derivatives 1, 2, and 5 was previously
reported.[7a,b] Derivatives 3 and 4 were synthesized following the
same protocol as used for derivatives 2 and 5 (Figure 2; for full
details of the synthesis see the Supporting Information). A
nucleophilic addition of an in situ generated lithium acetylide
species Li-6 to indanones 7 and 8 bearing different substituents
delivers the corresponding propargylic alcohols in 75% yield for
derivative 9 and 89% for derivative 10. An acid catalyzed Meyer
Schuster rearrangement and consecutive oxidation with perbo-
rate yielded intermediate enone sulfoxides 13 and 14. The
sulfoxides are transformed in situ to reactive chlorosulfonium
species by addition of oxalyl chloride, which underwent a
multistage ring closing reaction towards the corresponding
HTIs 15 and 16. Final oxidation delivers motor derivative 3 with
79% and derivative 4 with 69% overall yields, when starting
from the isolated propargylic alcohols. This protocol also works
without purification of synthetic intermediates and excellent
overall yields of 59% for 3 and 61% for 4 could be achieved for
these four-step sequences. Racemic crystals suitable for struc-
tural analysis were obtained for isomers A and C of HTI motor 3
(Figure 2).

Figure 1. General energy profile of HTI molecular motors 1–5 with assign-
ment of the stereo configurations. One full rotation cycle consists of two
light induced photoisomerizations (indicated by blue arrows), which are
separated by two thermal helix inversions in the ground state. The former
convert isomer A to B and isomer C to D. The latter convert isomer B to C
(ground state energy barrier ΔG�

B-C corresponding to the transition state
TSB-C) and isomer D to A (ground state energy barrier ΔG�

D-A corresponding
to the transition state TSD-A). All derivatives exhibit lower energy barriers for
thermal B to C helix inversions rendering the helix inversion from D to A the
rate limiting step in terms of thermal energy.
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Kinetic measurements and light powered unidirectional
rotations of 3 and 4

The Gibbs energy of activation ΔG�
D-A of the thermal D to A

helix inversion for motors 1–5 as well as ΔG�
B-C for the B to C

helix inversion of motor 5 were measured by low temperature
1H NMR spectroscopy using an in situ irradiation technique. To
this end motors 1–5 were dissolved in CD2Cl2 or in a 4/1 mixture
of CD2Cl2/CS2 and subsequently NMR samples were cooled to
� 70 to � 105 °C. At suitable low temperatures, irradiation with
blue light leads to accumulation of the metastable states B
(only visible in the NMR spectra for HTI motor 5) and D (visible
for all HTI motors). Their thermal decays in the dark were
followed by recording a series of NMR spectra over the course
of seconds to several hours, depending on the specific rate
constants of the reaction. Kinetic analysis confirmed the helix
inversions as first order reactions allowing to determine the
ΔG� values for these processes. Due to very fast thermal
relaxation the corresponding ΔG�

B-C values for thermal B-1 to
C-1 and B-2 to C-2 conversions were obtained by time resolved
absorption spectroscopy at 22 °C in CH2Cl2 solution using a
multiscale broadband setup covering 12 orders of magnitude in
time, as previously reported.[12]

The experimental data obtained for derivatives 3 and 4
evidence unidirectional motor behavior analogous to the
previously studied HTI motor derivatives 1, 2, and 5. The
photoreactions of pure isomers C-3 and C-4 at � 80 °C were
followed by recording a series of 1H NMR spectra during
470 nm illumination. The irradiation leads to build up of a new
set of signals in each case, which could be assigned to the D-3

and D-4 isomers, respectively. The thermal decay of isomers D-
3 and D-4 was followed after switching off the light at low
temperatures in the dark. Only isomers A-3 and A-4, respec-
tively were repopulated during this process. Thermal annealing
of the solutions to ambient temperature and subsequent re-
cooling to low temperature directly showed conversion of at
least 95% of D-3 and D-4 to A-3 and A-4, respectively as
determined by the accuracy of 1H NMR spectroscopy. Therefore,
complete unidirectionality of 180° double bond rotation leading
from isomeric state C to A could be shown directly and
unambiguously for the new HTI motors 3 and 4. The
corresponding energy barriers were found to be ΔG�

D-A=

14.30 kcal/mol for motor 3 and ΔG�
D-A=15.43 kcal/mol for

motor 4.
The photoreactions of pure A-3 and A-4 were followed at

� 80 °C and � 70 °C, respectively using 1H NMR spectroscopy. It
could be observed, that immediately after irradiation began,
the known set of signals of isomers C-3 and C-4 started to build
up. Only afterwards the signals of isomers D-3 and D-4 also
began to rise until a steady state isomer composition was
reached in the photostationary state (pss). These measurements
can be interpreted as follows: Photoisomerization of isomer A
leads to a very short-lived isomer B, which cannot be observed
at � 70 to � 80 °C with 1H NMR spectroscopy. Fast thermal
conversion of B leads to isomer C, which was observed as the
apparent first product formed during the irradiation experi-
ment. Isomer C is accumulating due to the initial high
concentration of isomer A, which is the predominant photon
absorbing species at this time point of the experiment. As soon
as isomer C concentration is high enough in the irradiated

Figure 2. Synthesis of motor derivatives 3 and 4. i) nBuLi, THF, � 78–0 °C, 75% for 9 and 89% for 10; ii) H2SO4, THF, 23 °C; iii) Sodium perborate, AcOH, 23 °C; iv)
Oxalyl chloride, CH2Cl2, � 50 °C; v) Sodium perborate, AcOH, 23 °C, 3 h, 79% for 3 and 69% for 4 over 4 steps. Overall yields of 59% for motor 3 and 61% for
motor 4 were achieved. Structures in the crystalline state could be obtained for racemic C-3 and A-3. Structures with (S) configuration are shown exemplarily.
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sample solution, light induced conversion of isomer C leads to
detectable amounts of the next intermediate D of the rotation
cycle, which can be seen in the decrease of isomer C and the
increase of D at a later point of time of the experiment.
Accumulation of isomer D occurs, because low temperature
prevents its fast decay, until the pss between C and D is
reached. Similar to the original first generation HTI motor a
contradictory behavior is observed with isomer C seemingly
attending two different photoequilibria depending on the
starting point. If starting from C itself a photo equilibrium with
thermally stable D is established, while starting from A the
same stable isomer C seems to be the photoproduct. In reality,
the latter does not represent a true photoequilibrium between
A and C but in fact a mixed process of A to B photo-
isomerization and instant thermal helix inversion from B to C.
This behavior gives indirect evidence, that isomer B is thermally
very labile and is therefore not observed during the NMR
experiment, but instead only its thermal conversion product C.

Discussion

To obtain comprehensive and quantitative insights into the
influence of different substitution patterns on the thermal
ratcheting steps of HTI based molecular motors, we compare all
five motors 1–5 in the following (Figure 3). The experimentally
determined Gibbs energies of activation ΔG� values as well as
ΔG values of individual states A to D are summarized in
Figure 3b (experimental values) and c (values derived from the
theoretical description). Within the whole series, motors 1, 2, 4,
and 5 bear substituents with increasing steric demand at the
aromatic part of the rotor fragment. A considerable increase of
the energy barrier for the thermal D to A helix inversion of
1.94 kcal/mol is observed, when comparing the methoxy-
substituted derivative 1 to the methyl-substituted derivative 2
in this sub-series measured in pure CD2Cl2. Changing the
methyl-substituent in 2 to an ethyl-substitution in derivative 4
increases ΔG�

D-A by another 0.39 kcal/mol in pure CD2Cl2
solutions. Comparison of motor 4 and 5, which represent
further steric increase at the aromatic position, is possible for
the solvent mixture CD2Cl2/CS2 (4/1). The decay of the
metastable isomers D is slightly faster in case of motor 4 with a
ΔG� difference of 0.11 kcal/mol. At this point the influence of
CS2 addition to the CD2Cl2 solvent can also be assessed for the
thermal D to A helix inversion of 4 showing a slight acceleration
in the mixed solvent by 0.15 kcal/mol. Thus, it can be stated,
that increased steric hindrance at the aromatic position in the
series of 1, 2, 4, 5 leads to significant deceleration of the
thermal D to A conversion.

When looking at the B to C helix inversion even larger
effects are observed for substitution changes at the aromatic
side of the rotor fragment, that is within the sub-series 1, 2, (4),
and 5. Exchange of the methoxy-group (motor 1) by a methyl-
group (motor 2) leads to an increase of ΔG�

B-C of 3.74 kcal/mol.
Changing the methyl-group to an iso-propyl group (motor 5)
further increases the barrier by another 2.49 kcal/mol. Taking
into account the theoretical description, the change from a

methyl group (motor 2) to an ethyl group (motor 4) leads to an
intermediate increase of ΔG�

B-C of 1.85 kcal/mol. Comparing the
range of experimentally determined energy changes induced
by increasing steric hindrance on the aromatic side from a
methoxy to an iso-propyl substituent (i. e., an increase of
6.23 kcal/mol for ΔG�

B-C and a corresponding increase of
2.29 kcal/mol for ΔG�

D-A), it can be concluded that the thermal
B to C helix inversion is more sensitive to structural changes at
the aromatic part of the rotor than the D to A helix inversion.

In motors 2 and 3 the steric demand is increased at the
aliphatic quaternary carbon center (R3) on the rotor fragment,
while sterics at the aromatic side are kept the same. Comparing
derivatives 2 and 3 therefore allows to decipher whether
increase in the steric demand at the quaternary carbon center is
also effective for increasing the energy barriers for the thermal
helix inversion steps. Thus, the effects of increasing sterics on

Figure 3. Energy comparison between HTI based molecular motors 1–5 with
increased steric hindrance. The corresponding experimentally determined
and calculated ΔG� and ΔG values are given in kcal/mol. a) Structures of the
HTI based molecular motors are depicted as (S) configured isomer A. b)
Experimentally determined energy values obtained either by variable
temperature 1H NMR spectroscopy or by applying time resolved transient
absorption measurements. 1) Values determined in CH2Cl2 at 22 °C by
transient absorption measurements. 2) Measured in CD2Cl2/CS2 (4/1 ratio) by
low temperature 1H NMR spectroscopy (ΔG�

D-A 2: � 80 °C; 4, 5: � 70 °C and
ΔG�

B-C 4, 5: � 105 °C). 3) Measured in CD2Cl2 by low temperature 1H NMR
spectroscopy (1: � 90 °C; 3: � 80 °C; 4: � 70 °C). 4) Measured in toluene-d8 (1, 3,
4 and 5) or xylene-d10 (2) at 100 °C by 1H NMR spectroscopy. 5) Thermal decay
of metastable isomers D monitored simultaneously in an equimolar CD2Cl2
solution of 2 and 3 at � 80 °C. c) Calculated energy values of the ground
state energy profile are provided on the MPW1 K/6-311G(d,p) level of theory
and are given in kcal/mol.
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both sides of the rotor fragment can be probed independently
from each other. Moreover, since derivative 3 is a constitutional
isomer of derivative 4, it can be derived, which position
dominates the energy barriers of thermal helix inverting steps
by comparing all three isomers 2, 3, and 4. The obtained results
are summarized in Figure 4.

For derivatives 2 and 3 the kinetics of thermal D to A
conversion are very similar. Therefore the kinetics of this
process were measured in a mixture of 2 and 3 in roughly 1 :1

ratio at � 80 °C in CD2Cl2 solution (Figure 4b and c). From this
experiment it becomes evident (even by visual inspection) that
thermal decay of D-3 (ΔG�

D-A=14.30 kcal/mol in CD2Cl2 and
14.64 kcal/mol in CD2Cl2 in the presence of 1 equiv. of 3) is
indeed faster than the decay of D-2 (ΔG�

D-A=14.38 kcal/mol in
CD2Cl2/CS2 (4/1) and 15.04 kcal/mol in CD2Cl2 in the presence of
1 equiv. of 2). The ΔG�

D-A values for 2 and 3 are both smaller
than the value for derivative 4 (15.43 kcal/mol in in CD2Cl2 and
15.28 kcal/mol in CD2Cl2/CS2 (4/1)). Contrary to the decelerating

Figure 4. Comparison of the thermal helix inversions for motor derivatives 2, 3 and 4. a) Steric increase at the aliphatic quaternary carbon center leads to a
decrease of ΔG�

D-A from 15.04 kcal/mol for motor 2 to 14.64 kcal/mol for motor 3. Increased sterics at the aromatic position leads to an increase of ΔG�
D-A

from 15.04 kcal/mol to 15.43 kcal/mol. b) Selected signals of the 1H NMR spectra, recorded during the thermal decay of isomers D-2 and D-3 in a mixed
solution with equimolar concentration of motor 2 and 3. The decay of D-3 (turquoise) is faster than the decay of D-2 (black). c) First order kinetic analysis of
thermal D to A conversion for motors 2 and 3 derived from the kinetics experiment of a 1 :1 mixture of both motors. Faster isomer D decay for motor 3 than
for motor 2 is observed.
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effects of increasing sterics at the aromatic positions, steric
increase at the aliphatic quaternary carbon center does in fact
lead to a decrease of the energy barrier of thermal D to A helix
inversion and thus acceleration of this process. The correspond-
ing ΔG�

B-C values for the thermal helix inversion from isomers B
to C could not be assessed experimentally for the new
derivatives 3 and 4 and thus steric influences cannot be
compared quantitatively at the aliphatic side of the rotor
fragment.

From the experimental kinetic data it is not possible to
conclude whether changes in the ground state energies, for
example, changes of the Gibbs free energy ΔG of the
metastable isomers B and D, are responsible for the varying
energy barriers of thermal helix inversions or if the transition
state energies ΔG� are directly influenced themselves by the
structural changes. The group of Feringa already reported about
both phenomena,[9] rendering a prediction of the effects of
increased steric hindrance in close proximity to the rotation
axle difficult. Experimental access to the relative ground state
Gibbs free energies ΔG is hampered in HTI motors because of
the large energy differences between metastable and stable
isomers, leading to exclusive population of the stable isomers A
and C under equilibrium conditions.

Theoretical description

To gain further insights into the energy-landscape changes
associated with the different substitutions in HTI motors 1–5, a
comprehensive theoretical assessment on the MPW1K/6-311G
(d,p) level of theory was performed. The theoretical description
also delivers further information on experimentally not acces-
sible key features of the ground state energy profile. Detailed
information about the theoretical description of motor 3 and 4
can be found in the Supporting Information. Theoretical data
for derivatives 1, 2, and 5 on the same level of theory can be

found in references.[2e,g] In Figure 5 the obtained calculated
energies for motors 2–5 are summarized.

For all derivatives 1–5 four ground state minima A� D were
found as well as two energetically low lying transition states
(TS), associated with the two helix inverting processes D to A
and B to C. For all optimized structures frequency analyses
confirmed them to be stationary points. One imaginary
frequency was obtained for the transition states showing that
they are first order saddle points on the hyper-potential energy
surface.

Considering the minimum structures A and C, the theoret-
ical description reproduces very well the experimentally
observed stability order, which is C<A for motor 1 and A<C
for all other motors 2–5. Likewise absolute energies compare
well between theory and experiment. It was previously
reported, that the experimental ΔG�

D-A (and ΔG�
B-C) values of

motors 1, 2, and 5 are also in good agreement with the
theoretically obtained values.[7] The corresponding theory
values for ΔG�

D-A of motor derivatives 3 and 4 were likewise
found to be in good agreement with the experimental values
measured in solution.

The calculated ground state minima B and C and the
corresponding transition state energies of motor derivatives 2,
4, and 5 exhibit direct correlations with increasing steric bulk of
the aromatic substituent on the rotor fragment, which is
illustrated in Figure 5a. Increasing the steric hindrance from
derivative 2 to 5 leads to a noticeable decrease of the ground
state minimum energies of isomers B and C, with larger effect
on the former. At the same time increased steric hindrance
leads to significantly increased energies of the transition state
TSB-C, connecting the B and C minima. The calculated increased
barrier ΔG�

B-C within this series is therefore a direct conse-
quence of the sum of both trends. Although the observed
stabilization of the metastable isomer B with increasing steric
bulk at the aromatic position appears counterintuitive it

Figure 5. Ground state energy profiles of the of motors 2 (black), 3 (blue), 4 (green), and 5 (red) describing the thermal B to C isomerization as calculated on
the MPW1K/6-311G(d,p) level of theory. Free enthalpies are given in kcal/mol. a) Comparison of derivatives 2, 4 and 5, which represent a series of increased
steric bulk at the aromatic position. A direct correlation is observable. Increased steric hindrance leads to noticeably decreased minimum energies for isomers
B resulting in increased barriers for the helix inversion. b) Comparison of derivatives 2 and 3. A possible explanation for the theoretically predicted decreased
barrier for thermal B to C helix inversion is the calculated destabilization of isomer B-3.
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provides an explanation for the measured ΔG�
B-C trend in the

experiments.
The experimentally determined energies ΔG�

B-C for motors
2 and 5 are consistent with the theoretical description but
experimental data for derivative 4 are missing because of the
apparently low energy barrier hampering NMR analysis. The
theoretical description of derivative 3 predicts a noticeable
decrease of the energy ΔG�

B-C and a higher minimum energy
ΔG of isomer B as compared to 2. This is again consistent with
the corresponding energy ΔG�

D-A calculated for the D to A
conversion, which was also confirmed experimentally by the
direct comparison experiment in a 1 :1 mixture of motors 2 (less
sterical hindrance ΔG�

D-A=15.17 kcal/mol) and 3 (increased
sterical hindrance ΔG�

D-A=14.21 kcal/mol). Future time re-
solved experiments have to be carried out in order to verify the
theoretical prediction for the B to C conversion of motor 3. If
the theory will be confirmed, a destabilization of the ground
state energy of metastable isomer B could be indeed respon-
sible for the lowered barrier of the thermal B to C conversion
despite an increase in steric hindrance in the case of derivative
3.

Conclusion

In conclusion we have studied a series of five HTI molecular
motors quantitatively with respect to the influences of different
steric substitution effects on their thermal ratcheting motions. It
could be shown, that increased steric hindrance at the aromatic
position of the rotor fragment is decelerating thermal helix
inversion, which interconverts isomer D to A. On the contrary
increased sterics at the aliphatic quaternary carbon center, as it
was shown for derivative 3, leads to faster thermal D to A
conversion. As the thermal speed limit is dictated by the
highest energy barrier of the whole rotation cycle, both
positions are suitable for maximum speed tuning of HTI based
molecular motors. Decreasing the steric bulk at the aromatic
position and increasing it at the quaternary carbon position
would therefore be most effective in accelerating the thermal
motor steps significantly. An even more pronounced sensitivity
towards steric increase at the aromatic position is observed for
the B to C helix inversion, which is however a much faster
process as compared to the D to A conversion. Theoretical
calculations generally reproduced the ground state energy
profiles of all HTI motors well. Similar to the thermal D to A
conversion, theory also predicts a decrease of the thermal B to
C helix inversion of motor 3, despite an increase of steric
hindrance near the rotation axle, which will be tested exper-
imentally by time resolved spectroscopy in the future. Taken
together, this study delivers quantitative data suitable for the
rational design of novel HTI based motors with specific
maximum rotational speeds, that can be optimized for future
applications in catalysis, molecular mechanics, or integrated
molecular machinery.

Experimental Details
Full experimental details of synthesis, motor analysis, photoisome-
rization reactions, thermal reactions, photophysical properties,
crystal structures, NMR of intermediates and theoretically obtained
geometries can be found in the Supporting Information.

Deposition Number(s) 2070299 (for A-3), and 2070300 (for C-3)
contain(s) the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service www.ccdc.cam.ac.uk/structures.
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