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Electronic Circular Dichroism Unravels Atropisomers of a
Broadly Absorbing Fulgide Derivative

Volker Hermanns,'® Maximilian Scheurer,”™ Andreas Dreuw,*™® Josef Wachtveitl *

Markus Braun,* and Alexander Heckel*'

We prepared and studied six atropisomers with different
chiroptical properties emerging from a single, robust, broadly-
absorbing fulgide photoswitch. After separation of the different
atropisomers via HPLC on a chiral column, their isomerization

Introduction

Photoactivatable compounds such as photolabile protecting
groups (photocages) and photoswitches are widely used for
achieving light control in different research areas."” Some of
the best explored photoswitches e.g. stilbene, azobenzene,
spiropyran and fulgide or fulgimide are already applied in
biological studies.”’ Reversible photoswitching enables turning
(biological) activity ON and OFF. Due to its broad absorption
range, thermal stability, and robust photochemistry, the fulgide
photoswitch is an ideal photochemical tool.*’ The
trifluoromethyl-substituted derivative developed by Yokoyama
and Takahashi® can be switched photochemically between
three different isomers at different wavelengths (Figure 1). The
(E)-isomer (open minor form) can be accumulated from the (2)-
isomer (open major form) at 365 nm. A photochemically
allowed, thermally forbidden pericyclic reaction of the (2)-
isomer results in the (C)-isomer (closed form) at 430 nm, which
is thermally stable. Besides synthetic modifications in previous
studies which optimized the photostability,”® many spectro-
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processes at room temperature and the energy barriers of the
different species were investigated in detail using spectroscopic
and theoretical methods.

En Zn Cs

non-cyclizable form cyclizable form closed form

Figure 1. The six isomeric forms of the fulgide photoswitch. There are three
different photoisomeric forms with two enantiomers each.

scopic studies improved the understanding of the photo-
chemical processes of the fulgide scaffold.®"

Up to now there are only few studies on the different
atropisomers of these species.?"?? A rotation between the C3
of the indolyl part and the adjacent carbon atom should be
possible. Yet, most of the existing studies do not take the
different atropisomers into account. In this study, we observed
that there is a rotation barrier, which arises from the steric
hindrance of the 6-membered benzenic ring of the indolyl part.
This observation is supported by theoretical calculations. Both
the carbonyl-oxygen of the (E)-isomer and the isopropylidene-
group of the (2)-isomer should in principle interfere with the
benzenic ring and with the methyl group at the 2-position of
the indolyl part. The differences between the two enantiomers
of the (C)-isomer are much more subtle. Upon ring-opening, a
helical molecular structure with right- or left-handed helicity is
formed which is based on the photochromic cyclohexadiene/
hexatriene motif. Thus, the ring-opening/ring-closure reaction
has a very significant effect on the helicity of the fulgide
compound.

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Results and Discussion

The thermally robust fulgide derivative was synthesized as
described in the literature” A first hint for the different
chemical context of the methyl groups of the respective
compounds could be observed via TH-NMR as all four methyl
group signals of the indole part of the two (E)-isomers show a
downfield shift compared to the (Z)-isomer. Also the individual
methyl groups at the isopropylidene substituent show different
chemical shifts (see Supporting Information).

With these observations, we wanted to take a closer look at
the individual atropisomers (Figure 1). The stereodescriptors
were assigned applying the rules of ref. [24] to the single bond
in the 3-position of the indolyl ring. To obtain the different (M)-
and (P)- atropisomers of the respective fulgide derivatives, we
used reverse-phase chiral column chromatography to separate
the different species (Figure 2). When we finally found out the
optimal solvent mixture, we observed two different, nearly
baseline- separated peaks for compounds Z,, and Z, and also
for Ey and E; (Figure 2). As the difference between the Cg and
C; isomers are very subtle, they could not be separated directly
by chromatography on the chiral column. However, the
absorption bands of the (C)-isomers are perfectly separated
from the (2)- and (E)-isomers and the conversion is very clean.
Therefore, by irradiation of Z,, and Z, at 430 nm, we were
finally able to obtain Cs and Cg, respectively.

The UV/vis spectra of each of the compounds were in
accord with previous literature (Figure 2b). After the separation,
it was now possible to study the ECD spectra of the different
isomers separately. Toluene was chosen because it is the
solvent in which the fulgide photoswitch is most often used.
Importantly, fulgide photoswitching was investigated in differ-
ent solvents before™ and the use of toluene resulted in higher
quantum yields and smaller barriers in the excited states for
the ring-opening reaction compared to for example
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Figure 2. Left: Preparative HPLC separation (isocratic 85 % n-hexane/15 %
ethanol) of the three species on a chiral support. (Daicel™ CHIRALPAK® 1 A,
5 pum, 20 mm x 250 mm, flowrate: 18 mL/min). Top: (C)-isomers with residual
(E)-isomers after irradiation at 430 Nnm (Ageec =590 nm). Middle: (E)-isomers
after accumulation by irradiation at 365 nm (Ageec =430 nm). Bottom: (2)-
isomers as obtained in the initial synthesis with a small amount of (E)-
isomers (Ageec—420 Nm). Right: The molar absorption coefficient of the
respective photoisomers.
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acetonitrile. The ECD spectra of the corresponding atropisom-
ers show the expected symmetry to the wavelength axis
(Figure 3).

With all six atropisomers in hand, we investigated the
thermal stability of each isomer. We therefore performed
thermal racemization experiments under light exclusion and
plotted the decaying ECD response at different temperatures
(Figure 4). The evaluation was performed in the indicated time
windows. We verified that the racemization occurs completely
without remaining offset signal. As expected, the C-atropisom-
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Figure 3. ECD spectra and pictures of the solutions of the corresponding
atropisomers dissolved in toluene, measured at room temperature.
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Figure 4. Thermal racemization for the different (E)- and (2)-isomers at 50°C.
Measurements at 35°C and 70 °C are shown in the Supporting Information.
ECD spectra were recorded during constant temperature and under light
exclusion. The y-axis shows the integral over the respective ECD curves at
the indicated times referenced to the one at the start of the investigation on
a logarithmic scale - indicative for the enantiomeric excess. All measure-
ments were performed in toluene.
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ers showed no significant thermal racemization up to 70°C, as
their rotation is locked through cyclisation (Table 1). When
comparing the (E)- and the (2)-atropisomers, we observed that
the (E)-atropisomers showed significantly higher thermal
stability and were nearly stable up to 50°C. Still, the two (2)-
atropisomers were relatively stable below 35°C which also
allows the use of this system for application at room temper-
ature or below. The photochemical and thermal properties of
all atropisomers are summarized in Table 1. Our experimental
data resulted in an energy difference of the rotational barriers
of about 2 kcal/mol for the transition between E,, and E, and
for Z,, and Z,, which fits well to similar rotational barriers in the
literature.””

To compare our experimental results and for the assign-
ment of the different atropisomers, theoretical calculations
were performed. A relaxed potential energy surface (PES) scan
for the torsion angle between the indole moiety and the
isopropylidene substituent using CAM—B3LYP/def2-SVP for (E)-
and (Z)-isomers is shown in Figure 5.

Computational details can be found in the Supporting
Information. For the (E)-isomer, two distinct barriers for the
rotation are identified at 0° and 180°, i.e. when the carbonyl
group is coplanar with the indole moiety. The energy profile of

Table 1. Photochemical and thermal properties of the different atropiso-
[a]
mers.

Experimental data

Compd. Mnax Kis <o) Koo kgoeo AG

(nm] (s s s [kcal/mol]
1En 447 n.obs. 0.0019 0.0193 23/22.9
1Ep 447 n.obs. 0.0029 0.0250 22.7/22.7
12, 427 0.0123 0.0962 n.d. 20.7/20.5
1Z, 427 0.0129 0.0769 n.d. 20.7/20.6
1Cq 572 n.obs. n.obs. n.obs. n.d.
1C 572 n.obs. n.obs. n.obs. n.d.

[a] All measurements were performed in toluene. n.d. means not
determined. n.obs. means k < 0.0001.
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Figure 5. Relaxed potential energy surface scan along the dihedral angle
connecting the indole moiety and the isopropylidene moiety. Constraint
optimizations were run at the CAM—B3LYP/def2-SVP level of theory. The (E)-
and (2)-isomers (Pp(E) =-165 ° and $(Z) =120 °) are illustrated above the
respective energy plot, and the four atoms defining the dihedral angle are
highlighted in orange. The direction of rotation (increasing dihedral angle)
are indicated by arrows. Energies are relative to the minimum energy found
in the respective scan.
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the (2)-isomer also possesses these two high-energy barriers,
however, due to the isopropylidene group passing the indole
moiety during rotation around the dihedral, two distinct
minima are found on each side of the 0° barrier. For the (E)-
isomer, these regions of the PES are quite flat with several local
minima. Nonetheless, the PES scans illustrate the differing
properties of (E)- and (2)-isomers for the interconversion
between their respective atropisomers. Also, compared to the
experimentally observed barriers for the rotation, the same
trend of the computed barriers is observed with the one for the
(E)-isomer being higher than the one for the (2)-isomer. The
discrepancy between the experimentally and computationally
determined barrier heights falls well within the expected error
of the computational approach.

From the PES scan snapshots as the starting point, we could
also obtain fully optimized geometries for the atropisomers to
correctly assign the experimental ECD spectra in Figure 3.

As these results led already to a clearer view about the
thermal and rotational properties of each atropisomers, we
tested whether the ECD-spectra and therefore the stereo-
chemical information stays intact upon photoswitching be-
tween the different photoisomers (2)-(C) and (E)-(2). Photo-
switching between (2)- and (C)-isomers at 20°C showed, that a
significant difference between the corresponding isomers can
be observed for more than 10 switching cycles (Figure 6). This
behavior shows again the robust photochemistry of the switch-
ing process between these two isomers. Photoswitching
between the (2)- and the (E)-isomer of the fulgide derivative
turned out to be more complex than (2)-(C) photoswitching, as
also described in literature. As irradiation of the (2)-isomer at
365 nm for switching from (2) to (E) results not only in the (E)-
form, the behavior was not as clear as for the (2)-(C)-switching.
Upon irradiation of the (2)-isomers with light at 365 nm there is
also some conversion to the (C)-isomer because of the over-
lapping absorption bands.

Figure 7 summarizes our results. The color of the (E)-isomers
after separation, dissolved in toluene turned out to be
brownish. The thermal racemization between E,, and E, at
room temperature is very slow with a high energy barrier of
about 23 kcal/mol. Both atropisomers show only one character-
istic ECD signal. Photoswitching to the respective (2)-isomer
can be performed by irradiation with 490 nm.

The (2)-isomer shows a yellow color when dissolved in
toluene. It can be switched to either the (E)- or the (C)-
photoisomers with 365 nm or 430 nm, respectively. It shows
two characteristic peaks in the ECD spectrum and only slow
thermal racemization between Z, and Z,, at ambient temper-
atures. Cz and Cg do not thermally racemize directly. These
isomers are dark violet, when dissolved in toluene and have a
high extinction coefficient. The ECD signal shows two charac-
teristic signals (at 365 nm and 580 nm) of opposite sign.

Conclusion

In summary, we identified all atropisomers of the described
thermal robust fulgide derivative and determined the rotational

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 6. Photoswitching cycles upon repetitive irradiation of Z, (a) and Z, (b) in toluene at 430 nm and 550 nm.
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Figure 7. Atropisomers of the fulgide derivative. Photoisomerization can be
done between the E and the Z or between the Z and the C form, when
choosing the right wavelength. The thermal isomerization rates were
determined via CD spectroscopy and compared with the energy barrier
values from the computational calculations. The assignment of the isomers
(blue/red) to the right ECD-spectrum (blue/red) was performed with
computational methods.

barriers of the (Zy), (Zp), (Ey) and (Ep)-isomers with experimental
and theoretical methods. Additionally ECD spectra of all six
isomers, which are complementary across the whole spectrum,
are presented.
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