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and Ben L. Feringa *a

Chiral optical switches, which use light to control chirality in a reversible manner, offer unique properties

and fascinating prospects in the areas of molecular switching and responsive systems, new

photochromic materials and molecular data processing and storage. Herein, we report visible light

responsive chiroptical switches based on tetrahedral boron coordination towards an easily accessible

hydrazone ligand and optically pure BINOL. Upon instalment of a non-planar dibenzo[a,d]-cycloheptene

moiety in the hydrazone ligand's lower half, the enantiopure boron complex shows major chiroptical

changes in the CD read-out after visible light irradiation. The thermal isomerization barrier in these

chiroptical switching systems showed to be easily adjustable by the introduction of substituents onto the

olefinic bond of the cycloheptene ring, giving profound control over their thermal stability. The control

over their thermal stability in combination with excellent reversibility, photochemical properties and

overall robustness of the complexes makes these BINOL-derived chiroptical switches attractive

candidates for usage in advanced applications, e.g. photonic materials and nanotechnology.
Introduction

Molecular photochromic switches, where two states are photo-
chemically interconverted, hold great promise in, amongst
others, the elds of molecular memory and data storage,
supramolecular chemistry and nanotechnology.1–11 The exploi-
tation of light as a stimulus offers the exceptional possibility of
gaining high spatial temporal control whilst remaining non-
invasive and waste-free. Over the past decades, a wide variety
of photochromic switches, such as azobenzenes,12–14 (stiff)stil-
benes,15,16 overcrowded alkenes,17–19 diarylethenes,20,21 spi-
ropyrans22,23 and (acyl) hydrazone switches,24–26 all possessing
a unique set of photophysical properties, have been investi-
gated. Recently, there has been a major interest in the devel-
opment of switches addressable upon visible light irradiation in
order to move away from the highly energetic and potentially
damaging ultraviolet (UV) excitation wavelengths.27–32 Illustra-
tive are the tetra-ortho substituted azobenzenes designed by
Woolley et al.33 and the easily accessible azo-BF2 complexes
designed by Aprahamian and co-workers where the
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photoisomerization of the hydrazone-based ligand is solely
performed using visible34 or near infrared light.35

For the majority of the photochromic switches, sampling in
the absorption bands using UV-vis spectroscopy is the most
common method for detection of isomerization. However, this
readout process concomitantly induces excitation and subse-
quent interconversion between the two states, which might lead
towards destruction of photochromic memory aer several
readout operations.1,2,36 In that respect, chiral optical switches
are a privileged class of photochromic molecules, as nonde-
structive readout of such systems is feasible by monitoring the
optical rotation at wavelengths remote from the excitation
wavelengths.37,38 Various chiral switching systems based on
photochromic molecules have been developed: (a) stereospe-
cic photochemical interconversion of enantiomers using
circularly polarized light (CPL),39 (b) the photoisomerization of
two bistable diastereomeric forms, i.e. P and M0 helices, using
two different excitation wavelengths37,40–42 and (c) the instal-
ment of an achiral photochromic unit (A) onto a chiral auxil-
iary.21,38 A major advantage of the latter approach is the
possibility of using an enantiopure chiral auxiliary, hereby cir-
cumventing the need for tedious HPLC separation of enantio-
mers or diastereomers aer preparation as is the case in
methods a and b.

The 1,10-bi-2-naphthol (BINOL) scaffold has received
considerable interest as chiral auxiliary in chiroptical switching
systems43 and chiral dopant in liquid crystalline material44 as
both enantiomers can be readily separated and are highly stable
Chem. Sci., 2022, 13, 9713–9718 | 9713
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Fig. 1 Top: synthesis of chiral tetracoordinated boron-integrated
hydrazone complexes via demethylative direct borylation. Bottom:
crystal structures of complexes 1 and 3. Structures are showing 50%
probability ellipsoids; hydrogens and solvents are omitted for clarity.
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towards racemization. The intrinsic axial chirality of the BINOL
framework was used for photoinduced chiroptical switching of
the handedness of cholesteric phases in a liquid crystal matrix
upon instalment of two photochromic azobenzene moieties (A)
at the 5,50 positions remote from its C2-axis.45 In a related
system, the photoisomerizable azobenzene modalities were
inserted on the 2,20- positions of the optically pure binapthyl
core, thereby altering the dihedral angle between the two
naphthalene regions upon irradiation.46 Although these chi-
roptical switches allow for a change in circular dichroism (CD)
readout upon irradiation, their overall applicability is limited
due to non-orthogonal switching behavior of both azobenzene
moieties, modest change in molar ellipticity upon irradiation,
the usage of UV excitation in one of the isomerization direc-
tions, long irradiation times and multiple synthesis and puri-
cation steps.

Taking inspiration from the visible light responsive azo-BF2
complexes discovered by Aprahamian and co-workers,34,35 in
combination with our longstanding expertise in the exploitation
of BINOL as versatile ligand in asymmetric catalysis,47 we
devised BINOL-derived chiroptical switches based on boron
integrated hydrazone complexes. As boron shows high affinity
for nitrogen containing ligands as well towards bidentate diols,
it was envisioned that co-complexation of optically active BINOL
and an easily accessible, hydrazone ligand possessing two
nitrogen coordination sites, i.e. a bidentate ligand, onto a boron
centre would yield a potential chiroptical switch. We envision
a system based on condensation of pyridyl hydrazine onto
a rigid, tricyclic diaryl ketone affording a privileged hydrazone-
based ligand, as coordination of the hydrazino nitrogen lone
pair at the boron centre brings the switching axis, the C]N
bond, in close proximity to the BINOL framework. In other
words, we expect the rigid lower half of the hydrazone ligand to
sterically interact with this chiral auxiliary to induce a helical
geometry within the structure, leading to an inversion of the
overall helicity of the complex upon irradiation resulting in
a substantial change in molar circular dichroism and thereby
generating robust CD readout.

Results and discussion

Starting from condensation reactions involving commercially
available 2-hydrazinopyridine and rigid, diaryl ketones, such as
uorenone (X ¼ –) and dibenzosuberenone (X ¼ C2H2), the
bidentate hydrazone ligands were obtained in good yields
(Fig. 1). The tendency of boron to form tetracoordinated dimeric
complexes in the presence of bidentate diols, such as (R)-
BINOL,48 prompted us to apply a demethylative direct bor-
ylation methodology. The key step is the boron-mediated
demethylation of the doubly methylated phenolic BINOL
moiety followed by consecutive addition of the hydrazone
facilitated by a Brønsted base resulting in the formation of
strongly coloured, optically pure complexes 1 to 4. An asym-
metric uorene-based hydrazone was used in complexes 1 and 2
in order to probe the viability of photoisomerization of such
tetracoordinated boron complexes based on the change in cis–
trans ratio during irradiation. Complexes 3 and 4 were designed
9714 | Chem. Sci., 2022, 13, 9713–9718
to further distort the planarity of the hydrazone ligand, leading
to an overall helical geometry of these complexes. Steric
obstruction within these complexes is expected upon switching
and thereby imposing potential thermodynamically unfav-
ourable, metastable isomers with inverted helicities.

Single crystals of complexes 1 and 3 suitable for X-ray
diffraction were grown by slow diffusion of hexane into meth-
ylene chloride (CH2Cl2) at 5 �C (Fig. 1 and S6†). In both cases,
tetrahedral geometry around the boron centre was observed.
The boron coordination with the pyridyl nitrogen along with the
hydrazino nitrogen forms a ve-membered ring, bringing the
optically pure BINOL ligand in close proximity to the switching
unit of complex 1, having N–B bond lengths of 1.566(4) and
1.634(4) Å, respectively. The instalment of a rigid, non-planar
cycloheptene-based hydrazone in complex 3 had no signi-
cant inuence on the N–B bond lengths as those are respectively
1.556(2) and 1.629(2) Å. As both bidentate ligand are connected
in tetrahedral fashion around the central boron atom,
complexes 1 and 3 are classied as heterocyclic spiro
compounds experiencing axial chirality (Sa). In the solid state,
these complexes are bench stable under aerobic conditions for
a period over two years.

In order to examine the photophysical behaviour of complex
2 in solution, the photoisomerization was studied by UV-vis and
1H NMR spectroscopy (Fig. 2 and S5†). Prolonged irradiation
using cyan light (528 nm) of a thermally equilibrated trans-
enriched NMR sample (CD2Cl2, 293 K) led to change in trans–cis
ratio until the photostationary state (PSS 48 : 52) was reached.
As both isomers display identical UV-vis spectra, reversed
photoinduced isomerization to the initial state is not feasible.
We found additional evidence of cis–trans isomerization when
we compared LCMS spectra of compound 2 before and aer
irradiation. These results show such complexes can be photo-
chemically isomerized using visible light, yet the rigid uorene-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis spectrum of complex 2 (CH3CN, 298 K, 10�5 M) (b)
Photoisomerization of 2 using 528 light nm probed by the intensities of
the methoxy resonances over time (CD2Cl2, 298 K, 400 MHz).
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based part of the hydrazone ligand does not induce helicity in
complex 2 meaning there is negligible steric congestion with
the BINOL framework upon switching. As a consequence of the
absence of steric obstruction, there is no thermal isomerization
towards the initial state at ambient temperatures. Nevertheless,
it has been shown that steric hindrance in overcrowded alkene
based chiroptical switches is fully adjustable and could be
tuned by modication of the bridging unit X in the rigid,
tricyclic lower half resemblant to the lower half of complex 2.49

It can therefore be foreseen that the introduction of a bridging
unit in the lower half of such tetracoordinated boron-integrated
hydrazone complexes will distort the planarity of the hydrazone
ligand, concomitantly altering the isomerization behaviour of
the complex. Addition of hydrazine precursor L3 containing
a 5H-dibenzo[a,d]-cycloheptene to the BINOL boron-bromide
species gave rise to complex 3 containing an olen bridge (X
¼ –C2H2–), which was expected to increase the steric interaction
between the non-planar 5H-dibenzo[a,d]-cycloheptene moiety
and BINOL's dihedral angle upon irradiation resulting in
a higher energetic species. With compound 3 in hand we
observed that it also exhibits a hypsochromic absorption shi
in comparison to complex 2, as the non-planarity of the diaryl
cycloheptatriene ring partially disrupts the conjugation
throughout the hydrazone ligand leading to a broad absorption
band located at 455 nm (S3). The CD spectrum of 3 shows
multiple cotton effects, starting (lmax � 440 nm, lmax � 340 nm
and lmax � 230 nm) with a negative-to-positive induced CD
couplet (lmax � 440 nm).50 Irradiation of a solution of complex 3
(CH3CN, 10

�5 M) using 455 nm led to a drastic change in its
circular dichroism over a range from 220 to 500 nm. This
change in the CD spectrum is indicative for the formation of the
metastable species 30 (Fig. 3 and S4†), resulting from the change
in helicity between the 5H-dibenzo[a,d]-cycloheptene and the
BINOL-boron moieties. Aer 10 min of irradiation, no further
changes were observed in the CD spectrum, meaning PSS was
reached. Storing the irradiated sample in the dark at ambient
temperature led to recovery of the initial spectrum within
90 min (t1/2 ¼ 12 min, S4). The isosbestic points (l ¼ 365, 325,
290 and 260 nm) in the CD spectra demonstrate that only two
species are involved in the isomerization process. Repeated
© 2022 The Author(s). Published by the Royal Society of Chemistry
cycles of irradiation and thermal equilibration conrm the
excellent reversibility of this process as no fatigue was observed.
The photoinduced formation of the metastable state was
further proven by 1H NMR spectroscopy (Fig. 3b and S5†).
Irradiation at 455 nm of a thermally equilibrated NMR sample
of complex 3 at 0 �C gave rise to a new set of signals belonging to
the metastable species. The measurement took place at 0 �C
since this yielded a higher PSS ratio aer irradiation. Aer
90 min, the ratio between thermodynamically stable 3 and its
metastable form 30 did not change any further as determined by
signal intensity, resulting in 80% of the metastable state at PSS.
Allowance of the irradiated NMR sample to reach 25 �C, to
permit the reversed thermal isomerization to occur, gave full
recovery of the original spectrum recorded at 0 �C. It is known
that thermal isomerization barriers of diaryl cycloheptatriene
based systems are tuneable and can be altered by the intro-
duction of substituents onto the double bond.51,52 To illustrate
the tunability of the thermally activated C]N isomerization,
responsible for the reverse isomerization process from the
metastable state back to the stable state, a methyl substituent
was installed onto the olenic double bond of the dibenzo[a,d]-
cycloheptene based hydrazone in order to obtain complex 4 (as
a 1 : 1 E/Zmixture of double bond isomers). As boron complex 4
shows an absorption maximum at 455 nm, its photophysical
and thermal behaviour were studied in solution using CD
spectroscopy upon irradiation at this particular wavelength (S3).
Resembling 3, a signicant change in circular dichroism was
observed aer 10 min of irradiation, indicative for the forma-
tion of the metastable species 40 (Fig. 4 and S4†). Like
compound 30, the metastable species 40, resulting from the
irradiation of 4, is the result of a change in helicity between the
dibenzo[a,d]-cycloheptene and the BINOL moieties. However,
unlike 3, the original spectrum was not restored by leaving the
sample in the dark at 25 �C, which was the rst clear indicating
the thermal back-relaxation barrier from 40 to 4 had been
increased, therefore slowing down back-relaxation. In fact, the
sample had to be heated at 45 �C for several hours (t1/2 ¼ 3.1 h,
S5) in order to reach its thermodynamically stable initial state.
The isosbestic points (l ¼ 360, 335, 310 and 260 nm) indicate
a clean unimolecular conversion. Those ndings prove that the
barriers for the thermally activated reversed isomerization and
thereby the thermal stability of these kind of chiroptical
switches are fully adjustable, opening pathways for their usage
in so supramolecular materials, molecular memory and data
storage.

Density Functional Theory (DFT) was used to gain more
insight into the difference in back-relaxation rates from meta-
stable to stable between 3 and it's methylated homolog 4. We
optimized S0 ground state and both the S1 excited state and the
T1 excited state (accessed aer intersystem crossing) of both
stable and metastable states of 3 or 4, in addition to transition
states leading between each stable and metastable state at the
MN15/Def2SVP/SMD ¼ MeCN level (see ESI† for full computa-
tional details).53–55 From our calculations we found that both 3
and 4 exhibit very low interconversion barriers for the excited
state stable to metastable isomerization in either the singlet S1
or the triplet T1 excited states (3: S1 DG

‡
inv ¼ 5.2 kcal mol�1, T1
Chem. Sci., 2022, 13, 9713–9718 | 9715
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Fig. 3 (a) Geometries obtained after optimization at the MN15/Def2SVP/SMD ¼ MeCN level of stable complex 3 and its metastable species 30,
formed upon photoisomerization. Themarkers indicate the helicity change upon irradiation. (b) 1H NMR spectra of 3 before irradiation, irradiated
(455 nm) and after thermal equilibration (CD2Cl2, 500 MHz) (c) Cycles of thermal equilibration (90min) and irradiation (455 nm) while monitoring
molar ellipticity at 430 nm (d) UV-vis spectrum of 3 (CH3CN, 298 K) (e) CD spectra of 3 before irradiation, irradiated (455 nm) and after thermal
equilibration (CH3CN, 298 K).

Fig. 4 UV-vis spectrum and CD spectra of 4 before irradiation, during
irradiation (455 nm) and after heating (CH3CN, 10

�5 M).
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DG‡
inv ¼ 5.5 kcal mol�1; 4, averaged for both E/Z isomers: S1

DG‡
inv ¼ 5.3 kcal mol�1, T1 DG‡

inv ¼ 5.5 kcal mol�1). The low
barrier for this excited state inversion is attributed to the
lengthening of the C–N hydrazone double bond in the excited
state calculated geometries, which adopts considerable single-
bond character in the excited state S1 or T1. Our calculations
also showed that a sufficient thermodynamic driving force was
present for the light-triggered stable 3/4 to metastable 30/40

inversion (3: S1 DG‡
inv ¼ �10.2 kcal mol�1, T1 DG‡

inv ¼
�10.7 kcal mol�1; 4, averaged for both E/Z isomers: S1 DG

‡
inv ¼

�6.3 kcal mol�1, T1 DG‡
inv ¼ �9.6 kcal mol�1). These ndings

suggest that the inclusion of a methyl group into the olen
moiety in 4 had little inuence on the excited state stable and
metastable state interconversion properties of these systems.
9716 | Chem. Sci., 2022, 13, 9713–9718
However, one key difference identied between 3 and
homolog 4 from our DFT thermochemistry calculations
involved the ground state metastable 30/40 to stable 3/4 back-
relaxation barriers. In the case of 30 to 3, a modest barrier for
the back-relaxation (S0 DG

‡
inv ¼ 25.1 kcal mol�1) was found. On

the contrary, in the case of 40 to 4, a slightly higher barrier for
the back-relaxation (S0 DG‡

inv ¼ 27.1 or 28.2 kcal mol�1,
depending on the conguration of the double bond isomer) was
found, suggesting the inclusion of a methyl group into the
olen moiety had destabilizing inuence on the ground state
inversion transition state, likely the result of 1,4-allylic strain
between the methyl group and the proximal aromatic C–H
bonds. These DFT analyses are in qualitative agreement with
the experimental ndings where 4 exhibits a much slower back-
relaxation from metastable state back to stable state, when
compared to 3. Overall, these computational insights conrm
that a simple introduction of steric bulk into these systems (i.e.
in the case of 4, simple methylation of the olen moiety in 3)
allows for excellent tunability of the metastable state (30 or 40)
lifetime, all while leaving the efficiency of the photochemical
switching from stable to metastable state intact.

Conclusions

In conclusion, we have shown a new class of chiroptical
switches based on co-complexation in a tetrahedral fashion
around a boron centre of an optically pure BINOL auxiliary and
readily accessible hydrazone ligands. Upon incorporation of
a dibenzo[a,d]-cycloheptene moiety in the lower half of the
photoresponsive hydrazone ligand, visible light irradiation of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the complex leads to the formation of a metastable species
accompanied by a major change in circular dichroism giving
a powerful CD readout. The visible light-activated chiroptical
switch exhibits good PSS (80 : 20) and excellent reversibility over
the course of several switching cycles. The fact the reversed
thermal isomerization barrier in these chiroptical switches can
be easily altered by the introduction of substituents onto the
olenic double bond of the cycloheptene ring gives extensive
control over their thermal stability, paving the way for a wide
variety of applications.

Data availability

Crystallographic data for compound 1 and 3 has been deposited
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and 2181177 (complex 3) and are available free of charge.
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