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ABSTRACT: Photoisomerization of retinal is pivotal to ion translocation across the
bacterial membrane and has served as an inspiration for the development of artificial
molecular switches and machines. Light-driven synthetic systems in which a macrocyclic
component transits along a nonsymmetric axle in a specific direction have been reported;
however, unidirectional and repetitive translocation of protons has not been achieved.
Herein, we describe a unique protonation-controlled isomerization behavior for hemi-
indigo dyes bearing N-heterocycles, featuring intramolecular hydrogen bonds. Light-
induced isomerization from the Z to E isomer is unlocked when protonated, while reverse
E → Z photoisomerization occurs in the neutral state. As a consequence, associated
protons are displaced in a preferred direction with respect to the photoswitchable scaffold.
These results will prove to be critical in developing artificial systems in which
concentration gradients can be effectively generated using (solar) light energy.

■ INTRODUCTION
In bacteriorhodopsin, photochemical all-trans to 13-cis double-
bond isomerization of retinal’s protonated Schiff base is at the
basis of a proton translocation event.1−3 Release of protons to
the extracellular medium and reprotonation from the
cytoplasm creates a concentration gradient, which serves as
an energy reservoir to produce ATP. Artificial systems that�to
some extent�imitate such function4−6 may provide a new
perspective on solar energy conversion and storage. Hence,
synthetic tools to drive substrate translocation are highly
sought after, for example, within the field of molecular
machines.7−11 Indeed, pseudorotaxane structures in which a
macrocyclic ring moves repeatedly along a nonsymmetric axle
in a specific direction have been reported.12−18 Further,
controlled displacement of a proton by photoswitchable
systems has been shown.19 However, repetitive unidirectional
translocation of protons has not been achieved to date, while it
would be of particular interest and benefit for developing
artificial light-driven molecular pumps.17,18

Taking inspiration from retinal isomerization, one could
think of transporting protons by association with a small-
molecule photoswitch. However, once under continuous
irradiation a photostationary steady state (PSS) has been
established, the rates at which the photoaddressable isomers
interconvert into each other are equal. Although forward and
backward excited state isomerization paths are different,20,21 an
associated proton will then be taken in both switching
directions, undoing repetitive displacement. We envisioned
that if protonation can activate one of the photoswitching
directions and suppress the other, repetitive unidirectional
translocation becomes viable. In other words, the proton
would carry the information that dictates in which direction
photoisomerization occurs and, hence, the system operates

according to an information ratchet mechanism.9,22 As a
consequence, machine-like pumping behavior would emerge
from a simple molecular photoswitch by harnessing the
continuous interconversion between isomers under nonstop
irradiation with one and the same wavelength (or a broad
spectrum) of light.
We considered hemi-indigo to be suitable for the design of a

proton information ratchet for several reasons. While it
recently regained attention for its use as molecular photo-
switch,23 its pyridyl derivative was found to not undergo Z →
E photoisomerization.24,25 Conversely, E → Z photoisomeriza-
tion of some structurally related indole-containing hemi-
thioindigo derivatives was found to be suppressed, which was
explained by formation of a strong intramolecular hydrogen
bond.26,27 It has further been shown that incorporation of a
pyrrolic ring can energetically favor the otherwise metastable E
isomer of hemi(thio)indigos owing to this intramolecular
hydrogen bond formation.24−28 Based on these findings, we
hypothesized that protonation of N-heterocyclic hemi-indigos
could enable photoisomerization of the Z isomer due to
disruption of the intramolecular hydrogen bond. On the other
hand, in the protonated state, an intramolecular hydrogen
bond would be formed in the E isomer, which could potentially
suppress the photochemical isomerization. In addition, we
envisioned that this intramolecular hydrogen bond formation
and disruption by (de)protonation could be used to induce
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reversible thermally activated double bond isomerization,
which so far has only been achieved in hydrazones29,30 and
indigo-derived imines.31

Herein, it is demonstrated for six different N-heterocyclic
hemi-indigos (Scheme 1A) that the forward Z → E
photoisomerization takes place only when protonated, while
the reverse E → Z photoisomerization occurs in the neutral
state. One-way and virtually quantitative conversion is
therefore attained in single and opposite directions for the
neutral and protonated species. Since in the presence of acid,
the neutral and protonated species are in equilibrium, they are
interchanged photochemically in a specific order under
irradiation with one and the same wavelength of light as is
illustrated in Scheme 1B. We envision that associated protons
are thereby displaced in one direction with respect to the
photoswitchable hemi-indigo scaffold. In addition, under
conditions different than those in the irradiation experiments,
nearly quantitative and reversible conversion from the Z to E
isomer and vice versa is induced by acid and base, respectively,
and these hemi-indigos thus constitute a new class of pH-
responsive switches.

■ RESULTS AND DISCUSSION
Energy Minimization by DFT. To gain insights into the

stabilizing effect of intramolecular hydrogen bonding in the
ground state, the geometries of possible isomers of hemi-indigo
pyridyl derivative 1 were minimized by density functional
theory (DFT, B3LYP/6-311++G(d,p) level of theory and an
IEF-PCM CHCl3 solvent model, see the SI for details). For the
E and Z isomers, in both their neutral and protonated states,
two possible rotational isomers were considered (Scheme S2).
The energetically most favored conformations are depicted in
Figure 1 alongside the relative energies. As anticipated, in (Z)-
1, a hydrogen bond is formed between the pyridyl nitrogen and
the N−H atom of the 3-oxindole fragment [N(H)···N distance
= 2.81 Å), which is not possible in (E)-1. Conversely, in the
protonated state of the former isomer, the pyridinium nitrogen

is rotated away from the N−H hydrogen bond donor and not
involved in hydrogen bonding. Now instead, a stabilizing
hydrogen bond can be formed in the E isomer, i.e., between
the pyridinium proton and the carbonyl oxygen atom [N(H)···
O distance = 2.64 Å]. Owing mainly to this intramolecular
hydrogen bond formation, there is a substantial thermody-
namic preference for the Z over the E isomer in the neutral
state (ΔG = 32.9 kJ mol−1), whereas in the protonated state,
the E isomer is considerably lower in energy (ΔG = −30.5 kJ
mol−1).

Scheme 1. (A) Acid/Base-Controlled Thermally Activated Double Bond Isomerization in Hemi-indigos 1−6 and (B)
Sequence-Specific Monocyclic Interconversion under Light Irradiation in the Presence of Acid Shown for Pyridyl-Derivative
1a

aThe species are interconverted in the following order: (Z)-1 → (Z)-1·H+ → (E)-1·H+ → (E)-1 → (Z)-1. As the forward isomerization takes place
in the protonated state and the backward isomerization occurs after deprotonation, protons are displaced effectively (from bottom to top with
respect to hemi-indigo as indicated by the blue arrow) under continuous 455 nm irradiation.

Figure 1. DFT-minimized geometries and plots of the relative Gibbs
free energies; color codes: hydrogen bond = green; O = red; N = blue.
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Synthesis and Crystallographic Analysis. We then
synthesized hemi-indigo 1 as well as derivatives 2−6, which
contain different N-heterocycles, through a condensation
reaction of commercially available indoxyl acetate with the
respective aldehydes (Scheme 2).23,32 The imidazole rings in

compounds 5 and 6 were methylated to avoid tautomerization.
The desired products were obtained in good yields (65−82%)
as the thermodynamically most stable Z isomers (Z/E ratio >
99%). Importantly, the 1H NMR spectra recorded in CDCl3
revealed downfield-shifted NH signals for all compounds (δ =
10.47−9.14 ppm) with respect to parent hemi-indigo
containing a phenyl instead of the N-heterocyclic ring (7, δ
= 6.82 ppm, Figure S13), which indicates involvement of the
NH proton in hydrogen bonding with the nearest nitrogen
atom of the N-heterocycles.
All products, except quinolyl derivative 4, were additionally

characterized by single crystal X-ray crystallography (see
Scheme 2 and the SI for details). The solid-state structures
are (as expected) of the energetically most stable Z isomers.
The structural similarity between these Z isomers is high, i.e.,
the torsional angles between 3-oxindole and N-heterocycle
moieties are all below 3° and the N(H)···N bond distances are
found between 2.72 and 2.86 Å, which is within the hydrogen
bond range (Table S6). The presence of a stabilizing
intramolecular hydrogen bond is thus supported in all cases.
Important to note is that for (Z)-1, this hydrogen bond

distance (2.82 Å) is similar to that in the DFT-calculated
structure (2.81 Å).

Acid-Induced Thermal Isomerization. Initially, we
studied whether thermal isomerization to the E isomer could
occur upon protonation using 1H NMR and UV−vis
spectroscopy. Incremental addition of trifluoroacetic acid
(TFA, from 0 to 4 equiv) to (Z)-1 in CDCl3 resulted in
clear downfield shifting of all pyridyl 1H NMR signals (Hj, Hi,
Hh, and Hg), indicative of protonation (Figure 2 and the SI for
details). Concomitantly, the olefinic proton signal (Hf) shifted
upfield, whereas for the aromatic 3-oxindole protons (Ha‑d),
only minor chemical shift changes were observed, and the
signal belonging to the NH-proton (He) shifted and
broadened. At first, saturation seemed to be reached at around
4 equiv, but when adding more TFA (from 4 to 40 equiv),
some of the chemical shift changes reversed, most notably for
the pyridyl ortho-proton (Hg) and the olefinic proton (Hf),
pointing at a secondary process. We hypothesized that it could
be related to the solvation of an initially formed pyridinium−
trifluoroacetate ion pair.33 Indeed, when a 1H NMR titration
experiment was carried out with pyridine instead of (Z)-1, a
similar trend was observed (Figure S22). We therefore
presume that the extent of ion-pairing between (Z)-1·H+ and
the trifluoroacetate counteranion is reduced when more TFA is
present, accounting for the reverse in chemical shift changes
beyond the addition of 4 equiv in the titration.
When a solution containing excess TFA (32 equiv) was then

left to equilibrate, the 1H NMR signals for the protonated
species (Z)-1·H+ disappeared and a new set of signals emerged
(Figure 2 and Figure S25). A NOE-diff. experiment revealed a
through-space interaction between the olefinic proton (Hf)
and the 3-oxindole NH-proton (He) (Figure S37), supporting
formation of the E isomer. Furthermore, the NOESY spectrum
of (E)-1·H+ indicated that the olefinic proton (Hf) is in close
proximity to an N-heterocyclic proton (Hj), while no coupling
was observed with the pyridinium proton (Hk) (Figure S38).
Very likely, hydrogen bonding between the pyridinium and
carbonyl group leads to a fixed orientation of the N-
heterocycle, as was predicted by DFT calculations. Remark-
ably, within a day, nearly quantitative isomerization to the E
isomer was observed, i.e., a mixture enriched to 95% in (E)-1·
H+ was obtained at thermal equilibrium. When the amount of
TFA was decreased, however, the E/Z ratio decreased (Figures
S23 and S24), even while protonation of 1 was established. A
possible explanation was sought in pyridinium−trifluoroacetate
ion-pair formation, which can compete with the stabilizing
intramolecular hydrogen bond formation. This ion-pair is
proposed to be solvated in the presence of larger amounts of
TFA,33,34 explaining the difference in conversion to the E
isomer. Further, increasing the amount of TFA accelerated
isomerization (Figures S39−S41), hinting at an acid-catalyzed
process. A similar observation was made previously for other
conjugated olefins, including stilbene derivatives35−37 and
diaryl-hemiindigos.38

Interestingly, the Z isomer could be regained by the
basification of the solution. When Et3N was added (48
equiv) to an equilibrated sample of 1 in the presence of TFA
(32 equiv), most pyridyl proton signals now shifted back
upfield (Hg, Hh, Hi, Figure 2 and Figure S26), indicative of
deprotonation. Over the course of several days, (E)-1 fully
isomerized back to (Z)-1, hence completing the thermal acid/
base-controlled switching as outlined in Scheme 1A.

Scheme 2. Synthetic Step toward Hemi-indigos 1−6 and
below the Displacement Ellipsoid Plots (50% Probability
Level, 110(2) K) of the Products for which Crystal
Structures Were Obtained
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For hemi-indigos 2−6, the thermal isomerization behavior
was comparable (Table S7). The dimethylamino- and bromo-
substituted pyridyl derivatives 2 and 3, as well as the quinolyl
derivative 4, showed identically high conversion to the E
isomer when protonated (>95%), while differences in
isomerization rates among the different compounds were
small. For imidazole-based derivatives 5 and 6, conversion to
the E isomer was lower (85 and 88%, respectively), and while
the former compound exhibited the slowest isomerization in
the series, this process was the fastest for the latter. After
neutralization of the solution by Et3N addition, all compounds
displayed quantitative isomerization back to their Z isomer,
and in this case, large variations were observed in the E → Z
isomerization rate (Table S7). It is worth noting that for
structurally related hemithioindigo, Hammett analysis indi-
cated that electron-donating para-substituents can lower the
thermal isomerization barrier, most likely because of the
increase in donor−acceptor character.39 To summarize, by
varying the N-heterocyclic ring the thermal isomerization rates
can be tuned.
Protonation and thermal E/Z isomerization were accom-

panied by distinct color changes and were additionally
monitored by UV−vis spectroscopy (Figure 3A,B and Figures
S53−S64). All compounds absorbed in the visible region
having absorption maxima between 478 and 508 nm. In the
case of pyridyl derivative (Z)-1, addition of TFA was
accompanied by a large bathochromic shift (λmax = 482 to
504 nm). When the solution was allowed to equilibrate, the
absorption shifted to a longer wavelength (λmax = 549 nm) and
decreased in intensity. This red-shifted absorption is in
agreement with time-dependent DFT calculations for (Z)-1·
H+ (λmax = 505 nm) and (E)-1·H+ (λmax = 554 nm) and, thus,
supportive of E → Z isomerization (Figure S115). Subsequent

addition of excess Et3N to basify the solution led to a
hypsochromic shift (λmax = 489 nm), and over time, the
original UV−vis spectrum was recovered, demonstrating
reversibility of the protonation-induced isomerization.
For hemi-indigos 2−4, similar shifts were observed upon

TFA addition (Figures S53−S60), whereas the imidazole-
based derivatives 5 and 6 mainly showed a decrease in
absorptivity with only a minimal change in absorption
maximum (Figures S61−S64). Nevertheless, in all cases, Z
→ E isomerization was accompanied by a large bathochromic
shift, and clear isosbestic points were observed.

Monodirectional Photoisomerization Cycle. After
having identified the UV−vis absorbance and 1H NMR
signatures of all of the neutral and protonated isomers, we
set out to investigate the photoisomerization behavior. It is
important to note that UV−vis irradiation studies were
performed at lower temperatures (≤0 °C) and higher dilution
than the isomerization experiments described above to
suppress the thermally activated process. In line with reported
data,24,25 exposure of a solution of (Z)-1 to various
wavelengths of light did not cause any UV−vis spectral
changes (Figure S65), which confirms that photochemical
isomerization is inhibited. To our delight, after the addition of
TFA, irradiation at 455 nm afforded a bathochromically shifted
absorbance profile similar to the one observed for the
thermally generated (E)-1·H+ species (Figure 3C), thus
revealing that photoisomerization can occur in the protonated
state. Likewise, in the 1H NMR spectrum, the same set of
signals that was observed upon acid-induced thermal isomer-
ization appeared after irradiation of a solution of the Z isomer
in the presence of TFA, further supporting that the E isomer
can be generated photochemically upon protonation (Figure
S84).

Figure 2. Selected regions in the 1H NMR spectrum (400 MHz) of (Z)-1 (5.7 mM in CDCl3) before and after addition of TFA (32 equiv) to give
(Z)-1·H+ followed by flame-sealing of the NMR tube and thermal equilibration at rt for 3 days to afford (E)-1·H+, opening of the NMR tube with a
diamond glass file and addition of Et3N (48 equiv) to give (E)-1, and flame-sealing of the NMR tube and thermal equilibration at rt for 9 days to
reobtain (Z)-1.
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Strikingly, when a sample of (E)-1·H+ (generated using 455
nm light) was subsequently exposed to other wavelengths,
including those at which only this protonated isomer and not
the (Z)-1·H+ species absorbed (>625 nm), no spectral changes
were noted. This result suggests that backward photo-
isomerization is inhibited in the protonated state, potentially
due to excited state intramolecular proton transfer (ESIPT), as
has been demonstrated for indigo,40 and was similarly observed
for (Z)-124,25 and the E isomer of structurally related indole-
derived hemithioindigo.27 Yet, addition of excess Et3N, which
afforded the absorption spectrum characteristic for (E)-1

(Figure 3C), allowed full isomerization back to the original
(Z)-1 upon irradiation at 455 nm. Forward and backward
isomerization reactions were thus achieved in respective
protonated and neutral forms by using light of the same
wavelength, where thermal isomerization was negligible under
the experimental conditions used.
The same acid/base-controlled photoresponsivity was

observed for hemi-indigos 2−6 (Figures S68−S83). Interest-
ingly, for dimethylamino-substituted derivative 2, the entire
cycle could be performed using 525 nm instead of 455 nm light
owing to its red-shifted absorption (λmax = 511 nm, Table S9
and Figures S68−S70). For (Z)-3, a larger amount of TFA was
required for successful photoconversion (Figures S71−S73)
and, besides, generation of (E)-6·H+ was limited by poor
photostability of (Z)-6·H+ (Figures S80−S83). Nevertheless,
when (E)-6·H+ was first accessed via thermal isomerization,
subsequent photoisomerization from (E)-6 to (Z)-6 proceeded
smoothly under 455 nm irradiation after Et3N addition.
The quantum yields for 455 nm-induced Z → E isomer-

ization in the protonated state and E → Z isomerization in the
neutral state were determined using potassium ferrioxalate as
an actinometer. By monitoring the UV−vis absorbance
changes upon irradiation of concentrated solutions of the Z
isomer in the presence of excess TFA, the rates of formation of
the protonated E isomers were determined. Using the photon
flux, the quantum yields were then calculated, which ranged
around 1% for compounds 1−4 and was significantly lower for
5 (see Table 1 and the SI for details). The rates of formation of

the neutral Z isomers were determined by first generating the E
isomers (by thermal equilibration) in the presence of excess
TFA, which was followed by neutralization with Et3N and 455
nm irradiation. Here, the variation in quantum yield between
the different N-heterocyclic hemi-indigos was larger, with the
highest values (≥3.5%) found for 2 and 5 and that of 1 and 3
being about 10 times lower.
These results confirm that Z → E isomerization is enabled in

protonated form, while the reverse isomerization process takes
place in neutral form. To the best of our knowledge, such a
feature has not been observed in photoswitchable systems
before. It is also fundamentally different from earlier reported
examples of acid-gated photoresponsivity,37,41−43 which
allowed both switching directions in at least one of the states.
In our case, only a single (and opposite for neutral and
protonated forms) direction of photoswitching is suppressed,
affording quantitative conversion by default. It leads to a
unique monodirectional cycle of interconversion between
species under continuous illumination once a protonation

Figure 3. (A) Naked-eye color changes corresponding to the UV−vis
thermal equilibration experiments. (B) UV−vis spectral changes
starting with a solution of (Z)-1 (0.76 mM in degassed CHCl3, 1 mm
quartz cuvette) before and after addition of excess TFA (4.3 × 102
equiv) followed by equilibration at rt for 15 h, treatment with Et3N
(1.6 equiv with respect to TFA), and equilibration at rt for 24 h.
Please note that direct addition of TFA and Et3N to the same solution
of (Z)-1 also results in a slight decrease in molar absorptivity, as is
observed here after the full switching cycle has been completed
(Figure S53). (C) UV−vis spectra starting with (Z)-1 (0.076 mM in
degassed CHCl3, 1 cm quartz cuvette) where irradiation with 365,
385, 455, 465, and 525 nm for 2−10 min did not cause any spectral
changes, yet after addition of TFA (5.5 μL, 4.7 × 102 equiv) and
irradiation with 455 nm, the absorption shifted bathochromically.
Subsequent irradiation with 365, 385, 455, 465, 525, 591, 630, and
660 nm for 2−10 min did not cause any spectral changes, yet after
addition of Et3N (15 μL, 7.0 × 102 equiv) and irradiation with 455
nm, the original UV−vis absorption spectrum of (Z)-1 was regained.

Table 1. Photoisomerization Quantum Yields of Hemi-
indigos 1−5ab

compoundc ΦZ·H+→E·H+ (%) ΦE→Z (%)

1 0.76 ± 0.011 0.34 ± 0.003
2 1.23 ± 0.014 3.9 ± 0.035d

3 0.85 ± 0.003 0.24 ± 0.010
4 0.88 ± 0.003 n.d.e

5 0.20 ± 0.001 3.5 ± 0.099d

aAt 455 nm irradiation in CHCl3 at 273 K, unless otherwise noted.
bStandard deviations are from duplicate measurements. cNot
determined for compound 6 because of poor photostability.
dDetermined at 263 K. eNot determined because of rapid thermal
E → Z isomerization of compound 4.
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equilibrium is established, thereby displacing associated
protons in a specific direction.

■ CONCLUSIONS
In summary, unprecedented photo- and thermal isomerization
behavior was discovered for N-heterocyclic hemi-indigos.
Disruption and (re)formation of intramolecular hydrogen
bonding interactions were found to be of major importance. It
must be recognized that beside hydrazone,30 these compounds
represent the second family of switches that undergo reversible
pH-activated double bond isomerization. More striking though
is the observed protonation-controlled one-way photoisome-
rization, giving rise to an exceptional monodirectional
interconversion cycle. Unidirectional translocation of associ-
ated protons (with respect to the hemi-indigo scaffold) takes
place during this cycle. Current efforts in our lab focus on
immobilization of these N-heterocyclic hemi-indigos in porous
materials and membranes, in addition to time-resolved
spectroscopic studies. Furthermore, we envision that the
selective inhibition of either forward or backward photo-
isomerization paths by binding of a substrate44 can be applied
as a general approach for directional transport and pumping of
that substrate. It is a tantalizing prospect, as it would give the
ability to effectively generate concentration gradients in
artificial compartmentalized systems by using broad-spectrum
(solar) light as the energy source.
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