Downloaded viaDALIAN INST OF CHEMICAL PHY SICS on July 29, 2020 at 07:54:55 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Donor—Acceptor Dihydropyrenes Switchable with Near-Infrared

Light

Kristin Klaue,™ Wenjie Han," Pauline Liesfeld, Fabian Berger, Yves Garmshausen, and Stefan Hecht™

Cite This: J. Am. Chem. Soc. 2020, 142, 11857-11864

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: The use of low-intensity NIR light to operate
molecular switches offers several potential advantages including
enhanced penetration into bulk materials, in particular biological
tissues, and reduced radiation damage due to the limited photon
energies. The latter, however, pose a challenge for designing
reasonably bistable systems. We have developed a general design
strategy for direct one-photon NIR photoswitches based on
negative photochromic dihydropyrenes carrying opposing strong
donor—acceptor substituents either along the long axis of the
molecule or across it. Thus, two series of 2,7- and 4,9-disubstituted
dihydropyrenes were synthesized, and their photothermal properties
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investigated as a function of the type, strength, and position of the attached donor and acceptor substituents as well as the polarity of
the environment. By shifting the excitation wavelength deep into the NIR, both NIR one-photon absorption cross-section and
photoisomerization efficiency could be maximized while retaining a reasonable thermal stability of the metastable cyclophanediene
isomer. Thus, the lowest optical transition was shifted beyond 900 nm, the NIR cross-section was enhanced by two orders of
magnitude, and the thermal half-lives vary between milliseconds and hours. These unique features open up ample opportunities for

noninvasive, optically addressable materials and material systems.

B INTRODUCTION

Photochromic molecules offer the great opportunity to change
their intrinsic molecular properties (e.g., geometric and
electronic structure, polarity, or charge distribution) dynam-
ically and reversibly by applying light as an external stimulus."
The incorporation of such photochromic units in complex
molecular systems enables a wide variety of applications in the
fields of materials science,” devices,” molecular machines," and
life sciences.” For most of these applications, visible or near-
infrared (NIR) light is more suitable than UV light due to its
greater penetration depth and nondamaging character. More-
over, the use of NIR light to control a function of a complex
system allows the presence of various other visible light-
absorbing functional molecules or chromophores without
interfering with the photoisomerization process. However,
the isomerization of molecular switches usually requires high-
energy photons in at least one direction, which limits their
utilization.’

Photoswitches activated by red or NIR light have received
increasing attention over the past decade, albeit impeded by
the limited availability of photochemical transformations that
require such low energies (<2.0 eV). This prompted the
development of various red light activated photoswitches, such
as protonated,7 coordinated,® or bridged9 azobenzenes,
indigoids,10 donor—acceptor Stenhouse adducts,'’ and bi-
naphthyl-bridged imidazole dimers,'” each with their own set
of specific properties. However, it still remains challenging to
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design a tunable photochromic system operable with real NIR
light (>750 nm). Employing negative photochromic T-type
photoswitches' opens up the opportunity to utilize visible or
NIR light exclusively. Such systems benefit from the selective
photoisomerization of the thermodynamically more stable state
induced by low-energy light, in combination with a
quantitative thermal reversion of the metastable isomer."
Upon irradiation with light of longer wavelengths, an
equilibrium is formed between the photochemical forward
and thermal back reaction, which can be regulated by adjusting
the light intensity, irradiation wavelength, or temperature or by
modulating the thermal half-life to obtain the desired amount
of photoproduct at the equilibrium state. Negative photo-
chromism offers the additional advantage that the material
composed of the stable form decolorizes as photoisomerization
proceeds, resulting in increased optical transparency and thus
further enhanced penetration depth. Nevertheless, it must be
considered that there is an intrinsic connection between the
required minimum excitation energy and hence maximum
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achievable bathochromic shift of the excitation wavelengths
and the thermal stability of the metastable form.'* Therefore,
the shift of the excitation wavelength deeper into the NIR
region is inevitably tied to strongly diminished thermal half-
lives, which sets an upper limit.

Dihydropyrenes (DHPs) undergo a visible light-induced 67
cycloreversion to form decoupled and thus decolored cyclo-
phanedienes (CPDs), which are metastable and thermally
convert back to their fully aromatic form."> Thus, this class of
photochromic molecules fulfills the mentioned key criteria,
rendering DHPs excellent candidates for the development of
NIR photoswitches. Applying the general design principle of
introducing “push—pull”, i.e., donor—acceptor, substitution to
the DHP scaffold allows to shift the absorption of the parent
molecule from the visible to the NIR region. The donor and
acceptor substituents are m-conjugated in the closed isomer,
and hence the DHPs exhibit a partial quinoid character, giving
rise to a long-wavelength transition, whereas in the open CPD
isomer the donor and acceptor are cross-conjugated and thus
decoupled, leading to a loss of the lowest energy transition
(Figure 1).

oh I

©
DHP DHP CPD
closed isomer closed isomer open isomer
quinoid aromatic cross-conjugated

Figure 1. Designing direct one-photon NIR photoswitches based on
Don—Acc substituted DHPs: Closed isomers exhibit partial quinoid
character with long-wavelength transitions allowing the conversion to
thermally labile open isomers with far-red or NIR light.

Recently, we reported the first donor—acceptor DHP
derivative, bearing simple dimethylamino and nitro substitu-
ents as a classic and strong donor—acceptor couple in the 4,9-
positions, which allowed quantitative photoisomerization upon
irradiation with NIR light.13 Here, we elucidate the effect of
the substitution pattern, the donor—acceptor strength, and the
polarity of the environment on the switching behavior and
exploit this general design strategy to realize direct one-photon
NIR photoswitches that can be operated up to 900 nm. We
disclose the synthesis of various 2,7- and 4,9-donor—acceptor
DHPs, analyze the efficiency of their NIR-induced ring-
opening as well as the thermal half-life of their corresponding
metastable CPDs, and present a theoretical explanation for the
observed experimental results.

B RESULTS AND DISCUSSION

Synthesis. Conjugation of the donor and acceptor groups
in the closed DHP isomers is possible either in the 2,7-
positions, when introduced to the unsubstituted parent
DHP 1, or in the 4,9-positions when starting from the 2,7-
bis(tert-butyl)DHP 2 (Scheme 1). The latter is synthetically
more easily accessible (>8 gin 6 steps)'® as compared to 1 (ca.
3 gin 10 steps).'” In order to gain high synthetic flexibility to

introduce a diverse set of donor and acceptor substituents, we
first prepared both pseudopara-bromo-formyl precursors 3 and
4 via initial monobromination followed by a Rieche
formylation. The bromo function provides a handle to
introduce various donor substituents via palladium-catalyzed
cross-coupling reactions, whereas the aldehyde function allows
introducing acceptor substituents via a Knoevenagel con-
densation, which provides the additional benefit to elongate
the z-system to gain an even larger red-shift of the absorption.
In the synthesized two series of donor—acceptor DHPs, we
introduced N-methylpyrrole and pyrrolidine as electron-
donating groups, whereas malononitrile, indolenium, and
tricyanofuran moieties were attached as electron-withdrawing
groups (Scheme 1).

Comparing Substitution Patterns. UV—vis spectra of
the synthesized donor—acceptor DHPs were recorded in
degassed acetonitrile at 20°C or —20°C. All derivatives
display a bathochromically shifted charge-transfer (CT) band
in the far-red or NIR region of the spectrum (4 > 750 nm).
The DHPs 2,7A and 4,9A bear N-methylpyrrole as a moderate
donor and malononitrile as a strong acceptor substituent. Their
red-shifted CT bands tail out up to 4 = 900 and 800 nm,
respectively, enabling both derivatives to be excited with NIR
light (Figure 2). However, 2,7A, with the same donor—
acceptor substitution in the 2,7-position, displays the more
pronounced batho- and hyperchromic effect on the lowest
allowed transition, resulting in an NIR cross-section (definite
integral of £ with 4 > 750 nm) that is 31 times higher than the
one of 4,9A. In the latter, the N-methylpyrrole donor moiety is
twisted out of the aromatic plane due to greater steric
hindrance (dihedral angles are 29.8° for 2,7A vs 46.7° for
4,9A; for xyz-structures see the Supporting Information),
thereby diminishing the influence of the donor—acceptor
substitution.

Upon irradiation with either 780 or 730 nm LEDs, the
intensity of the long-wavelength absorption bands of 2,7A and
4,9A, respectively, in acetonitrile decreases and an absorption
feature in the UV region evolves (Figure 3, top). Since DHPs
exhibit negative photochromism, the composition at the
photothermal equilibrium'® (PTE) and the spectrum of the
open isomer can directly be determined from the initial
spectrum of the pure closed isomer and a corresponding
irradiation spectrum (see Section 3.3 in the Supporting
Information). The amount of open isomer at the PTE depends
on the photoisomerization efficiency and the thermal half-life,
which can effectively be influenced by modulating both light
intensity and temperature. Under the applied conditions, 10%
of 2,7A could be converted to the open isomer at —20 °C,
while an almost quantitative conversion (>97%) could be
achieved for 4,9A at 20 °C. In accordance with the above-
mentioned relation of the maximum bathochromic shift of the
excitation wavelength and the thermal half-life of the
metastable CPD isomer, 2,7A rapidly converts back to its
closed form in the dark (t,/,(—20 °C) = S s), whereas the open
isomer of 4,9A has a much higher thermal stability
(t,2(20°C) =7 h) (Table 1; for further details see Section
3.4 in the Supporting Information).

Increasing Donor Strength. Replacing the moderately
donating N-methylpyrrole with the stronger and sterically less
demanding pyrrolidine donor significantly increases the partial
quinoid character in DHP 2,7B and 4,9B, which in turn leads
to an overall bathochromic shift of all optical transitions (Table

1).
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Scheme 1. Synthetic Approach for Donor—Acceptor Functionalization of Dihydropyrenes”
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“(a) NBS, 2,7: DMF, 0°C, 94%, 4,9: DMF/DCM, —78 °C, 96%; (b) CHCL,OCH,;, TiCl,, DCM, 0°C, 2,7: 60%, 4,9: 55%; (c) Don-H,
Pd(OAc),, ligand, base, solvent, 90—100 °C, 2,7: 30—40%; (d) Acc-CH,, pyridine, EtOH, reflux, 2,7: 50—85%, 4,9: 55—75% over two steps; (for

details see Section 2 in the Supporting Information).
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Figure 2. Absorption spectra of DHP 2,7A and 4,9A in acetonitrile at
20 °C including photographs of respective cuvettes (~20 uM); gray
area indicates NIR cross-section.

While the more pronounced quinoid character causes an
immense increase of the intensity of the CT bands, the
opposite can be observed for the absorption bands between
300 and 500 nm, which are associated with the aromatic DHP
core itself (Figure 3, bottom). The photoisomerization of 2,7B
could not be observed with steady-state absorption spectros-
copy even at low temperatures down to —80°C. This
observation is reasonable considering that the activation
barrier of the thermal ring-closure of the less red-shifted

2,7A is already very low (AGT,_,C (20°C) = 16.6 kecal mol™). It
is important to note that although cooling to lower
temperatures enhances the thermal halflife of the CPD
isomer, it also decreases the efficiency of the photochemical
DHP ring-opening due to a barrier, which has been predicted
to be present in the excited state.”’ Nevertheless, DHP 4,9B,
displaying a high NIR cross-section and a shift of the CT band
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up to 4 = 900 nm, still exhibits a thermal half-life of 2.7 min at
20 °C, which allows almost quantitative conversion (>94%) to
the open isomer upon irradiation with an 810 nm LED
(310 mW; see Figure S32 in the Supporting Information).

In principle, irradiation with increasing intensity shifts the
equilibrium toward larger quantities of open CPD isomer in
the PTE but may in addition cause reversible formation of
endoperoxides (see Scheme S2 in Section 3.2 of the
Supporting Information). DHPs are known photosensitizers
able to generate singlet oxygen, which can subsequently react
with the open isomer to form a CPD endoperoxide.”’ Once
small amounts of endoperoxide are formed, no clean isosbestic
point and no first-order kinetics of the thermal reversion can
be observed since both processes (photoisomerization and
endoperoxide formation) are thermally reversible. However,
endoperoxide byproduct formation could be overcome by
addition of 1,4-diazabicyclo[2.2.2]octane (DABCO),”* able to
quench the generated singlet oxygen and thus ensuring clean
conversion to the open isomer even during exposure to high-
intensity NIR light in the presence of oxygen (see Scheme S2
and Figure S35 in the Supporting Information).

Polarity of the Environment. The closed isomers of
donor—acceptor DHPs display a pronounced positive
solvatochromism due to a better stabilization of the
zwitterionic resonance structure in more polar solvents, and
thus the polarity of the environment has a tremendous effect
on their photothermal properties. This solvent effect has been
investigated for derivatives 2,7A and 4,9B in n-heptane,
toluene, and acetonitrile. As expected, the molecular electro-
static potential of both derivatives shows a stronger charge
separation in acetonitrile as compared to the nonpolar solvent
n-heptane. Consequently, the partial quinoid character
increases by altering the polarity of the solvent (Figure 4, top).

The effect is less pronounced for DHP 2,7A, which has the
weaker donor—acceptor system. Nevertheless, already the

https://dx.doi.org/10.1021/jacs.0c04219
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Figure 3. Top: Irradiation spectra (spectra taken every 12 s) in acetonitrile until reaching the PTE under the applied conditions; left: DHP 2,7A:
—20°C, 17 uM, 780 nm LED (fwhm = 30 nm, 330 mW); right: DHP 4,9A: 20 °C, 23 M, 730 nm LED (fwhm = 37 nm, 100 mW). Bottom:
Comparison of absorption spectra in acetonitrile at 20 °C, gray area indicates NIR cross-section; left: DHPs 2,7A and 2,7B; right: DHPs 4,9A and

4,9B.

Table 1. Quinoid Character, Spectral Data, and Thermal
Lifetimes of Open Isomers for 2,7A, 4,9A and 2,7B, 4,9B

DHP
2,7A 4,9A 2,7B 4,9B
quinoid 7% 6% 16% 14%
character®
Aonset” [nm] 876 775 861 875
NIR cross-section abs 7.7 X 10° 2.5 x 10* 4.9 x 10° 1.6 x 10°
rel® 31 1 195 66
t1,2(20 °C) <540 ms”  7.1h na‘ 2.7 min

“Based on the harmonic oscillator model of aromaticity (HOMA;"’
see Section 4.2 in the Supporting Information). "¢ is 1% of & at A,
“Relative to normalized NIR cross-section of 4,9A. dExtrapolated to
20 °C (for further details see Section 3.4 in the Supporting
Information). “Not available due to a short lifetime of the open
isomer.

increase of the quinoid character from 5% to 7% is reflected in
a bathochromic shift of the absorption onset of about 100 nm
and an increased NIR cross-section. The enhanced thermal
stability of the open isomer 2,7A in the less polar solvents
n-heptane and toluene (t,,,(20°C) = 7 and 3 s, respectively)
furthermore causes an increased extent of photoconversion
(32% and 13%, respectively) upon irradiation with a 660 nm
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LED at 20 °C (Table 2; for further details see Section 3 in the
Supporting Information).

The positive solvatochromism is more pronounced for
derivative 4,9B, which has the stronger donor—acceptor
system. The partial quinoid character almost doubles by
altering the polarity of the solvent, which is reflected in a large
bathochromic and hyperchromic effect on the CT band,
leading to a shift of the absorption onset of around 70 nm and
an increased NIR cross-section and is furthermore accom-
panied by a strong decrease of the thermal half-life from 4.4 h
to 2.7 min (Table 2). In contrast to the closed form, the open
isomers show no significant solvatochromism since the donor
and acceptor are decoupled and no partial quinoid character is
exhibited. The absorbance maximum of the open isomers of
2,7A and 4,9B is at A = 300 nm in all investigated solvents, and
the absorption tails out up to 4 = 600 and 650 nm, respectively
(Figure 4, bottom).

Calculated Thermal Relaxation and Activation Pa-
rameters. Solvent-dependent activation enthalpies of thermal
ring-closure have been calculated for all investigated DHPs.
However, activation entropies cannot be calculated accurately
with an implicit solvation model since the structure of the
solvation shell strongly affects the entropic contribution.
Nevertheless, thermal reaction barriers of the recently reported
9-dimethylamino-4-nitro-DHP show a linear dependence on
activation enthalpies and entropies,'” allowing the direct, linear

https://dx.doi.org/10.1021/jacs.0c04219
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Figure 4. Top: Molecular electrostatic potential mapped on a 0.95 isosurface in n-heptane and acetonitrile. Bottom: Positive solvatochromism of
DHP 2,7A (left) and 4,9B (right): Absorption spectra of closed (solid lines) and open isomers (dotted lines) in n-heptane, toluene, and

acetonitrile at 20 °C.

Table 2. Positive Solvatochromism of DHPs 2,7A and 4,9B

n-heptane toluene acetonitrile
2,7A
quinoid character” 4.7% 4.9% 7.2%
A [nm] 445 451 448
(18 920) (18 750) (18710)
(e [L mol™ em™]) 652 668 671
(34990) (35240) (40 490)
Aonset” [nm] 777 823 876
NIR cross-section abs 4.8 x 10* 33 % 10° 7.7 X 10°
rel” 2 13 31
t, (20 °C) 7s 3s 256 ms”
CPD present at PTE® 32% 13% na’
4,9B
quinoid character” 8.0% 8.6% 14.2%
e [nm] 461 471 480
(28 480) (25750) (18 940)
(e [L mol™ em™]) 706 724 780
(13750) (17 810) (23 500)
Aonser’ [nm] 808 850 875
NIR cross-section abs 14X 10° 5.8 x 10° 1.6 x 10°
rel” 6 23 66
t, (20 °C) 44 h 38 min 2.7 min
CPD present at PTE® 98% 97% 94%

“Based on HOMA. ¢ is 1% of ¢ at A,,,. “Relative to normalized NIR
cross-section of 4,9A (see Table 1). dExtrapolated to 20 °C (see
Section 3.4 in the Supporting Information). “Conversion under the
applied conditions: 20 °C, 2,7A: 660 nm LED (fwhm = 20 nm, 280
mW); 4,9B: 810 nm LED (fwhm = 25 nm, 300 mW)./Not available
due to a short lifetime of the open isomer.

11861

correlation of measured thermal half-lives and calculated
activation enthalpies. This relation can be employed to
estimate the thermal half-life of the CPD isomer of derivative
2,7B at 20 °C to amount to just 14 ns (Table 3). Such a short
thermal half-life cannot be measured by conventional steady-
state UV—vis absorption spectroscopy, which is in accordance
with our observation.

Table 3. Thermal Relaxation and Activation Parameters”

DHP

2,7A 4,9A 2,7B 4,9B

AH,_, [keal mol™'] 124 179 45 158
measured t,/, (20 °C) 256 ms”  7.1h na. 2.7 min
fitted t,, (20 °C)° 359ms  S3h  14+6ns? 43 min

AH,_, [kcal mol™'] 21.5 16.3 28.4 16.7

“Solvent: acetonitrile. “Extrapolated to 20 °C. “Fit function based on
activation enthalpies, R* = 0.9898. #Uncertainty based on relative fit
error (see Section 4 in the Supporting Information).

Interestingly, the thermal ring-opening activation enthalpies
of all investigated DHPs are similar in the same solvent,
independent of the attached donor—acceptor substituents,
implying a comparable change of quinoid character from the
closed isomer to the transition state in all cases. However, the
absolute energies of the closed isomer and transition state
strongly depend on the donor—acceptor system due to its 7-
conjugation, whereas the energy of the open isomers is barely
affected by the decoupled donor—acceptor system. Therefore,
a linear relation between the thermal ring-opening activation
and reaction enthalpy can be derived following the Bell—

https://dx.doi.org/10.1021/jacs.0c04219
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Evans—Polanyi principle.”” This relation allows a simple
computational prescreening of the magnitude of thermal half-
lives of potential donor—acceptor DHPs based on fast
optimizations of the open and closed minimum structures
(see Section 4.6 in the Supporting Information). Moreover, the
central carbon—carbon bond is the principal component of the
reaction coordinate of the thermal ring-closure, effectively
following Hammond’s postulate.”* The more exothermic the
ring-closure is, the earlier the closed-shell singlet transition
state and hence the lower the reaction barrier (see Section 4.6
in the Supporting Information). Two distinct linear trends
occur for the 2,7- and 4,9-substitution pattern, displaying
higher barriers for identical donor—acceptor groups in the
latter case (Figure S).

25 |
4,9-NO:-NMe:-DHP 27
L 6 Re=0.9464
20 KX R
ol e a9A
= " 4,98
2 4,90 @7
= @7 a9C P
= 10 | 4,9
e R?=0.9726 P
3
2,78
St AL
1 L 1 n 1 " 1 " 1
2.20 215 2.10 2.05 2.00
d(c-C) [A]

Figure S. Activation enthalpies of the thermal ring-closure dependent
on the central carbon—carbon distance. Precursor DHPs 6 and 7 bear
formyl as a weak acceptor and N-methylpyrrole or pyrrolidine as
donor groups, respectively, and were additionally calculated to prove
the linear trend for the 2,7-substitution pattern.

Photoisomerization Efficiency. Since the measurement
of quantum yields above 620nm requires sophisticated
techniques,” a more general and theoretical description of
the photoisomerization efficiency has been chosen. However,
we previously reported the ring-opening quantum yields for
the less red-shifted 9-dimethylamino-4-nitro-DHP derivative at
A =2579 nm (@, = 0.28 in n-heptane, 0.18 in toluene, and
0.05 in acetonitrile).” Quantum chemical calculations may
rationalize the increase of photochemical ring-opening
efficiency in donor—acceptor DHPs both in nonpolar solvents
and compared to the unsubstituted DHPs 1 and 2. Electron
difference densities of the ground state and excited states
calculated with ADC(2) show a charge-transfer character of
the first excited state mainly caused by the HOMO—-LUMO
excitation contribution, whereas the second excited state
corresponds mainly to an excitation of the DHP’s aromatic
core (Figure 6; see Table S6 in Section 4.4 of the Supporting
Information). More importantly, a significant decrease of
electron density along the central carbon—carbon bond takes
place only during the first excitation, indicating that the
photochemical ring-opening occurs from the first excited state.
In contrast, the unsubstituted DHP undergoes the photo-
isomerization via the second excited state, explaining its low
quantum yield for the ring-opening.'®™ In nonpolar solvents,
the decrease is more prominent, supporting the tendency of

1st EXCITATION 2nd

4,9-NMe,-NO,-DHP

4,98

Figure 6. Electron difference densities of the ground state and first
and second excited state, respectively, of parent 2,7-bis(tert-butyl)-
DHP 2, 4,9-NMe,-NO,-DHP (quinoid character: $%), and 4,9B
(quinoid character: 8%) in n-heptane.

higher quantum yields in less polar solvents (see Section 4.5 in
the Supporting Information). In the series of the investigated
donor—acceptor DHPs, the major contribution to the first
excitation (HOMO—-LUMO orbital substitution) remains
almost constant, while the shape of the HOMO itself changes.
The higher the solvent polarity, the more quinoid character the
molecule adopts, and thus, donor and acceptor z-orbitals are in
stronger conjugation with the aromatic system. An increased
contribution of these s-orbitals leads to a decreased
contribution of the central carbon—carbon bond region to
the HOMO. Since the HOMO becomes depopulated during
the first excitation, a weaker contribution of the carbon—
carbon bond to the HOMO implies a less pronounced
decrease of electron density along the carbon—carbon bond
but a stronger charge-transfer character. Thus, it turns out that
the donor—acceptor substitution enhances the photochemical
isomerization efficiency in the first place by enabling the ring-
opening from the first excited state. However, the photo-
isomerization efficiency decreases within the series of donor—
acceptor DHPs with an increase of quinoid character due to
stronger charge-transfer and thus weaker carbon—carbon bond
contribution to the first excitation (Figure 6; see Sections 4.1
and 4.5 in the Supporting Information).

Increasing Acceptor Strength and z-System. To find
the lower limit for the excitation energy of donor—acceptor
DHPs, we increased the acceptor strength and extended the
conjugated 7-system. Since the thermal stability of the open
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isomers is more affected by substitution in the 2,7-position, we
attached an indolenium (C) or a tricyanofuran moiety (D) as
stronger electron-withdrawing groups in combination with
pyrrolidine as a strong donor exclusively in the 4,9-position.
The selected strong acceptor groups additionally extend the
conjugated 7-system, resulting in red-shifted absorption
spectra up to A = 966 and 1017 nm of derivative 4,9C and
4,9D, respectively, and drastically increased extinction
coefficients of the lowest transition (up to 85000
Lmol™'ecm™) (see Figure S23 in Section 3.1 of the
Supporting Information). Unfortunately, the photoisomeriza-
tion of these derivatives could not be observed with steady-
state absorption spectroscopy, although the thermal half-lives
estimated by the calculated activation enthalpies are in the
range of milliseconds to seconds, indicating genuinely low
photoisomerization efficiencies. In addition, electron difference
densities of 4,9C and 4,9D show no decrease of electron
density along the central carbon—carbon bond in the first
excited state, which illustrates the limits of utilizing even
stronger donor—acceptor couples and more elongated 7-
systems (see Sections 4.5 and 4.6 in the Supporting
Information).

B CONCLUSION

In conclusion, we have exploited the general design strategy for
direct one-photon NIR photoswitches based on DHPs with
strong donor—acceptor substituents attached in the pseudo-
para-positions, i.e., 2,7- and 4,9-disubstitution. Taking
advantage of their negative T-type photochromism allows
switching them entirely with far-red or NIR light. The
developed synthetic route, starting from bromo-formyl DHP
precursors, gives access to versatile donor—acceptor DHP
derivatives. By merging experimental and theoretical ap-
proaches, we have been able to gain new insights into the
underlying structure—property relationships and the photo-
isomerization mechanism of these derivatives, enabling us to
tune their photothermal properties. The choice of the
substitution pattern, the nature and strength of the donor—
acceptor system, and the polarity of the environment provide
orthogonal handles for tuning the excitation wavelength, NIR
cross-section, photoisomerization efficiency, and thermal half-
life. Generally, the donor—acceptor substitution of DHPs
enhances the quantum yield of the ring-opening proceeding via
the first excited state. Although a tremendous increase of
partial quinoid character in combination with an extended
m-system gives rise to CT bands tailing beyond 1000 nm, the
associated photoisomerization efficiency and thermal half-lives
diminish and thus constitute an upper limit for the system.
Nevertheless, we were able to shift the lowest allowed
transition beyond 900 nm, increase the NIR cross-section by
two orders of magnitude, and modulate the thermal half-lives
between milliseconds and hours. These characteristics will be
key to exploit such donor—acceptor DHPs for various
applications ranging from photoactive materi_als2 and opto-
electronic devices® all the way to optobiology.”

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.0c04219.

Optimized structures in XYZ file format (ZIP)

Experimental procedures, characterization data, spectro-
scopic data, and computational data (PDF)

H AUTHOR INFORMATION

Corresponding Author
Stefan Hecht — Department of Chemistry & IRIS Adlershof,

Humboldt-Universitat zu Berlin, 12489 Berlin, Germany;
DWI-Leibniz Institute for Interactive Materials, 52056 Aachen,
Germany; Institute of Technical and Macromolecular
Chemistry, RWTH Aachen University, 52074 Aachen,
Germany; ® orcid.org/0000-0002-6124-0222;
Email: hecht@dwi.rwth-aachen.de

Authors

Kristin Klaue — Department of Chemistry & IRIS Adlershof,
Humboldt-Universitat zu Berlin, 12489 Berlin, Germany

Wenjie Han — Department of Chemistry & IRIS Adlershof,
Humboldt-Universitat zu Berlin, 12489 Berlin, Germany

Pauline Liesfeld — Department of Chemistry & IRIS Adlershof,
Humboldt-Universitat zu Berlin, 12489 Berlin, Germany

Fabian Berger — Department of Chemistry & IRIS Adlershof,
Humboldt-Universitat zu Berlin, 12489 Berlin, Germany

Yves Garmshausen — Department of Chemistry & IRIS
Adlershof, Humboldt-Universitat zu Berlin, 12489 Berlin,
Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.0c04219

Author Contributions
1K.K. and W.H. contributed equally to the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Jutta Schwarz for upscaling the synthesis of
parent DHPs 1 and 2. Generous support by the German
Research Foundation (DFG via SFB76S and SFB951,
Projektnummer 182087777) and the Helmholtz Graduate
School “Hybrid Materials for Efficient Energy Generation and
Information Technologies (Hybrid4Energy)” is gratefully
acknowledged. F.B. is indebted to the Studienstiftung des
Deutschen Volkes for providing a doctoral fellowship.

B REFERENCES

(1) Bouas-Laurent, H.; Diirr, H. Organic Photochromism (IUPAC
Technical Report). Pure Appl. Chem. 2001, 73, 639—665.

(2) (a) Wang, L; Li, Q Photochromism into Nanosystems:
Towards Lighting up the Future Nanoworld. Chem. Soc. Rev. 2018,
47, 1044—1097. (b) Goulet-Hanssens, A.; Eisenreich, F.; Hecht, S.
Enlightening Materials with Photoswitches. Adv. Mater. 2020, 32,
1905966.

(3) Orgiu, E; Samori, P. 25th Anniversary Article: Organic
Electronics Marries Photochromism: Generation of Multifunctional
Interfaces, Materials, and Devices. Adv. Mater. 2014, 26, 1827—1848.

(4) (a) Kassem, S.; van Leeuwen, T.; Lubbe, A. S.; Wilson, M. R,;
Feringa, B. L.; Leigh, D. A. Artificial Molecular Motors. Chem. Soc.
Rev. 2017, 46, 2592—2621. (b) Groppi, J.; Baroncini, M.; Venturi, M.;
Silvi, S.; Credi, A. Design of Photo-Activated Molecular Machines:
Highlights from the Past Ten Years. Chem. Commun. 2019, SS,
12595—-12602.

(5) (a) Szymanski, W.; Beierle, J. M.; Kistemaker, H. A. V; Velema,
W. A,; Feringa, B. L. Reversible Photocontrol of Biological Systems by
the Incorporation of Molecular Photoswitches. Chem. Rev. 2013, 113,
6114—6178. (b) Hiill, K; Morstein, J.; Trauner, D. In Vivo

https://dx.doi.org/10.1021/jacs.0c04219
J. Am. Chem. Soc. 2020, 142, 11857—11864


https://pubs.acs.org/doi/10.1021/jacs.0c04219?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04219/suppl_file/ja0c04219_si_001.zip
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04219/suppl_file/ja0c04219_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Hecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6124-0222
mailto:hecht@dwi.rwth-aachen.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristin+Klaue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjie+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pauline+Liesfeld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabian+Berger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yves+Garmshausen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c04219?ref=pdf
https://dx.doi.org/10.1351/pac200173040639
https://dx.doi.org/10.1351/pac200173040639
https://dx.doi.org/10.1039/C7CS00630F
https://dx.doi.org/10.1039/C7CS00630F
https://dx.doi.org/10.1002/adma.201905966
https://dx.doi.org/10.1002/adma.201304695
https://dx.doi.org/10.1002/adma.201304695
https://dx.doi.org/10.1002/adma.201304695
https://dx.doi.org/10.1039/C7CS00245A
https://dx.doi.org/10.1039/C9CC06516D
https://dx.doi.org/10.1039/C9CC06516D
https://dx.doi.org/10.1021/cr300179f
https://dx.doi.org/10.1021/cr300179f
https://dx.doi.org/10.1021/acs.chemrev.8b00037
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c04219?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Photopharmacology. Chem. Rev. 2018, 118, 10710—10747. (c) To-
chitsky, I; Kienzler, M. A.; Isacoff, E.; Kramer, R. H. Restoring Vision
to the Blind with Chemical Photoswitches. Chem. Rev. 2018, 118,
10748—10773.

(6) Bléger, D.; Hecht, S. Visible-Light-Activated Molecular Switches.
Angew. Chem., Int. Ed. 2015, 54, 11338—11349.

(7) (a) Dong, M.; Babalhavaeji, A.; Hansen, M. J,; Kalman, L,;
Woolley, G. A. Red, Far-Red, and near Infrared Photoswitches Based
on Azonium Ions. Chem. Commun. 2015, SI, 12981—12984.
(b) Dong, M.; Babalhavaeji, A; Samanta, S.; Beharry, A. A;
Woolley, G. A. Red-Shifting Azobenzene Photoswitches for in Vivo
Use. Acc. Chem. Res. 2015, 48, 2662—2670. (c) Dong, M,;
Babalhavaeji, A;; Collins, C. V.; Jarrah, K; Sadovski, O.; Dai, Q;
Woolley, G. A. Near-Infrared Photoswitching of Azobenzenes under
Physiological Conditions. J. Am. Chem. Soc. 2017, 139, 13483—13486.
(d) Hansen, M. J.; Lerch, M. M.; Szymanski, W.; Feringa, B. L. Direct
and Versatile Synthesis of Red-Shifted Azobenzenes. Angew. Chem.,
Int. Ed. 2016, 5S, 13514—13518.

(8) Yang, Y.; Hughes, R. P.; Aprahamian, I. Near-Infrared Light
Activated Azo-BF, Switches. J. Am. Chem. Soc. 2014, 136, 13190—
13193.

(9) Lentes, P.; Stadler, E.; Rohricht, F.; Brahms, A.; Grobner, J.;
Sonnichsen, F. D.; Gescheidt, G.; Herges, R. Nitrogen Bridged
Diazocines: Photochromes Switching within the Near-Infrared Region
with High Quantum Yields in Organic Solvents and in Water. J. Am.
Chem. Soc. 2019, 141, 13592—13600.

(10) (a) Huang, C.-Y.; Bonasera, A.; Hristov, L.; Garmshausen, Y;
Schmidt, B. M.; Jacquemin, D.; Hecht, S. N, N'-Disubstituted Indigos
as Readily Available Red-Light Photoswitches with Tunable Thermal
Half-Lives. J. Am. Chem. Soc. 2017, 139, 15205—15211. (b) Zweig, J.
E.; Newhouse, T. R. Isomer-Specific Hydrogen Bonding as a Design
Principle for Bidirectionally Quantitative and Redshifted Hemi-
thioindigo Photoswitches. J. Am. Chem. Soc. 2017, 139, 10956—
10959.

(11) (a) Hemmer, J. R.; Poelma, S. O; Treat, N,; Page, Z. A;
Dolinski, N. D.; Diaz, Y. J.; Tomlinson, W.; Clark, K. D.; Hooper, J.
P.; Hawker, C.; Read de Alaniz, J. Tunable Visible and Near Infrared
Photoswitches. J. Am. Chem. Soc. 2016, 138, 13960—13966.
Overview: (b) Lerch, M. M.; Szymanski, W.; Feringa, B. L. The
(Photo)Chemistry of Stenhouse Photoswitches: Guiding Principles
and System Design. Chem. Soc. Rev. 2018, 47, 1910—1937.

(12) Kometani, A.; Inagaki, Y.; Mutoh, K; Abe, J. Red or NIR Light
Operating Negative Photochromism of Binaphthyl-Bridged Imidazole
Dimer. J. Am. Chem. Soc. 2020, 142, 7995—8005.

(13) Klaue, K.; Garmshausen, Y.; Hecht, S. Taking Photochromism
Beyond Visible: Direct One-Photon NIR Photoswitches Operating in
the Biological Window. Angew. Chem., Int. Ed. 2018, 57, 1414—1417.

(14) Borjesson, K; Lennartson, A; Moth-Poulsen, K. Efficiency
Limit of Molecular Solar Thermal Energy Collecting Devices. ACS
Sustainable Chem. Eng. 2013, 1, 585—590.

(15S) Review: (a) Mitchell, R. H. The Metacyclophanediene-
Dihydropyrene Photochromic 7 Switch. Eur. J. Org. Chem. 1999,
1999, 2695—2703. (b) Bohne, C.; Mitchell, R. H. Characterization of
the Photochromism of Dihydropyrenes with Photophysical Techni-
ques. J. Photochem. Photobiol, C 2011, 12, 126—137.

(16) Mitchell, R. H; Ward, T. R;; Chen, Y.; Wang, Y.; Weerawarna,
S. A; Dibble, P. W,; Marsella, M. J; Almutairi, A.; Wang, Z. Q.
Synthesis and Photochromic Properties of Molecules Containing [e]-
Annelated Dihydropyrenes. Two and Three Way 7-Switches Based on
the Dimethyldihydropyrene-Metacyclophanediene Valence Isomer-
ization. J. Am. Chem. Soc. 2003, 125, 2974—2988.

(17) Mitchell, R. H.; Boekelheide, V. Transformation of Sulfide
Linkages to Carbon-Carbon Double Bond. Syntheses of Cis- and
Trans-15,16-Dimethyldihydropyrene and Trans-15,16-Dihydropyr-
ene. J. Am. Chem. Soc. 1974, 96, 1547—1557.

(18) Kathan, M.; Hecht, S. Photoswitchable Molecules as Key
Ingredients to Drive Systems Away from the Global Thermodynamic
Minimum. Chem. Soc. Rev. 2017, 46, 5536—5550.

11864

(19) (a) Kruszewski, J.; Krygowski, T. M. Harmonic Oscillator
Approach to the Definition of Aromaticity. Bull. Acad. Polym. Sci.
Chim. 1972, 20, 907—915. (b) Kruszewski, J.; Krygowski, T. M.
Definition of Aromaticity Basing on the Harmonic Oscillator Model.
Tetrahedron Lett. 1972, 13, 3839—3842.

(20) (a) Blattmann, H.-R.; Schmidt, W. Uber Die Phototropie Des
Trans-15,16-Dimethyldihydropyrens Und Seiner Derivate. Tetrahe-
dron 1970, 26, 5885—5899. (b) Boggio-Pasqua, M.; Bearpark, M. J.;
Robb, M. A. Toward a Mechanistic Understanding of the Photo-
chromism of Dimethyldihydropyrenes. J. Org. Chem. 2007, 72, 4497—
4503.

(21) (a) Cerfontain, H.; Koeberg-Telder, A.; Bakker, B. H.; Mitchell,
R. H.; Tashiro, M. Photoreactions of Trans-10b,10c-Dimethyl-
10b,10c-Dihydropyrenes. Liebigs Ann. 1997, S, 873—878. (b) Cobo,
S.; Lafolet, F.; Saint-Aman, E.; Philouze, C.; Bucher, C.; Silvi, S.;
Credi, A,; Royal, G. Reactivity of a Pyridinium-Substituted
Dimethyldihydropyrene Switch under Aerobic Conditions: Self-
Sensitized Photo-Oxygenation and Thermal Release of Singlet
Oxygen. Chem. Commun. 2015, 51, 13886—13889. (c) Boggio-
Pasqua, M.; Lopez Vidal, M.; Garavelli, M. Theoretical Mechanistic
Study of Self-Sensitized Photo-Oxygenation and Singlet Oxygen
Thermal Release in a Dimethyldihydropyrene Derivative. ]. Photo-
chem. Photobiol., A 2017, 333, 156—164.

(22) (a) Ouannes, C.; Wilson, T. Quenching of Singlet Oxygen by
Tertiary Aliphatic Amines. Effect of DABCO (1,4-Diazabicy-
clo[2.2.2]-Octane). J. Am. Chem. Soc. 1968, 90, 6527—6528.
(b) Young, R. H.; Martin, R. L. Mechanism of Quenching of Singlet
Oxygen by Amines. ]. Am. Chem. Soc. 1972, 94, 5183—5185.

(23) (a) Bell, R. P. The Theory of Reactions Involving Proton
Transfers. Proc. R. Soc. London A. Math. Phys. Sci. 1936, 154, 414—
429. (b) Evans, M. G.; Polanyi, M. Further Considerations on the
Thermodynamics of Chemical Equilibria and Reaction Rates. Trans.
Faraday Soc. 1936, 32, 1333—1360.

(24) Hammond, G. S. A Correlation of Reaction Rates. J. Am. Chem.
Soc. 1955, 77, 334—338.

(25) No reliable chemical actinometer is available above 620 nm;
Sumi, T.; Takagi, Y,; Yagi, A; Morimoto, M,; Irie, M. Photo-
irradiation Wavelength Dependence of Cycloreversion Quantum
Yields of Diarylethenes. Chem. Commun. 2014, 50, 3928—3930.

https://dx.doi.org/10.1021/jacs.0c04219
J. Am. Chem. Soc. 2020, 142, 11857—11864


https://dx.doi.org/10.1021/acs.chemrev.8b00037
https://dx.doi.org/10.1021/acs.chemrev.7b00723
https://dx.doi.org/10.1021/acs.chemrev.7b00723
https://dx.doi.org/10.1002/anie.201500628
https://dx.doi.org/10.1039/C5CC02804C
https://dx.doi.org/10.1039/C5CC02804C
https://dx.doi.org/10.1021/acs.accounts.5b00270
https://dx.doi.org/10.1021/acs.accounts.5b00270
https://dx.doi.org/10.1021/jacs.7b06471
https://dx.doi.org/10.1021/jacs.7b06471
https://dx.doi.org/10.1002/anie.201607529
https://dx.doi.org/10.1002/anie.201607529
https://dx.doi.org/10.1021/ja508125n
https://dx.doi.org/10.1021/ja508125n
https://dx.doi.org/10.1021/jacs.9b06104
https://dx.doi.org/10.1021/jacs.9b06104
https://dx.doi.org/10.1021/jacs.9b06104
https://dx.doi.org/10.1021/jacs.7b08726
https://dx.doi.org/10.1021/jacs.7b08726
https://dx.doi.org/10.1021/jacs.7b08726
https://dx.doi.org/10.1021/jacs.7b04448
https://dx.doi.org/10.1021/jacs.7b04448
https://dx.doi.org/10.1021/jacs.7b04448
https://dx.doi.org/10.1021/jacs.6b07434
https://dx.doi.org/10.1021/jacs.6b07434
https://dx.doi.org/10.1039/C7CS00772H
https://dx.doi.org/10.1039/C7CS00772H
https://dx.doi.org/10.1039/C7CS00772H
https://dx.doi.org/10.1021/jacs.0c02455
https://dx.doi.org/10.1021/jacs.0c02455
https://dx.doi.org/10.1021/jacs.0c02455
https://dx.doi.org/10.1002/anie.201709554
https://dx.doi.org/10.1002/anie.201709554
https://dx.doi.org/10.1002/anie.201709554
https://dx.doi.org/10.1021/sc300107z
https://dx.doi.org/10.1021/sc300107z
https://dx.doi.org/10.1002/(SICI)1099-0690(199911)1999:11<2695::AID-EJOC2695>3.0.CO;2-T
https://dx.doi.org/10.1002/(SICI)1099-0690(199911)1999:11<2695::AID-EJOC2695>3.0.CO;2-T
https://dx.doi.org/10.1016/j.jphotochemrev.2011.08.001
https://dx.doi.org/10.1016/j.jphotochemrev.2011.08.001
https://dx.doi.org/10.1016/j.jphotochemrev.2011.08.001
https://dx.doi.org/10.1021/ja0288136
https://dx.doi.org/10.1021/ja0288136
https://dx.doi.org/10.1021/ja0288136
https://dx.doi.org/10.1021/ja0288136
https://dx.doi.org/10.1021/ja00812a045
https://dx.doi.org/10.1021/ja00812a045
https://dx.doi.org/10.1021/ja00812a045
https://dx.doi.org/10.1021/ja00812a045
https://dx.doi.org/10.1039/C7CS00112F
https://dx.doi.org/10.1039/C7CS00112F
https://dx.doi.org/10.1039/C7CS00112F
https://dx.doi.org/10.1016/S0040-4039(01)94175-9
https://dx.doi.org/10.1016/0040-4020(70)80025-4
https://dx.doi.org/10.1016/0040-4020(70)80025-4
https://dx.doi.org/10.1021/jo070452v
https://dx.doi.org/10.1021/jo070452v
https://dx.doi.org/10.1002/jlac.199719970513
https://dx.doi.org/10.1002/jlac.199719970513
https://dx.doi.org/10.1039/C5CC04763C
https://dx.doi.org/10.1039/C5CC04763C
https://dx.doi.org/10.1039/C5CC04763C
https://dx.doi.org/10.1039/C5CC04763C
https://dx.doi.org/10.1016/j.jphotochem.2016.10.020
https://dx.doi.org/10.1016/j.jphotochem.2016.10.020
https://dx.doi.org/10.1016/j.jphotochem.2016.10.020
https://dx.doi.org/10.1021/ja01025a059
https://dx.doi.org/10.1021/ja01025a059
https://dx.doi.org/10.1021/ja01025a059
https://dx.doi.org/10.1021/ja00770a006
https://dx.doi.org/10.1021/ja00770a006
https://dx.doi.org/10.1039/tf9363201333
https://dx.doi.org/10.1039/tf9363201333
https://dx.doi.org/10.1021/ja01607a027
https://dx.doi.org/10.1039/c4cc00396a
https://dx.doi.org/10.1039/c4cc00396a
https://dx.doi.org/10.1039/c4cc00396a
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c04219?ref=pdf

