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Donor—acceptor Stenhouse adducts (DASAs) are molecular photoswitches with applications spanning
materials to molecular machines. Although structural modularity has enabled seminal DASA studies,
sulfonyl substituents in amino DASAs remain unexplored. Evaluation of sulfonyl substituents reveals
a distinct photoswitching pathway between acyclic isomers about the C3—C,4 bond, as evidenced by UV-
vis spectroscopy and low-temperature NMR spectroscopy. This discovery was achieved by significantly
improving DASA structural stability under irradiation, which in turn enables the creation of a compound
that sets the record for amino DASA isomer distribution at the photostationary state. Thermal reversion is
rapid with little to no fatigue in dichloromethane and solvent versatility is demonstrated with
photoswitching and full recovery in toluene, albeit with slower thermal recovery rates. Sulfonyl

substituents are also found to modulate molar absorption coefficients and structural charge distribution
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Accepted 11th December 2025 in a manner that broadly follows Hammett substituent constants with modest correlations, thereby
providing qualitative guidance for molecular design. These findings enable the greater DASA photoswitch

DOI: 10.1039/d55c07740k class to selectively access multiple isomers through structural design, offering opportunities for further
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Introduction

Precise control of material properties using an external stim-
ulus is of significant interest for responsive material develop-
ment. Molecular photoswitches are compounds that can
undergo reversible structural changes using light, a benign and
maneuverable stimulus, providing spatiotemporal control and
supporting smart materials, phototherapies, and responsive
molecular systems.'” Upon absorption of light, photoswitches
typically undergo either an E/Z isomerization or a pericyclic
rearrangement, interconverting between two distinct states.
Examples of E/Z isomerization switches include azobenzenes,
stilbenes, and (hemi)indigo switches,**® while examples of
pericyclic rearrangement switches include diarylethenes and
spiropyrans, among others (Fig. 1A).""*?

The donor-acceptor Stenhouse adduct (DASA) class was
discovered in 2014 ™ and has since gained great interest for its
synthetic modularity, multistep switching mechanism, and use
in photoresponsive polymers and logic-gated devices, among
other applications.™>* Unlike photoswitches requiring UV light
to undergo single-step transformations,'***-*®* DASAs use visible
light to toggle between A, B, and C states, where A represents the
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developments in responsive materials, soft robotics, and selective reactivity.

thermodynamically favored acyclic form, B is a series of meta-
stable acyclic alkene isomers, and C is a series of metastable
cyclic forms (Fig. 1B).>*** The triene photoswitch unit in DASAs
enables both actinic E/Z isomerizations from A to B and
a thermal pericyclic rearrangement from EZE B to C. Although
metastable acyclic isomeric B forms have been characterized,*
precise DASA switching between the A form and a single B
isomer without C formation remains elusive despite vastly
different properties between B and C isomers that are of interest
for (bio)electronic and conductive responsive materials.*® The
continued advancement of DASA structural modularity has
repeatedly unlocked insights into swtiching mechanisms,
behaviors, applications, and tunable
properties,**** raising the prospect that further structural
innovation may ultimately deliver the selective A to single-B
photoswitching.

DASAs produce equilibria with low B-series exclusivity as
a result of an electron rich Cs from C,-hydroxyl electron dona-

functional

tion through resonance,”¢ which distinguishes them from
traditional merocyanine dyes.*® In the development of a multi-
stage system, an equilibrium of A, B, and C isomers was
established using strategically tuned donor and acceptor units
bearing sterically demanding groups to increase the kinetic
barriers of isomerization.*” In a separate study, removal of the
backbone heteroatom was shown to circumvent 4-electro-
cyclization while unselectively forming multiple B-series
isomers,* highlighting the critical heteroatomic electronic
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Fig. 1 (A) E/Z isomerization and pericyclic rearrangement photo-
switch types. (B) Donor—acceptor Stenhouse adducts (DASAs) isom-
erizing between A and C isomers through B isomers. (C) DASA
structural modularity, including the unexplored sulfonyl substituents in
amino DASAs (this work), enabling exclusive, selective A to single-B
switching and photophysical property tuning.

effect on interrupting the full A to C DASA switching sequence.
We recently developed a pyrrole rearrangement that introduces
C, heteroatomic variation on the DASA structure.’®** Despite
creating an amino DASA of each generation using a 4-bromo-
benzenesulfonyl group on the C, nitrogen atom, photo-
isomerization was not discernible by NMR due to inefficient
photoswitching. The additional bonding orbital on the C,
nitrogen atom in amino DASAs is an unexplored structural
domain that is of high interest for its potential to achieve
selective A to B DASA photoswitching while simultaneously
advancing amino DASA switching function and photophysical
tunability by strategically altering steric and electronic profiles.

Herein, we report the exploration of sulfonyl substitution
effects on amino donor-acceptor Stenhouse adducts (DASAs)
and the discovery of a new photoswitching paradigm within this
widely studied negative photochrome family. By introducing
sulfonyl groups on the C, nitrogen atom, we suppress the
conventional multi-step pathway involving cyclization or
competing acyclic isomers and instead achieve clean isomeri-
zation about the C;-C, bond (EEZ open form A to EZZ open form
B) and retain a fully conjugated, acyclic structure in both states.
This selective conjugated-to-conjugated  switching is
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accompanied by exceptional photostability, enabling the crea-
tion of an amino DASA with the highest reported population of
the photogenerated isomer for the amino DASA subclass. A
rapid, nearly quantitative thermal reversion after extended
periods of irradiation in dichloromethane is coupled with
solvent versatility that extends to non-polar media such as
toluene, albeit with slower thermal recovery rates. Low-
temperature NMR and UV-vis spectroscopy confirm the exclu-
sive formation of the EZZ B isomer from the EEZ A isomer upon
irradiation, while systematic variation of the sulfonyl substit-
uent reveals qualitative electronic trends in molar absorptivity
and charge distribution. These findings establish a rational,
modular strategy for accessing selective, open-form DASA pho-
toswitches and expand their potential in responsive materials,
soft robotics, and light-gated selective reactivity.

Results and discussion

Sulfonyl substituent library and their photophysical
properties

The streamlined three-step synthesis of sulfonyl amino DASAs,
starting from commercially available pyrrole-2-carboxaldehyde
2, is shown in Fig. 2A. Together, a sulfonylation reaction with
a respective sulfonyl chloride produces pyrrole 3, a subsequent
Knoevenagel condensation with an acceptor provides activated
pyrrole 4, and a donor-mediated pyrrole rearrangement reliably
yields the desired sulfonyl amino DASA product 5. DASAs are
typically isolated by recrystallization and trituration because of
compound crystallinity***> and instability on silica gel. Inspired
by (1) an increased rate of heterocyclic ring opening for DASA
synthesis when employing hexafluoroisopropanol (HFIP), (2)
HFIP-mediated stabilization of the DASA A form through
hydrogen bonding,**** and (3) remaining impurities in several
of the reported amino DASAs following precipitation efforts, we
discovered that adding 0.5-5% HFIP by volume to a suitable
mobile phase, typically 0.5-2% methanol in dichloromethane
by volume, enables amino DASA purification through column
chromatography. Although chromatographic isolated yields are
lower (15-55% yield), recovery is sufficient to characterize
compounds that remained impure after precipitation efforts.
Amino DASAs were not chromatographically stable without the
addition of HFIP.

To draw trends between sulfonyl substitents and DASA
photophysical properties, and to investigate their impact on
photoswitching, we synthesized a library using N,N-dimethyl
barbituric acid as the acceptor and unsubstituted indoline as
the donor. These amino DASAs are therefore reminiscent to
second-generation hydroxy DASAs, which are comprised of
a weakly donating arylamine donor and a relatively weakly
withdrawing acceptor.*>** The scope and overview of compound
photophysical properties are shown in Fig. 2B. Benzenesulfonyl
amino DASA 6 serves as the parent compound, synthesized in
61% yield, with extended sulfonyl conjugation explored through
1-naphthyl DASA 7. Sulfonyl amino DASAs containing electron
donating groups on the sulfonyl group, such as 4-methoxy 8 and
4-methylthio 9, are isolated in 15 and 29% yields, respectively.
Halogenated sulfonyl groups like 4-fluoro- 10, 4-chloro- 11, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4-iodobenzene 13 yield product in 70, 29, and 74%, respectively.
Compounds containing groups with stronger withdrawing
capacity, including 4-azido- 14, 4-nitro- 15, 2-nitro- 16, 4-tri-
fluoromethyl- 17, and 4-cyanobenzene 18, are prepared in 47—
76% yield. 4- and 2-nitrobenzenesulfonyl DASAs 15 and 16
allowed us to evaluate an electronic effect when comparing to
benzenesulfonyl amino DASA 6 while simultaneously validating
an observed steric effect on stability during irradiation (vide
infra). Halide-containing sulfonyl amino DASAs 10-13 and
azide-containing DASA 14 offer useful reactive cross-coupling or
click reaction handles at previously unobtainable molecular
regions,* highlighting the potential utility of the additional
bonding orbital on nitrogen beyond pyrrole activation and
DASA property adjustments. Although DASAs have been func-
tionalized at the donor and acceptor compartments,* and have
themselves been embedded into polymer backbones,* func-
tionalizing at the sulfonyl group provides a fourth distinct
spatial arrangement with photophysical advantages like unal-
tered Amax values despite undergoing electronic changes at
sulfonyl group (vide infra). Sulfonamides substituted with
multiple halides, such as 2,4,5-trichloro- 19 (68% yield) and
pentafluorobenzene 20 (99% yield), enable comparisons with
monosubstituted analogs. Heterocycles including 3-pyridine-
and 2-thiophene-containing products 21 and 22, synthesized in
57 and 72% yield, respectively, further diversify the library.
Finally, we synthesized sulfonyl amino DASAs featuring mesityl
23, 4-t-butyl mesityl 24, and methyl 25 sulfonyl groups to assess
steric effects.

The absorption bands of sulfonyl amino DASAs have Apax
values ranging from 577-582 nm in dichloromethane. This is
demonstrated in Fig. 3A through the narrow range of absorp-
tion Anax values displayed by amino DASAs 6, 8, 18, 21, and 25,
containing structurally diverse sulfonyl groups. Sulfonyl amino
DASAs exhibit a slight hypsochromic shift in A, relative to
hydroxy DASA analogs (615 nm),*® attributed to the strong
electron-withdrawing nature of the sulfonamide group, despite
nitrogen being a less electronegative atom than oxygen.*>*® The
narrow range of absorption A, values is consistent with
sulfonyl group substituents primarily exerting inductive effects
with negligible resonance contributions to the triene system.

Time-dependent density functional theory (TD-DFT) calcu-
lations, which model responses to time-dependent perturba-
tions like light,”” were performed on benzenesulfonyl, 4-
methoxybenzenesulfonyl, and 4-cyanobenzenesulfonyl DASAs
6, 8, and 18 to visualize the S, — S, transition. These calcula-
tions reveal that sulfonyl substituents have little impact on the
electron distribution involved in the S, excited state. As shown
in Fig. 3B, electron density in both the hole, the orbital from
which the electron is excited, and the electron, the orbital
occupied upon excitation, remains localized in the same
regions across compounds. This supports the minimal influ-
ence of sulfonyl groups on Apax values. Additionally, ground-
state DFT calculations on DASAs 6, 8, and 18 confirm that
sulfonyl substituents do not significantly alter the HOMO or
LUMO (see SI Fig. S269). Notably, molar absorption coefficients
in dichloromethane span a wide range between 18 000 and 140
000 M~ ' cm™*, with 2-nitrobenzene and thiophene-containing
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sulfonyl amino DASAs 16 and 22 showing significant varia-
tion. The low molar absorption coefficient of 2-nitrobenzene
sulfonyl amino DASA 16 is thought to arise from an ortho-steric
effect that also impacts amino DASAs 19 and 23. In contrast,
sulfonyl amino DASA 22 contains a polarizable sulfur atom in
the thiophene unit, which is known to increase molar absorp-
tion coefficients.*®

Solvatochromic slope values, quantifying charge distribution
in the conjugated A form, were derived from normalized Di-
mroth-Reichardt EN parameters®>® and range between —6 and
—20 nm. A steeper slope from increased solvatochromism is
consistent with increased push-pull character. The slopes
reflect a predominantly hybrid character with minimal charge
confinement, consistent with second-generation hydroxy
DASAs, and showcase the ability to fine-tune within the hybrid
zone through sulfonyl group modifications. This is significant
since current modifications in donor or acceptor units typically
lead to large changes in charge separation. A general trend is
observed (Fig. 3C) wherein sulfonyl amino DASAs containing
electron neutral or donating groups on the sulfonyl, such as 6-
9, exhibit lower slopes between —6 and —9 nm, consistent with
lower charge separation. Conversely, sulfonyl amino DASAs
containing strong electron withdrawing groups on the sulfonyl
generally display larger solvatochromic slopes, such as —19 nm
for 4-cyanobenzenesulfonyl amino DASA 18, indicating
enhanced zwitterionic character in the conjugated A form. The
electronic effects of sulfonyl substituents on solvatochromic
slope and molar absorption coefficient of amino DASAs were
also explored for future predictability by plotting Hammett
substituent constants (¢)** against these properties. Although
strong correlations (R> > 0.9) are not observed, the data reveal
a qualitative trend (Fig. 3D). A larger, more positive Hammett
constant is associated with both a higher molar absorption
coefficient and a larger absolute solvatochromic slope value.
Therefore, in the absence of ortho-steric effects, increasing
electron withdrawing strength of the sulfonyl substituent only
modestly leads to increased light absorptivity and greater A-
form zwitterionic character.

Sulfonyl effects on stability during irradiation and
combinatorial effects on isomer distribution at the
photostationary state

To elucidate sulfonyl effects on photoswitching efficiency, we
evaluated the full sulfonyl amino DASA library (see SI Fig. 96—
120) and highlight 4-bromobenzene 12,°° 4-methylthiobenzene
9, 4-cyanobenzene 18, 3-pyridyl 21, and mesityl 23 as exemplary
structures in Fig. 4A. These structures demonstrate the effects
of electron donating, electron withdrawing, and ortho sterics in
comparison to known compound 12. Using a 590 nm LED, we
measured the isomer distribution at the photostationary state
(PSS) by the decay in Amax, which represents the consumption of
isomer A. Though sulfonyl group electronics did not signifi-
cantly impact distribution values, achieving approximately 26%
in toluene, they did have an observable effect on reversion and
compound stability under irradiation (Fig. 4A). A rapid and
efficient reversion was observed for 4-cyanobenzenesulfonyl
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Fig. 2

(A) Streamlined three-step synthesis of sulfonyl amino DASAs. (B) Sulfonyl amino DASA scope and key photophysical properties, including

molar absorption coefficient in dichloromethane, A,ax in dichloromethane, solvatochromic slope, and isolation yield of the final step.

amino DASA 18, which fully recovered within 45 seconds in
toluene. Steric hindrance, particularly from ortho-substituted
groups, reduces compound stability under irradiation, limiting
reversible switching compared to less hindered analogs. This is
demonstrated by D%, the additional decay of A,y after estab-
lishing the PSS. For example, mesityl-containing DASA 23
reduced an additional 59% under irradiation in comparison to
a loss of only 3% for DASA 18 under identical conditions.
Heterocyclic DASAs 21 and 22 performed well with 3-pyridyl
DASA 21 achieving a distribution and stability profile compa-
rable to 4-cyanobenzene 18. We hypothesize that 3-pyridyl DASA
21 performs well due to the electron withdrawing nature of the
pyridine ring while 2-thiophene DASA 22 performs well due to
the smaller steric profile. Toluene was selected for photosta-
tionary state studies due to consistently increased distributions
in comparison to dichloromethane (see SI Fig. 121-122). All
compounds exhibit >99% of the thermodynamically favored A
form (Fig. 1B) at dark equilibrium by NMR in CDCl;, ensuring
high levels of reversion to the A form in the absence of light.
This high dark equilibrium is attributed to a strong H-bond
interaction between the sulfonamide and acceptor carbonyl
that stabilizes the A isomer.”***** Together, these trends high-
light the sulfonamide's role in tuning switching performance
and stability.

The stable switching of cyano-substituted DASA 18 war-
ranted subsequent combinatorial studies with varying donors

Chem. Sci.

and acceptors. For donor evaluation, maintaining the N,N-
dimethyl barbituric acid acceptor (Fig. 4B), we assessed 4-
cyanobenzenesulfonamide DASAs composed of unsubstituted
indoline 18, 5-methoxyindoline 26, 5-fluoroindoline 27, and
isoindoline 28. Isomer distribution values, per consumption of
Amax, Detween 2 and 26% were observed at PSS under 590 nm
LED irradiation in toluene. Electron withdrawing substituents
on the donor result in larger decreases in Anax intensity under
irradiation than donating groups, with isoindoline producing
the lowest conversion. We reason that greater partial negative
charge in the acceptor carbonyl, further verified by sol-
vatochromic slopes, renders the acceptor carbonyl a stronger
hydrogen-bond acceptor. This in turn strengthens the H-bond
interaction and reduces switching efficiency in amino DASAs.
Together, we conclude that an amino photoswitch with
a weaker donor and/or acceptor, resulting in decreased charge
separation in the A form, per solvatochromic analysis, will
result in increased Ay.x consumption under irradiation.
Attempts at weakening the interaction from the donor
compartment were limited by failed pyrrole rearrangements
when using highly electron withdrawn nucleophiles, such as 5-
nitroindoline.

Using unsubstituted indoline as the donor, an acceptor
evaluation revealed that highly withdrawing acceptors, such as
trifluoromethyl pyrazolone in sulfonyl amino DASA 29, hamper
Amax consumption under irradiation (Fig. 4C). We then sought

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to weaken the H-bond accepting capacity of the carbonyl units
in the acceptor through extended conjugation and by removal of
donating heteroatoms. As such, we synthesized 1,3-indandione-
containing sulfonyl amino DASA 30, which provides a Apax
decay of 49% in toluene under irradiation, consistent with our
hydrogen-bonding hypothesis. Though faster in di-
chloromethane (see SI Fig. 120), full reversion is observed for
amino DASA 30 in both toluene (31 minutes) and di-
chloromethane (45 seconds). Faster in di-
chloromethane compared to toluene is consistent with prior
studies demonstrating that this effect is attributable to the use
of an arylamine donor.***** Amino DASA 30 with the 1,3-
indandione acceptor exhibits an unusual solvatochromic slope
of 3 nm and increased stability under irradiation, decreasing
<1% in Amax intensity after 10 minutes of irradiation, while the
hydroxy DASA equivalent undergoes irreversible consumption
upon irradiation.** These variations demonstrate a synergistic
effect between the donor, acceptor, and sulfonyl groups in

reversion

© 2025 The Author(s). Published by the Royal Society of Chemistry

tuning DASA properties through modifications of intra-
molecular H-bonding interactions, molecular charge distribu-
tion, and the HOMO-LUMO gap. As a result of increased
compound stability under irradiation with 4-cyanobenzene-
sulfonamide, optimal Ay, decay with a 1,3-indandione
acceptor, and increased reversion rate in dichloromethane, we
conducted a cycling study of amino DASA 30 in di-
chloromethane (Fig. 4D). As expected, little to no fatigue was
observed over nine cycles with 45 seconds of irradiation fol-
lowed by 45 seconds of recovery, further highlighting the
increased stability and function of sulfonyl amino DASAs.
Overall, sulfonyl evaluation enabled the creation of DASA 30
which sets the record for amino DASA distribution at the PSS,
photoswitches and fully recovers rapidly in dichloromethane,
showcases solvent versatility with photoswitching and full
recovery in toluene, and shows little to no fatigue in both
solvents.
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Switching characterization

Interested in the structural changes responsible for reversible
depletion of Anax (Fig. 5A), we conducted a full spectrum UV-vis
analysis of amino DASAs 18 and 30 with and without irradiation
in dichloromethane. As expected from the A, distribution
studies, pre-irradiation and post-irradiation spectra of amino
DASA 30 matched, indicating reversibility (see SI Fig. 123).

Chem. Sci.

Furthermore, a full spectrum scan during irradiation shows
depletion of A, intensity with concomitant broadening toward
longer wavelengths under irradiation (Fig. 5B). This was indic-
ative of the formation of B-series isomer(s), which have been
previously characterized to have red-shifted Anax values.***** To
get definitive evidence of the formation of B-series isomers, we
conducted in situ irradiative, low-temperature NMR studies at
208 K in CD,Cl, using 590 nm LED irradiation (Fig. 5C).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Potential isomeric pathways and structures in sulfonyl amino DASA photoswitching. (B) Full spectrum UV-vis scan indicating distinct

chromophore formation upon consumption of 30A under irradiation in dichloromethane. (C) Low-temperature NMR study of sulfonyl amino
DASA 30 at 208 K showcasing selective A to B (EEZ to EZZ) photoswitching in deuterated dichloromethane. Deuterated dichloromethane was

used due to solubility constraints in deuterated toluene.

Deuterated toluene was not a suitable solvent for this study due
to insufficient compound solubility. Consistent with the
formation of the EZZ isomer 30B, a new downfield N-H singlet
grew from a 1:0.05 to a 1:0.78 ratio at 11.0 ppm without the
formation of an upfield signal between 10.3-8.0 ppm corre-
sponding to the EEE isomer, 30B’. Furthermore, an apparent
C,—H triplet consistent with EZZ isomer 30B formation appears
near 6.29 ppm. In addition to not observing signals for EEE
isomer 30B’, the EZE (30B”) and cyclic (30C) isomers are not
observed. The 1:0.78 ratio represents a 44% conversion, which
is close to the 37% distribution established under UV-vis
conditions in dichloromethane (see SI Fig. 120). The slight
deviation between UV-vis A.x depletion studies and NMR
studies may be a result of concentration effects or experimental
setup. The "H NMR spectra at 278 K preceding and following in
situ irradiation studies confirm thermal reversion to the A form.
Critically, this analysis was reproduced with lower conversion
but consistent A to B isomerization results for sulfonyl amino
DASA 18 containing N,N-dimethyl barbituric acid as the

© 2025 The Author(s). Published by the Royal Society of Chemistry

acceptor (see SI Fig. 125, 126, and 134), underscoring that the A
to single-B switching is a sulfonyl effect as opposed to a 1,3-
indandione effect. Amino DASA 18 formed a ratio of 1:0.06
under in situ irradiative, low-temperature NMR conditions at
208 K in CD,Cl, using 590 nm LED irradiation. None of the
remaining compounds were evaluated by NMR due to lower
isomerization efficiencies, lower stabilities, or both. Attempts to
prepare 1,3-indandione-derived amino DASAs bearing 3-pyridyl
or 1-naphthyl sulfonyl groups failed because the respective
pyrrole substrates did not undergo the desired rearrangement.
Such efforts remain interesting future directions.

Conclusions

In conclusion, this work leverages the unique functionality and
electronics of the C, nitrogen atom in amino DASAs to achieve
a selective A to single-B photoisomerization. This controlled A
to single-B switching in sulfonyl amino DASAs selectively
interrupts the multi-step switching sequence available to DASAs
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for the first time. Through a systematic steric and electronic
evaluation of the uncharted sulfonyl group, we identified DASAs
with high structural stability under irradiation. This high level
of irradiative stability enabled the discovery of an amino DASA
with a 49:51 (B : A) isomer distribution at the photostationary
state with rapid and full thermal recovery in dichloromethane
(45 seconds) and with little to no fatigue over 9 cycles. An amino
DASA record isomeric distribution under irradiation was ach-
ieved by decreasing the strength of the hydrogen-bond inter-
action with the use of 1,3-indandione as the acceptor unit.
Although thermal reversion is slower in toluene (31 minutes),
the optimal amino DASA shows great solvent versatility with full
reversion in toluene. Together, these advances enabled the
characterization, by UV-vis spectroscopy and low-temperature
NMR spectroscopy, of the distinct A to single-B (EEZ A to EZZ
B) isomer photoswitching about the C;-C, bond without
forming the traditional cyclic or other acyclic isomers. Sulfonyl
substituents were also found to modulate molar absorption
coefficients and structural charge distribution in a manner that
broadly follows Hammett substituent constants with modest
correlations, thereby providing qualitative guidance for
application-specific molecular design. This mode of selective
conjugated-to-conjugated switching is of interest for DASA
incorporation in smart materials and the EZZ B isomer presents
an opportunity to develop light-initiated, site-selective reactivity
by arranging the donor near the sulfonyl fragment upon
switching.
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