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Abstract: Exploiting the optimum wavelength of reac-
tivity for efficient photochemical reactions has been
well-established based on the development of photo-
chemical action plots. We herein demonstrate the power
of such action plots by a remarkable example of the
wavelength-resolved photochemistry of two triazoline-
dione (TAD) substrates, i.e., aliphatic and aromatic
substituted, that exhibit near identical absorption spec-
tra yet possess vastly disparate photoreactivity. We
present our findings in carefully recorded action plots,
from which reaction selectivity is identified. The pro-
found difference in photoreactivity is exploited by
designing a ‘hybrid’ bisfunctional TAD molecule, en-
abling the formation of a dual-gated reaction manifold
that demonstrates the exceptional and site-selective
(photo)chemical behavior of both TAD substrates with-
in a single small molecule.

Introduction

The precise control of chemical reactivity constitutes the
foundation of key biological and chemical processes.[1]

Mimicking these processes synthetically, however, is consid-
ered a grand challenge and one that chemists have
endeavored to overcome for decades.[2] In order to realize
this vision, it is critical to apply external stimuli that address
reactivity in a selective and/or orthogonal manner.[3] One
appealing option to enable precise control over chemical
transformations is the use of light.[4] Light-gated reactions
are typically non-invasive, offer high spatiotemporal and
energy precision, and can be performed at ambient
temperatures.[5] In addition, an unparalleled level of reaction
control can be achieved by altering the irradiation wave-
length and/or intensity.[6] For example, the Hecht team has
explored the incorporation of molecular photoswitches into
photochromic systems, enabling the on-demand modulation
of material properties upon exposure to specific wavelengths
of light.[7] Similarly, photoswitches have been embedded into
catalytically proficient molecules, whereby reversible
changes induced by light can be translated into distinct
alterations in catalytic function.[8] Furthermore, light has
been used as fuel to drive translational and rotary motion in
molecular machines, thereby enabling precise control over
nanoscale movements and functions.[9] Such a remarkable
level of reaction control highlights the transformative
potential of light in manipulating chemical systems.
While absorption spectra are traditionally used to

determine the most efficient irradiation wavelength for
photoactivation, they have recently been demonstrated to
be unreliable in predicting the actual wavelength-dependent
reactivity of a photoreactive chromophore.[10] Indeed, the
photochemical reactivity can depend strongly on the sub-
stitution pattern of the chromophore in question (e.g.,
aliphatic vs aromatic), despite having a similar absorption
profile.[11] This was recently highlighted for aliphatic mal-
eimides that undergo much more efficient cross [2+2]
cycloadditions with alkenes compared to their aromatic
substituted counterparts.[12] Over the last decade, our group
has shown—using so-called photochemical ‘action plots’—
that the wavelength-dependent reactivity maximum is often
red-shifted relative to the absorption maximum.[13] In other
words, irradiating a chromophore at its maximum wave-
length of absorption will in most cases not result in
conducting a photochemical process with the highest
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possible efficiency. Therefore, it is necessary to investigate
the conversion of a photochemical process at a range of
monochromatic wavelengths to identify the most efficient
irradiation conditions. Thus, an action plot analysis employs
a wavelength-tunable laser setup to induce a photochemical
reaction at specific wavelengths with an identical photon
count for each of the investigated wavelengths. Conse-
quently, an action plot is obtained by mapping the reaction
conversion as a function of wavelength, which provides
better photoreactive insights compared to absorption spec-
tra. We refer the interested reader to a detailed ‘How-To’ in
the Supporting Information section of our recent overview
of photochemical action plots.[10] Additionally, Turro and
Lamola’s previous work provides a list of specific conditions
required to obtain biological ‘action spectra’.[14] Obtaining
such precise photochemical reactivity maps has been dem-
onstrated to be important towards designing λ-orthogonal
systems with the purpose of, for example, generating
spatially resolved materials and 3D printing inks.[15]

In 2019, a collaborative effort between our teams’
resulted in the design of a new type of photoresponsive
covalent networks referred to as ‘light-stabilized dynamic
materials’ (LSDMs).[16] The underpinning crosslinking
chemistry in LSDMs is driven by an out-of-equilibrium
photocycloaddition reaction between triazolinedione (TAD)
and naphthalene that is, and remains, completely shifted to
the adduct side during visible light irradiation.[17] The formed
adducts remain stable while continuously irradiated but
spontaneously dissociate once ‘subjected’ to darkness,
resulting in de-crosslinking and liquification of the polymer
network.[18]

In order to fully exploit the powerful photoreactivity of
TAD moieties,[19] it is imperative to quantitatively map its
wavelength-dependent reactivity. We herein identified—via
a detailed action plot analysis—that two differently R-
substituted TAD substrates i.e., an aliphatic (1) and
aromatic (3), have very different photochemical reactivity
towards naphthalene (2) cycloaddition, despite having a
similar absorption profile (Scheme 1a–b). Specifically, we
demonstrate that the photoreactivity is shifted relative to
the TAD absorption spectrum and thus does not directly
correlate to the compound’s light absorption. Most impor-
tantly, we demonstrate that in the visible region of the
n!π* transition, 1 is photochemically reactive towards
naphthalene, while 3 shows close to no photochemical
reactivity in the presence of naphthalene (Scheme 1c).
Subsequently, an action plot analysis is employed to
establish a site-selective reaction system, exploiting the
powerful ligation characteristics of the TADs within a single
molecule (Scheme 1d).

Results and Discussion
Initially, a series of time-lapse irradiation experiments

were carried out in order to elucidate the optimal parame-
ters to obtain the action plot (i.e., number of photons) of the
light-stabilized dynamic TAD-naphthalene cycloaddition.
Since the TAD-naphthalene conjugation is known to
proceed efficiently with aliphatic TADs under green-light
irradiation,[20] a pink solution of 4-n-butyl-TAD (1, 15 mM
in deuterated chloroform, CDCl3) in the presence of

naphthalene (2, 1.2 molar equivalent relative to 1) was
irradiated with monochromatic laser light (λmax=525 nm,
500 μJ) to monitor the formation of the TAD-naphthalene
photoproduct (1a) (Figure 1a, refer to Section 3.1 and 3.2,
Supporting Information). After 70 min of irradiation at
room temperature, the characteristic pink color completely
disappeared, whereby the exclusive conversion of 1 into 1a
was confirmed by 1H NMR spectroscopy (Figure S4–5,
Supporting Information). Time-dependent monitoring of the
cycloadduct formation indicated that 35% of 1a is formed
after 15 min (Figure S5). Therefore, this time point was used
to determine the number of photons for the action plot
analysis, aligning with the recommended target of approx-
imately 30% photoproduct conversion.[10] In order to keep
the number of incident photons constant during the action
plot analysis, the laser energies and irradiation time have
been adjusted across all wavelengths accordingly, also taking
into account the wavelength-dependent transmittance of the
glass laser vials (Figure S2).[10]

Having identified a suitable number of incident photons
to conduct the action plot analysis, 1 (15 mM in CDCl3) in
the presence of 2 (1.2 molar equivalent relative to 1) was
irradiated with monochromatic laser light from λ=300 up to
λ=750 nm in 15 nm wavelength increments (with a constant
34 μmol of photons, Figure 1a). The conversion of 1 into 1a
was confirmed by 1H NMR spectroscopy before and after
irradiation (Figure 1b). For this, the integral of the 1H
resonance at δ=3.66 ppm for 1 (proton d), and δ=3.39 ppm
for 1a (proton d’) was used to quantify the conversion of 1
into 1a.
In contrast to aliphatic substituted TADs, their aromatic

analogues have been reported occasionally to undergo far

Scheme 1. Overview of the present study. (a-b) An in-depth action plot
analysis on two 4-substituted TAD substrates—that exhibit very similar
absorption spectra—reveals that one is photochemically reactive while
the other shows close to no photoreactivity with naphthalene. (c-d)
Subsequently, their difference in photoreactivity is exploited by
introducing a hybrid-bisTAD molecule allowing for the design of a dual-
gated reaction manifold, resulting in site-specific ligation reactivity.
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less efficient photochemical transformations.[21] Thus, follow-
ing the in-depth photoreactivity screening of the
naphthalene cycloaddition with an aliphatic 4-substituted
TAD, the wavelength-dependent reactivity of 4-phenyl-
TAD (3, 15 mM in CDCl3) in the presence of 2 (1.2 molar
equivalent relative to 3) was probed (Figure 1c). Following
monochromatic laser light irradiation (λ=300–615 nm,
15 nm increments, 34 μmol of photons), 1H NMR spectro-
scopy was used before and after irradiation to confirm the
formation of 3a, whereby the integral of the 1H resonance at
δ=7.56 ppm for 3 (proton c), and δ=6.94 ppm for 3a
(proton e) was used to quantify the conversion of 3 into 3a
(Figure 1d). For the detailed synthetic and experimental
procedures to determine the wavelength dependent con-
version, we refer to section 3.3, Supporting Information.
The action plots for 1a and 3a formation reveal

remarkable differences in the photochemical reactivity of
the aliphatic and aromatic TAD substrates, despite having
similar absorption properties (Figure 2, with red and blue
squares, left y-axis, and solid red and blue line, right y-axis,
respectively). For 1, a broad absorbance band can be
observed in the visible region between 480 and 580 nm.
However, the action plot indicates an extended wavelength
regime at which photoreactivity occurs ranging from 450 up
to 615 nm. Indeed, whereas a local visible light absorption
minimum occurs at 528 and 559 nm, the reactivity minimum
is shifted to 510 and 540 nm (39% and 38% conversion,

respectively). While the absorption maximum is observed at
541 nm, the maximum reaction yield is significantly blue-

Figure 1. Light-stabilized dynamic TAD-naphthalene cycloaddition. (a) 4-n-butyl-TAD (1, 15 mM in CDCl3) in the presence of naphthalene (2, 1.2
molar equivalent relative to 1) subjected to monochromatic laser light (λ=300–750 nm, 34 μmol of photons), resulting in the formation of
photoproduct 1a. (b) The formation of 1a evidenced by 1H NMR spectroscopy before (top) and after laser irradiation at λmax=315 and 525 nm
(center and bottom, respectively). (c) 4-phenyl-TAD (3, 15 mM in CDCl3) in the presence of naphthalene (2, 1.2 molar equivalent relative to 3)
subjected to monochromatic laser light (λ=300–615 nm, 34 μmol of photons), resulting in the formation of photoproduct 3a. (d) The formation
of 3a evidenced by 1H NMR spectroscopy before (top) and after laser irradiation at λmax=315 and 525 nm (center and bottom, respectively).

Figure 2. Wavelength-dependent reactivity (action plot) of substrates 1
(red squares) and 3 (blue squares) after irradiation with 34 μmol of
photons at each wavelength, overlaid with the thermal reactivity of the
substrate 1 (dash black line), and molar extinction coefficients of 1
(solid red line) and 3 (solid blue line). All measurements were carried
out in triplicates and the error bars indicate the standard deviation of
the data.
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shifted to 525 nm, reaching 47% conversion into 1a (Fig-
ure 2).
Toward shorter wavelengths, the absorption spectrum of

1 shows a broad and intense π!π* transition, in which, two
reaction yield maxima are observed (i.e., 45% and 36% at
315 and 360 nm, respectively), that are red-shifted compared
to the UV-absorption band. In fact, reactivity is significantly
red-shifted up to 405 nm throughout the UV absorbance
band. Notably, 1a cycloadduct formation with the aliphatic
TAD proceeds with apparent higher efficiency under visible
light activation relative to UV light, despite the much lower
molar absorption coefficient. Given that certain cyclo-
adducts can be photochemically reversed to their initial
species with shorter wavelengths, and therefore could
contribute to lower conversions in the UV-regime, we
investigated the potential cycloreversion of 1a under 315 nm
irradiation. Thus, a pink solution of 1 (15 mM, CDCl3) and 2
was first subjected to 525 nm for 1 h, to afford a colorless
solution of 1a, with >97% conversion (Figure S18a).
Subsequently, the colorless solution containing 1a was
irradiated with 315 nm laser light for 1 h, resulting in no
change in color or conversion (i.e., remaining 1a >97%,
Figure S18b). In contrast, a reference solution of 1a (formed
only by 525 nm irradiation) regained a faint pink color upon
standing in the dark for 1 h, indicating the regeneration of 1.
In addition, a decrease in the conversion of 1a from 97 to
87% was observed in the 1H NMR spectrum (Figure S18c).
Thus, no net photocycloreversion occurs during 315 nm
irradiation, and therefore does not account for the lower
TAD/naphthalene photoreactivity observed in the UV-
regime of the action plot. Further, it should be noted that
some thermal background reactivity at room temperature
can be observed for the TAD/naphthalene system. Hence, in
a control experiment, a solution of 1 (15 mM, in CDCl3) and
2 (1.2 molar equivalent relative to 1) was prepared and kept
at room temperature completely shielded from any light for
8 h. As confirmed via 1H NMR spectroscopy, 1a was indeed
formed via a thermally driven process, albeit in trace
amounts (3%, Figure 2, dash black line). Importantly, an
equilibrium is reached, and the conversion does not change
after an additional 24 h dark period (refer to Figure S19,
Supporting Information). Thus, although a 4% conversion is
obtained upon 430 nm irradiation, photoreactivity at this
wavelength can be dismissed since a similar conversion is
obtained thermally.
The photoreactivity of the aromatic TAD substrate 3 is

remarkably different in comparison to its aliphatic counter-
part (Figure 2, blue squares, left y-axis, and solid blue line,
right y-axis). Indeed, whereas significant yield of the
corresponding TAD-naphthalene cycloadduct was obtained
between 450 and 615 nm, only trace amounts of 3a are
formed throughout this region (up to 3%). Meanwhile, the
yield of 3a does not exceed 5% between 330 and 480 nm,
despite the strong absorption properties of 3 in this region.
However, there is significant 3a formation at 300 nm (46%)
and 315 nm (45%), which is blue-shifted compared to the
corresponding absorption band. In addition, no thermal
cycloadduct is formed when a stock solution of 3 and 2 in

CDCl3 is kept in the dark for 24 h (Figure S20, Supporting
Information).
With two detailed action plots at hand, we proceeded to

exploit the profound difference in photoreactivity between
substrates 1 and 3 in the presence of naphthalene in the
visible light regime. To this end, a novel bisfunctional-
hybrid-TAD molecule (6) was designed and synthesized,
fusing both an aliphatic and aromatic TAD moiety in one
molecule (Figure 3a, also refer to section 3.4 for the detailed
synthetic procedure, Supporting Information). Specifically,
the two disparate TAD moieties (i.e., 1 and 3) have been
combined into a single molecule for the design of a dual-
gated reaction manifold in which light-induced naphthalene
cycloaddition can be exclusively directed onto the aliphatic
TAD site. Indeed, subjecting a dark red solution of 6
(15 mM in deuterated acetonitrile, CD3CN) and 2 (1.2 molar
equivalent relative to 6) to green light irradiation for 3 h
(λmax=525 nm, 2×10 W, refer to Figure S28), resulted in the
exclusive formation of photoproduct 6a with >95% con-
version as confirmed by NMR spectroscopy (Figure 3b, also
refer to Figure S29–31). A color change from red into a less
intensely colored pink solution was observed, owing to the
unreacted aromatic TAD entity (Figure S32). Since no
cycloadduct formation was observed when a reference
mixture of 6 and 2 is placed in the dark at 80 °C for 3 h
(1H NMR spectrum, Figure S33), any temperature increase
during laser irradiation is unlikely to promote the cyclo-
addition yield. Subsequently, the less intense pink solution
of 6a was placed in the dark at 25 °C and the cycloreversion
was monitored over 17 h by 1H NMR spectroscopy (refer to
Table S1 and Figure S34, Supporting Information). Over the
course of this 17 h dark period, the original intense red color
returned, which is attributed to the release of 2 and the
near-quantitative regeneration of 6 (>95%), with an
observed half-life of 4 h. The site-selective photocycloaddi-
tion thus allows for the selective transformation of the
aliphatic TAD end of 6 into a latent functionality while
retaining the reactivity of the aromatic end. Interestingly,
continued irradiation of 6a with 315 nm in the presence of
excess naphthalene (i.e., 2.2 eq.) in CD3CN did not yield
additional cycloadduct formation onto the aromatic TAD
end. However, upon repeating this experiment in 20 :1 vol%
CDCl3:CD3CN—whereby the small amount of acetonitrile
was needed to ensure 6 was completely solubilized—the
aromatic TAD end of 6a (pre-formed after 3 h green light
irradiation) was also transformed successfully into the
corresponding photocycloadduct using UV laser light (λ=

315 nm, 65% conversion after 90 min, refer to Section 3.5.3,
Supporting Information). After placing the resulting mixture
containing the double-end capped photocycloadduct in the
dark for 24 h at room temperature, 93% of 6 was
regenerated (Figure S36). The latent functionality that is
regenerated via the spontaneous cycloreversion at room
temperature, thus provides a light-regulated protecting
group strategy for reactive triazolinedione compounds,
which can even differentiate between aromatic and ali-
phatic-based TAD protection based on solvent choice.
The hybrid compound 6 introduces a unique visible

light-gated control over TAD reactivity that can be rever-
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sibly toggled between a bis- and mono-functional reagent by
switching green light on/off. To further exemplify the
selective photoreactivity of 6, a dual-reaction manifold was
devised by combining the naphthalene photocycloaddition
with the room temperature conjugation of TADs with
olefinic substrates.[22] As depicted in Figure 3c, small mole-
cule ligations were conducted to demonstrate this dual-gated
reaction manifold (also refer to section 3.5, Supporting
Information). Following the formation of 6a under green
light, irradiation was stopped, and the reaction manifold was
extended by introducing trans,trans-2,4-hexadien-1-ol (7).
Without 6a being formed first, the conjugated diene reacts
instantaneously upon mixing with both TAD ends of 6,
slightly favoring addition to the aromatic end (i.e., 53 : 47,
Figure S37). Thus, 6a formation is essential in ensuring 7
reacts exclusively with the aromatic TAD end to form 7a
(Figure 3c). Once performed, the pink solution of 6a readily
turned colorless upon the addition of 7 (Video S1, Support-

ing Information), with complete consumption of 6a into 7a
confirmed via 1H NMR spectroscopy (Figure 3c–d, also refer
to Figure S38–40). Finally, the colorless solution containing
7a was placed in the dark at 25 °C and the cycloreversion
was monitored over 24 h by 1H NMR spectroscopy (Ta-
ble S2 and Figure S41–44). Over the course of this 24 h dark
period, an intense pink color formed, owing to the near-
quantitative formation of 8 (98%), with an observed half-
life of 5 h (Figure S44–45).

Conclusion

We demonstrate via an in-depth action plot analysis that the
absorption spectrum of two very similar 4-substituted TAD
moieties does not correlate with their photoreactivity.
Specifically, we report on the fascinating example of two
substrates that share very similar absorption spectra yet

Figure 3. Dual-gated TAD reaction manifold. (a) A novel ‘hybrid bisTAD’ (6), which was designed and synthesized by combining both an aliphatic
(1) and aromatic (3) TAD moiety into a single molecule. Subjecting a solution of 6 and naphthalene to green light irradiation allows for the site-
selective photocycloaddition, which transforms the aliphatic end of 6 into a latent functionality while retaining the reactivity of the aromatic end.
When placed in the dark, however, the latent functionality is regenerated via a spontaneous cycloreversion at room temperature, thus providing a
promising protecting group strategy for TADs. (b) The exclusive formation of photoproduct 6a with >95% conversion evidenced by 1H NMR
spectroscopy. (c) Small molecule ligations to demonstrate the dual-gated TAD reaction manifold. Initially, an intense red solution of 6 (15 mM in
CD3CN) and 2 (1.2 molar equivalent relative to 6) is subjected to visible light to exclusively form a pink solution of photoproduct 6a. Subsequently,
the addition of 7 in the presence of 6a gives the 1 :1 Diels–Alder adduct 7a, readily resulting in a colorless solution. Finally, the colorless solution
is shielded from the light for 24 h to form 8, resulting in the characteristic pink TAD color to return. (d) The conversion of 6a into 7a confirmed by
1H NMR spectroscopy.
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have vastly different photoreactivity. We show that while
the absorption maximum for the aliphatic TAD is at 541 nm,
the most efficient wavelength for photoreactivity was
525 nm, which is significantly blue-shifted. In addition, we
show that the photoreactivity extends the wavelength region
of the broad absorbance band, with efficient photocycload-
dition observed between 480 and 580 nm. Most remarkably,
we demonstrate that the aromatic TAD substrate shows
close to no photoreactivity under the same visible light
irradiation, despite having a nearly identical absorption
spectrum as its aliphatic TAD counterpart, enabling us to
exploit the disparate photoreactivity of both TAD moieties
into one single hybrid molecule which displays exceptional
photochemical selectivity. This was demonstrated by rever-
sible site-selective photo-modification, allowing for the
TAD functionality to be regulated, and for the introduction
of a dual-gated reaction manifold. Such a control over
photo-reactivity can lead to a facilitated access to syntheti-
cally challenging TADs and advance the development of
TAD-based light-switchable and dynamic covalent materi-
als.
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The Power of Action Plots: Unveiling Reac-
tion Selectivity of Light-Stabilized Dynamic
Covalent Chemistry

The power of action plots is demon-
strated by unveiling a reaction selective
window between two different substi-
tuted triazolinediones that exhibit near
identical absorbance spectra. The re-
markable difference in photoreactivity is
exploited by designing a dual-gated
reaction manifold, which demonstrates
the site-selective (photo)chemical behav-
ior of both triazolinedione substrates
within a single small molecule.
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