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ABSTRACT: We introduce an efficient reaction manifold where the
rate of a thermally induced ligation can be controlled by a photonic field
via two competing reaction channels. The effectiveness of the reaction
manifold is evidenced by following the transformations of macro-
molecular chain termini via high-resolution mass spectrometry and
subsequently by selective block copolymer formation. The light-
controlled reaction manifold consists of a so-called o-quinodimethane
species, a photocaged diene, that reacts in the presence of light with
suitable enes in a Diels−Alder reaction and undergoes a transformation
into imines with amines in the absence of light. The chemical selectivity
of the manifold is controlled by the amount of ene present in the
reaction and can be adjusted from 100% imine formation (0% photo
product) to 5% imine formation (95% photo product). The reported
light-controlled reaction manifold is highly attractive because a simple
external field is used to switch the selectivity of specific reaction channels.

■ INTRODUCTION

Orthogonal reactions are of high importance in all fields of
chemistry, specifically to allow for bioorthogonality.1,2 Ideally,
the construction of a complex target molecule occurs in one pot
via independently progressing, quantitative transformations.3,4

There exist advanced approaches that use various click reactions
in order to functionalize macromolecules,5 synthesize den-
drimers,6,7 or pattern 3D cell environments.8,9 Nevertheless,
thermally induced click reactions lack spatial and temporal
control, whereas photochemical approaches are able to over-
come these disadvantages.10 Most commonly, the spatial control
of light-driven systems is exploited.11−13 Although temporal
control is often employed in photocuring systems14 and pulsed
laser polymerization,15 this aspect has never been exploited for
the generation of a reaction manifold between thermal and light-
induced processes. o-Quinodimethanes (the photoenol product
of o-methyl benzaldehydes) have been extensively reported to
undergo a phototriggered [4 + 2]-cycloaddition with electron-
poor enes such as maleimides,16 dithioesters,17 and even
diphenylcarbenes.18 The photoenolization−cycloaddition liga-
tion is classified as a light-induced click reaction.19 The reactivity

of the precursor benzaldehydes is based on the light-triggered
isomerization of an o-methyl-substituted aromatic aldehyde into
an o-quinodimethane species carrying a highly reactive diene
functionality.20−22 Reactions featuring o-quinodimethane moi-
eties have been widely implemented into various areas including
block copolymer synthesis,23 the formation of cyclic polymers,24

the modification of nanoparticles,25 surface patterning proce-
dures,26,19 and the design of 3D micro scaffolds.27 A wavelength
selective manifold (λ-orthogonal ligation) has recently been
introduced by us based on o-methyl benzaldehyde and nitrile
imine driven chemistry.28 Herein, we introduce a reaction
manifold based on photoenolization−cycloaddition chemistry
that can be simply switched to a preferred reaction pathway by
switching a photonic field on or off (refer to Scheme 1).

■ RESULTS AND DISCUSSION

The system rests on the ability of an aryl aldehyde (prior to
photoenolisation) reacting with amines to yield a stable imine.
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However, when exposed to light activation the aryl aldehyde is
readily transformed into a diene (o-quinodimethane or photo-
enol), which undergoes a Diels−Alder reaction with a maleimide
and in its diene form is no longer able to undergo a thermal
reaction with amines. A detailed description of the reaction
mechanism and the kinetics of the manifold is provided below.
The imine formation is a second-order catalyst-free reaction and
fulfills certain click criteria including quantitative yield and no
necessity for purifying the obtained product.29−31 The versatility
of the imine formation based on a benzaldehyde is demonstrated
in a 1H NMR study employing small molecules. An equimolar
mixture of hexylamine 7 is stirred with methyl 4-((2-formyl-3-
methylphenoxy)methyl)benzoate 6 in dry acetonitrile at ambient
temperature. The imine formation can be traced by the aldehyde
signal (peak i, Figure 1), which is shifted from 10.69 to 8.63 ppm.
Concomitantly, the aryl methyl resonance (peak h, Figure 1) is
shifted from 2.52 to 2.43 ppm. After 20min, the yield of the imine
is quantitative.
Because the thermal reaction path to the imine formation

proceeds exclusively without irradiation there are in principle two
possibilities how to generate selectivity while irradiating (Scheme
2): (i) Selectivity is accomplished through a simple rate
difference. The photoreaction is intrinsically much faster than
the thermal process, so it dominantly converts all o-methyl
benzaldehyde species during irradiation, depleting the benzalde-
hyde concentration available for the thermal reaction. Essentially,
however, the rate of the thermal reaction is not affected. (ii) Both
intrinsic reactivities are similar or differ only slightly, and
selectivity is introduced by transforming the o-methyl
benzaldehyde into a species that is not reactive toward the
amine via an equilibrium process, thus effectively decreasing the
concentration of the aldehyde available for reaction with the
amine. It is the latter process we will initially exploit and that
carries the term “reaction manifold”. The light-triggered
cycloaddition of a o-quinodimethane with electron-poor enes
depends on the physical parameters of the irradiation source such
as the wavelength range. In addition, the polarity of the solvent
has a major influence on the benzaldehyde consumption

rate.32,33 In polar solvents such as acetonitrile, the reaction is
accelerated in comparison to that in nonprotic solvents such as
dichloromethane. Initial kinetic studies of the photoreaction in
acetonitrile and dichloromethane (no amine present) were
performed in the presence of ethyl maleimide at fixed initial
concentration (refer to Figure S14) to identify the solvent in
which the rate of reaction is closest to that of the solvent-
independent o-methyl benzaldehyde/amine conversion (refer to
Figure S18). The photoeonol in hydrogen-bonding solvents such
as acetonitrile is more stabilized than that in dichloromethane,
leading to a more efficient Diels−Alder reaction31 (refer to Table

Scheme 1. Selectivity of the Light-Controlled Reaction
Manifolda

aThe one-pot system consists of the photoactive o-methyl
benzaldehyde terminated poly(ethylene glycol) (PEG, Mn = 2200 g
mol−1) 1, ethyl maleimide 9, and hexylamine 7. During irradiation, a
photoinduced reaction between o-quinodimethane and maleimide
predominantly takes place (left). Non-irradiation leads to exclusive
imine formation (right).

Figure 1. 1H NMR study of the imine formation using methyl 4-((2-
formyl-3-methylphenoxy)methyl)benzoate 6 (1.0 equiv) and hexyl-
amine 7 (1.1 equiv) in CDCl3. A shift of the aryl methyl resonance (h)
and the aldehyde resonance (i) of the benzaldehyde species toward
higher fields is displayed.

Scheme 2. Light-Induced Equilibrium between the o-Methyl-
Substituted Benzaldehyde and the o-Quinodimethane
(Diene) Forma

aThis equilibrium can be shifted towards the latter because of the
presence of enes such as maleimides during irradiation. The electron
poor ene acts as a diene trap for the Z isomer of the substituted o-
quinodimethane, whereas the substituted E isomer is rapidly reverted
to the aldehyde form, leading to the fast and continuous light-induced
reformation of both diene forms. Therefore, the imine formation based
on the benzaldehyde is strongly suppressed.
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1). Thus, dichloromethane was selected as solvent to understand
the principle ability of the reaction manifold.

Evidencing the Reaction Manifold. The one-pot system
containing 1.0 equiv of benzaldehyde-capped poly(ethylene
glycol) 1, 1.2 equiv of ethyl maleimide 9, and 3.6 equiv of
hexylamine 7 in dry dichloromethane was implemented as a
switchable reaction manifold. The dark time reaction proceeds at
ambient temperature, leading to the exclusive transformation of
the o-methyl substituted aromatic aldehyde with hexylamine into
an imine moiety. The light-driven path induces the Diels−Alder
reaction of the o-methyl benzaldehyde with ethyl maleimide into
a [4 + 2] cycloadduct. We follow the conversion of the
benzaldehyde species (1·10−3 mol·L−1) via quantitative high-
resolution mass spectrometry.34 Irradiation at λmax = 365 nm
(refer to Figure S1 for the emission spectrum of the employed
lamp) leads to quantitative benzaldehyde conversion to the
Diels−Alder cycloadduct after 7 min (refer to Figure S13).
During the same time, under identical conditions yet without
irradiation, no conversion to the cycloadduct is observed, but
conversion to the imine is found to be 23%. Scheme 2
summarizes the reactions defining the reaction manifold.
The benzaldehyde species can be transformed into the E/Z

mixture of the o-quinodimethane species carrying a diene
functionality via the irradiation process.35 Hereby, the Z form is
quickly reverted to the benzaldehyde (refer to Scheme 2). The E

form of the o-quinodimethane is solely able to undergo an
irreversible cycloaddition with an ene carrying electron-with-
drawing groups during irradiation.36 The relative amount of the
diene species decreases immediately, and as long as the
irradiation proceeds, the equilibrium between the aldehyde and
the diene shifts toward the diene according to Le Chat̂elier’s
principle (refer to Scheme 2).37,38 To illustrate the principle
ability of the reaction manifold to function, we carried out
semiqualitative kinetic simulations using the PREDICI program
package. The four reactions are depicted on the left-hand side of
Figure 2 alongside their associated rate coefficients that were
assessed on the basis of literature data and analysis of the
composition of the system after predefined time intervals via
high-resolution Orbitrap ESI-MS and 1H NMR. Furthermore,
we show that the initial amount of maleimide present in the
reaction system governs the efficacy of the reaction manifold as
expected by a fundamental reaction kinetic analysis (refer to the
Supporting Information). The optimized deactivation rate
coefficient of the photoenol (kdeact= 5.0 × 10−1 s−1) implies an
average lifetime of 2 s, which is of a similar order of magnitude
compared to the value of several seconds, as previously
assessed.35 The light-triggered activation rate coefficient of the
benzaldehyde species, kact, was optimized as 0.125 s

−1, leading to
an equilibrium coefficient of 0.25. The rate coefficient for imine
formation was obtained independently via following the imine
yield under pseudo-first-order conditions in the absence of
irradiation (kimine = 0.20 L·mol−1·s−1, Figure S17). Using 3.6
equiv of the amine in the absence of irradiation, the Diels−Alder
product is not detectable when either 1.2 or 2.4 equiv of ethyl
maleimide were employed, whereas the imine yield is 23% after 7
min. This imine yield of 23% is confirmed theoretically (first
entry in Table 2). In this case, the system is thus not influenced
by the initial amount of maleimide because the benzaldehyde is
not photochemically transformed into the diene form. The rate
coefficient for the photoinduced reaction with the maleimide
(kphoto) was set to 50 L·mol−1·s−1 in order to achieve a good
match with the experimental product yields at 7 min for different

Table 1. Comparison of the Initial Benzaldehyde
Consumption Rates in Acetonitrile and Dichloromethane
under Irradiation (No Amine Present)a

solvent initial rate (10−4 L·mol−1·s−1)

acetonitrile 9.0
dichloromethane 4.0

aThese data showcase the initial choice of dichloromethane to study
the working principle of the reaction manifold because it still facilitates
imine formation.

Figure 2. The mechanism of the proposed light-triggered reaction manifold is depicted including the assessed rate coefficients, using the experimental
data in Table 2. The plots are simulated using the PREDICI software package. The reactions entail an equilibrium between o-methyl benzaldehyde PEG
1 and an in situ formed o-quinodimethane, the cycloaddition of the o-quinodimethane (the diene or photoenol) with ethyl maleimide 9, and the imine
formation based on the reaction of 1 with hexylamine 7. An increasing maleimide initial concentration leads to a higher Diels−Alder yield with a
simultaneous decrease of the imine yield during irradiation. Nonirradiative conditions trigger only the imine reaction because no diene (o-
quinodimethane) is present.
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initial maleimide concentrations (refer to Table 2). For example,
1.2 equiv of 9 with 1.0 equiv of 1 and 3.6 equiv of 7 results in a
simulated cycloadduct yield of 85% and an imine yield of 7% after
7 min with matching experimental data of 92 ± 2% and 8 ± 2%,
respectively, based on themass spectrometric analysis (Figure 3).

For comparison, 1H NMR analysis reveals a very similar imine
yield of 11± 2% (refer to Figure S22). An increase in the amount
of 9 to 2.4 equiv (2.4·10−3 mol·L−1) leads to a higher simulated
yield of the cycloadduct (97%) and to a further decrease of the
imine yield (3%) (refer to Figure 2b), again with matching
experimental values of 95 ± 2% and 5 ± 2% (entry 3 in Table 2).
For comparison, the imine yield determined via 1H NMR is 7 ±
2% (refer to Figure S24). Thus, the maleimide acts as a diene
trap. An increasing initial amount of maleimide shifts the
equilibrium to the o-quinodimethane form of the benzaldehyde
leading to the effective switch of the overall reaction to the
Diels−Alder product formation. As explained in the Supporting
Information, this observation also follows from a basic kinetic
analysis, assuming for simplicity the quasi-steady-state approx-
imation for the diene species and taking into account that
simulations with the full kinetic model indicated a dominance for
deactivation (kdeact ≫ kphoto [Mal]0).
Next, we conduct a switching experiment based on the light-

triggered reaction manifold concept. A mixture of benzaldehyde-
terminated PEG 1, ethyl maleimide 9, and hexylamine 7 in dry
dichloromethane was irradiated for 1 min at λmax = 365 nm and
left subsequently for 5 min without irradiation. This on−off
procedure was repeated three times with the overall results
depicted in Figure 4.

The analysis requires an analytical method with a very short
analysis time. Therefore, the yield of the Diels−Alder and the
imine product in the switchable system were determined via
high-resolution mass spectrometry (Orbitrap ESI-MS). The
evolution of the photo product and the imine yield are depicted
in Figure 4. The switchable system shows imine formation
suppression in good agreement with the above experimental data
during the irradiation procedure. Moreover, a linear extrap-
olation of the imine evolution during the irradiation periods up to
7 min in Figure 4 leads to a yield of close to 9% in excellent
agreement with the second entry (experiment, 1.2 equiv of
maleimide; Table 2). The thermal reaction is strongly suppressed
during the light process and progresses only significantly in the
dark time.

Kinetic Preference of the Photoreaction over the Imine
Formation. The kinetics of the Diels−Alder reaction of the
photochemically formed o-quinodimethane shows a highly
solvent dependent effect, as noted above. The rate of product
formation in a polar solvent such as acetonitrile is significantly
faster than that in a nonprotic solvent such as dichloromethane
used for evidencing the reaction manifold. Thus, the photo-
reaction rate in acetonitrile exceeds the imine formation rate
substantially during the irradiation period. Therefore, the overall
imine formation becomes negligible in the case where
acetonitrile is used as solvent. The utilization of this purely
kinetic variant of the reaction manifold can be exploited to design
well-defined block copolymers from a one-pot system containing

Table 2. Comparison of the Diels−Alder and Imine Yield Determined by Both Semiquantitative PREDICI Simulations and
Experiments after a Reaction Time of 7 min, Additionally Simulated Nonconverted Fraction of the Benzaldehyde, and the Yield of
the Photoenol (o-Quinodimethane)a

PREDICI simulation experiment

maleimide amount (equiv) benzaldehyde photoenol (diene) Diels−Alder product imine Diels−Alder product imine

0.0 75% 0% 0% 25% 0% 23 ± 2%
1.2 7% 1% 85% 7% 92 ± 2% 8 ± 2%
2.4 0% 0% 97% 3% 95 ± 2% 5 ± 2%

aMS-derived yields shown.

Figure 3. Mass spectrum of a system containing benzaldehyde-
terminated PEG 1 (1.0 equiv), ethyl maleimide 9 (1.2 equiv), and
hexylamine 7 (3.6 equiv) in dichloromethane. The systemwas irradiated
for 7 min with a fluorescent PL-L lamp. Photo cycloadduct 4 and imine
product 5 were detected via Orbitrap ESI-MS. The yield of the imine
species is 8 ± 2%.

Figure 4. Switchable system containing 1.0 equiv of benzaldehyde-
terminated PEG 1, 1.2 equiv of ethyl maleimide 9, and 3.6 equiv of
hexylamine 7 was irradiated for 1 min and left nonirradiated for 5 min in
an alternating fashion (three on−off cycles). The yield of the Diels−
Alder product, the imine yield, and the benzaldehyde conversion were
determined via high-resolutionmass spectrometry; a linear interpolation
was performed for simplicity.
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a benzaldehyde terminal polymer, an amine-terminal polymer,
and a maleimide terminal polymer. The requirements for the
synthesis of pure block copolymers via modular ligation methods
demand equimolar starting materials, quantitative conversions,
and the absence of side reactions.29,39−41 The selective block
copolymer construction is triggered by either irradiating the one-
pot system, leading to a fast photo adduct ligation of a
benzaldehyde-capped polymer and an ene-capped polymer, or
by nonirradiation of the one pot, resulting in the imine formation
of a benzaldehyde-terminated polymer and the amine function-
ality. The concept is depicted in Scheme 3.

All irradiations for the block copolymer synthesis were carried
out with three high-power LEDs connected in series and emitting
in the wavelength range between 350 and 400 nm (λmax = 375
nm) in order to guarantee a more efficient irradiation leading to a
fast photoreaction of the o-methyl benzaldehyde (refer to Figure
S1). On the basis of the kinetic preference reaction manifold
concept, two different one-pot systems are introduced for an
orthogonal block copolymer synthesis (Scheme 4). Both systems
represent an all polymer system including different polymer
structures (i.e. poly(ethylene glycol), poly(L-lactide) and poly-
(N-isopropylacrylamide)). The first system contains o-methyl
benzaldehyde capped poly(L-lactide) 2 (benzaldehyde-capped
pL), fumarate-capped poly(ethylene glycol) 3 (PEG-fumarate),

and amine-capped poly(L-lactide) (pL-amine) 10. The photo-
reaction path was induced by irradiating a mixture of 2 with an
equimolar amount of 3 and an equimolar amount of 10 in dry
acetonitrile for 1 h with three LEDs. This ligation path led to the
formation of pL-block-PEG 11 (Mn = 8200 g·mol

−1), whereas pL-
amine 10 (Mn = 5000 g·mol−1) remained unreacted. The
polymers were analyzed via GPC (refer to Figure 5) and 1H
NMR (refer to Figure S32).

Furthermore, the GPC traces were deconvoluted, and the
resulting RI responses of the isolated signals were assigned to the
sample weights of the starting polymers in order to evidence the
orthogonal block copolymer formation (refer to Figure S34).
The nonirradiative path was induced by stirring a mixture of 2
with an equimolar amount of 3 and an equimolar amount of pL-
amine 10 in dry acetonitrile for 2 days in the dark. The imine path
led to the formation of pL-block-pL (Mn = 11 000 g·mol

−1) 12 and
unreacted PEG-fumarate 3 (Mn = 2200 g·mol

−1) (refer to Figure
5). The success of the orthogonal block copolymer formation
was evidenced via GPC (refer to Figure 5) and 1H NMR (refer

Scheme 3. Orthogonal Construction of Block Copolymers by
Applying the Kinetically Driven Version of the Reaction
Manifold in a System Containing Benzaldehyde-Terminated
Polymer, Ene-Terminated Polymer, and (Macromolecular)
Amine Speciesa

aThe photoinduced and the nonirradiative reaction path lead to the
selective formation of block copolymers.

Scheme 4. Overview of Polymers That Are Employed for the
Block Copolymer Synthesis in Acetonitrilea

aBenzaldehyde-capped poly(L-lactide) (pL) 2, fumarate-capped poly-
(ethylene glycol) (PEG) 3, amine-capped poly(L-lactide) (pL) 10, the
Diels−Alder product pL-block-PEG 11 as well as the imine-linked pL-
block-pL 12.

Figure 5. Benzaldehyde-terminated pL 2, an equimolar amount of PEG-
fumarate 3, and an equimolar amount of pL-amine 10 in dry acetonitrile
were irradiated for 1 h with three high- power LEDs, selectively forming
pL-block-PEG 11 (top). The same system was stirred for 2 days at
ambient temperature in dry acetonitrile, selectively forming pL-block-pL
12 (bottom).
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Figure S35) including the calculated assignment of the weight of
all starting materials similar to photoreaction path (refer to
Figure S37).
To obtain the isolated GPC traces during the orthogonal block

copolymer formation, the study was repeated by exchanging the
macromolecular amine compound by a small amine function-
ality. This system contains o-methyl benzaldehyde capped
poly(ethylene glycol) 1 (benzaldehyde-terminated PEG),
maleimide-capped poly(N-isopropylacrylamide) 13 (pNI-
PAAm-maleimide), and hexylamine 7 (refer to Figure S27).
The GPC data of both systems reveal successful block copolymer
formation indicated by a clear shift of the starting materials after
either the irradiation with the LED or the nonirradiative ligation
procedure of o-methyl benzaldehyde with amines.

■ CONCLUSIONS

First, we introduce a novel o-methyl benzaldehyde reaction
pathway with amines leading to imine formation. Second, we
demonstrate that the nonirradiative transformation of the
aldehydemoiety of the benzaldehyde with an amine functionality
into an imine as well as the photoinduced click reaction between
an o-quinodimethane (photogenerated diene species) and an
activated ene functionality are the basis of an efficient light-
triggered reaction manifold. The orthogonality of the reaction
paths is achieved by the suppression of the imine formation by
the photoreaction and the kinetic preference of the photo-
reaction over the thermal reaction. The first aspect featuring the
suppression of the imine transformation is based on the
photoinduced equilibrium between the benzaldehyde state and
the o-quinodimethane (diene) state. The concept was under-
pinned by PREDICI simulations and was subsequently applied in
a switchable end-group formation. The second aspect features
the kinetic preference of the light-triggered reaction, constituting
a tool for the selective synthesis of block copolymers. The
present study shows that light-induced reactions can be
employed to determine efficiently the propensity of thermal
processes to occur, either by opening alternative reaction
channels or by rate preference.
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