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The light-driven cleavage of cyclobutane containing systems via [2 + 2] cycloreversion, such as di-coumarin, is
an important yet poorly investigated photochemical reaction. Its applications can be found in smart crosslinking
polymers or light-activated drug release. We report the increased cleavage efficiencies of the coumarins lactam
analog quinolinone for single-photon as well as two-photon-absorption experiments. To investigate the structure-
function relationship of the molecular substitution pattern and its influence on the photoactivity, a coumarin-
quinolinone cross-dimer was synthesized and investigated towards its cleavage efficiencies in single-photon as

well as two-photon photocleavage. The cross-dimer shows a lower cleavage efficiency than both homo-dimers.
The presented results are of interest, e.g., for applications utilizing highly efficient cleavage reactions in sym-
metric or asymmetric molecular frameworks.

1. Introduction

The photochemical and photophysical properties of coumarin and its
derivatives have been intensively studied within the last decade since
the first report of a light-driven [2 + 2]cycloaddition by Ciamician and
Silber [1]. Irradiation of coumarin with low energy UV-light (A > 300
nm) leads to the formation of cyclobutane-type dimers with altered
chemical and physical properties compared to the monomers. Up to four
different isomers of the dimeric species can be obtained [2]. The dis-
tribution between those is influenced by several factors, as solvent po-
larity, triplet sensitization, or concentration of the monomeric species
[3]. The obtained dimers revert to their monomeric form upon irradia-
tion with light of appropriate wavelength (A < 300 nm) [4]. The broad
field of applications utilizing this reversible photochemical behavior
includes crosslinking in photoactive polymers [5], photo-alignment of
liquid crystals [6], controlled release of small molecules from host
complexes [7], and drug-release from polymer-bound structures [8].
Further developments within this field require a deeper understanding
of parameters influencing the underlying chemical and physical mech-
anisms. Previous research on coumarin dimers investigated the stereo-
chemical influences [9], influences of the substitution pattern [10,11],
and the effects of single- and two-photon absorption on the cyclobutane
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cleavage efficiencies [12].

The coumarins lactam analog, 1-methylquinolin-2(1H)-one (NMQ),
and its derivatives find several applications in biomedical chemistry
[13-15]. Despite these, the list of publications dealing with its photo-
chemical properties is short, mainly focusing on the dimerization ki-
netics [16,17]. Quinolinones show a more efficient intersystem crossing
(ISC) than the coumarins, leading to higher rate constants and quantum
yields for the [2 + 2]-cycloaddition. Previous work on the cyclobutane
cleavage of the quinolinones syn-head-to-tail dimer demonstrates the
influence of lactone- to lactam-substitution. The corresponding NMQ
dimers undergo different mechanistic pathways leading to the parent
monomeric forms compared to the coumarin dimers [18].

This work reports on the cyclobutane cleavage reactions of coumarin
and quinolinone anti-head-to-head dimers (Fig. 1) and compares the
single-photon (SPA) and two-photon-absorption (TPA) characteristics of
both. As the homo-dimers show great differences regarding their
cyclobutane cleavage efficiency, we decided to study the cleavage ex-
periments of a hybrid cross-dimer, containing both structural motifs. We
found significant deviations from the expected kinetics during single-
photon experiments as well as during two-photon experiments. In
both cases the photochemical and photophysical performance of the
cross-dimer is mainly influenced by the coumarin-motif of the molecular

Received 26 January 2021; Received in revised form 30 March 2021; Accepted 31 March 2021

Available online 2 April 2021
1010-6030/© 2021 Elsevier B.V. All rights reserved.


mailto:hampp@uni-marburg.de
www.sciencedirect.com/science/journal/10106030
https://www.elsevier.com/locate/jphotochem
https://doi.org/10.1016/j.jphotochem.2021.113286
https://doi.org/10.1016/j.jphotochem.2021.113286
https://doi.org/10.1016/j.jphotochem.2021.113286
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2021.113286&domain=pdf

N. Bieniek et al.

« hgim = 345 nm RS

|| +

7"cleav; spa = 265 nm
Agleav; TPA = 532 Nm

X =Y =NCHs: NMQ dimer
X =Y = 0O: coumarin dimer
X =0;Y = NCH3: NMQ/coumarin cross-dimer

Fig. 1. Irradiation of NMQ and/or coumarin with 345 nm leads to the forma-
tion of either the corresponding homo-dimers or the hybrid cross-dimer.
Cyclobutane cleavage was carried out via single photon absorption (SPA) and
two photon absorption (TPA).

framework, canceling out the improved properties brought into the
system by the lactam group.

2. Experimentals
2.1. Materials

Coumarin (Acros Organics, 99 %), DMAP (Sigma Aldrich, 99 %), N-
Methylaniline (VWR, 99 %), triethylamine (VWR, 99 %), aluminum
chloride (Roth, 98 %), sodium chloride (Fischer Chemical, 99.5 %),
magnesium sulfate (Griissing, 99 %), p-toluenesulfonic acid mono-
hydrate (Alfa Aeasar, 98 %), dichloromethane (Acros Organics, 99.8 %),
acetonitrile gradient grade (Riedel de Haen, 99.9 %) and concentrated
hydrochloric acid (VWR) were used as received. All other solvents were
of technical quality and purified by distillation before use.

2.2. NMR-spectroscopy

'H NMR spectra of the monomers were recorded on an AV-300
(Bruker, 300 MHz) and an AV-500 (Bruker, 500 MHz) for the dimers.
Dimethyl-sulfoxide-ds and acetonitrile-d3 were used as solvents. The &
chemical shift scale was calibrated using the residual solvent peaks.

2.3. UV/Vis-spectroscopy

UV/Vis-spectra were recorded on a photo spectrometer Lambda35
(PerkinElmer). The analytes were dissolved in acetonitrile and the so-
lutions were measured in quartz cuvettes with a pathlength of 1 cm and
a volume of 2 mL.

2.4. Chromatography

HPLC analysis was performed on an Ultimate 3000 system (Dionex)
equipped with a diode array detector. An RP-18 column was used with a
60:40 (v/v) mixture of acetonitrile and water (acidified with 300 pL
H3PO4 /L) as eluent at a flow rate of 1 mL/min. For thin-layer chro-
matography, Merck Silica Gel 60 Fos4 plates were used. Flash column
chromatography was carried out on Macherey Nagel silica gel 60, 0.063
— 0.2 mm.

2.5. Mass spectrometry

HR-ESI mass spectra were acquired on an LTQ-FT Ultra mass spec-
trometer (Thermo Fischer Scientific) using acetonitrile as solvent.

2.6. Synthesis of N-Methyl-N-phenylcinnamide

The NMQ precursor was synthesized via a modified literature pro-
cedure [19]. 20.00 g (120.00 mmol, 1.00 eq) cinnamoyl chloride was
dissolved in dry 50.00 mL dichloromethane. 16.63 mL triethylamine
(12.14 g, 120.00 mmol, 1.00 eq) and catalytic amounts of DMAP were
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added. The solution was cooled to 0 °C and 12.97 mL N-Methylanilin
(12.85 g, 120.00 mol, 1.00 eq) were added dropwise. The ice bath was
removed and the solution was stirred for 2 h. After completion, as
checked via TLC (DCM:MeOH 30:1), water was added and the phases
were separated. After washing with sat. NH4Cl solution, water, and brine
the organic phase was dried using MgSO4 and filtered off. The solvent
was removed, resulting in 21.64 g (91.20 mmol, 76 %) of a yellow solid,
which was used for the next step without further purification. Analytics
are in accordance with the literature [19].

2.7. Synthesis of N-methylquinolinone

NMQ was synthesized via a modified literature procedure [19]. A
solid mixture of 1.00 g (4.21 mmol, 1.00 eq) N-Methyl--
N-phenylcinnamide and 1.69 g (12.64 mmol, 3.00 eq) anhydrous
aluminum chloride were heated to 110 °C until a dark-colored melt
formed. The melt was heated for 10 min, before cooling to room tem-
perature. After the addition of an excess of ice-cold water, a solid
formed. The solid was filtered off and dissolved in ethyl acetate. The
organic phase was washed with 5% aq. HCl, water, brine, and dried over
MgSO4 and filtered. Removing the solvent under reduced pressure and
drying in a fine vacuum resulted in 0.58 g (3.64 mmol, 87 %) of a yellow
solid. Analytics are in accordance with the literature [19].

2.8. Preparative dimerization reactions in flow

Dimerization reactions were performed in a homemade photo-
chemical reactor consisting of two LED-Arrays (35.4 W each, Neumidiller
electronics, custom-designed) at 345 nm and a spiral FEP-tube with an
inner diameter of 0.5 mm and an outer diameter of 1/16 inch in between
two 2 mm thick glass slides. The length of the tube spiral is 18.57 m,
resulting in a total irradiated volume of 3.56 mL. The total number of
photons was 6.86 + 0.1-10'7photons-s™! as determined by actinometry
of azobenzene [20,21]. The solution was pumped through the reactor
using a HPLC-pump (Shimadzu LC-10AS) and a back pressure regulator
(Vici Jour JR-BPR2).

2.9. Synthesis of anti-head-to-head coumarin dimer

The coumarin dimer was prepared as previously described [9]. Yield:
35 %.

2.10. Synthesis of anti-head-to-head NMQ dimer

A solution of NMQ (10 mM) in acetonitrile was pumped through the
flow reactor at a flow rate of 0.75 mL/min, resulting in a reaction time of
approx. 5 min. After solvent evaporation, the crude product was
recrystallized from ethanol and dried in vacuo to yield the anti-head-to-
head NMQ dimer. Analytics are in accordance with the literature [22].
The anti-head-to-head structure was determined via single crystal X-Ray
diffraction [23]. Yield: 81 %.

2.11. Synthesis of anti-head-to-head NMQ/Coumarin cross-dimer

In a typical procedure, a 50 mM solution of NMQ and coumarin in
acetonitrile was pumped through the flow reactor at a flow rate of 0.20
mL/min, resulting in a total reaction time of approx. 18 min. After
completion, the solvent was removed under reduced pressure and a solid
was received consisting of NMQ/coumarin cross-dimer as the major
product, and the NMQ dimer as the minor product. The coumarin dimer
could only be found in traces as analyzed by HPLC. For the removal of
the monomeric compounds and the coumarin dimer, the solid was
recrystallized from Ethanol. The remaining solid (NMQ dimer and
NMQ/coumarin cross-dimer) was then refluxed in MeOH (+ cat. HCI)
overnight to open the lactone-ring of the cross-dimer. After evaporation
to dryness, the ring-opened derivative and the NMQ dimer could be
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easily separated by column chromatography using pentane/ethyl ace-
tate 3:2 as eluent. For re-lactonization it was refluxed overnight in
toluene with 5 mol% TsOH-H0. After completion, as checked by TLC,
the mixture was absorbed on silica and purified via column chroma-
tography using pentane/ethyl acetate 2:1 as eluent. The overall yield of
the resulting colorless solid was 25 % compared to the monomeric
species. Analytics are in accordance with the literature [24]. The anti--
head-to-head structure was determined via single crystal X-Ray diffrac-
tion [25].

2.12. Single-photon-absorption (SPA) induced photocleavage

5 mM solutions of the dimers were irradiated at 265 nm using a 10
mW UV-LED (Thorlabs). The incident light intensity at the corre-
sponding wavelength was Isps = 1.87-10'5 photons-s™’. The photon
count per second was determined utilizing the azobenzene actinometric
system as a reference [20,26]. The irradiated area was 1.8 cm?.

2.13. Two-photon-absorption (TPA) induced photocleavage

5 mM solutions of the corresponding dimers were irradiated with
532 nm pulses of 3 ns duration from an Infinity 40-100 (Coherent)
mode-locked Nd:YAG laser system. An infrared filter was placed be-
tween the irradiation system and the sample. The beam diameter was
4.8 mm, the repetition rate was 20 Hz. Light intensity was determined
with a laser power meter (FieldMax II equipped with a PM-100—19C-
sensor, Coherent Inc.).

2.14. Tracing of photoconversion

Photocleavage was monitored via UV/Vis absorption spectroscopy
using a Lambda35 (PerkinElmer) spectrometer. A sample containing the
parent unirradiated solution was used as a reference to determine the
absorption change

3. Results and discussion
3.1. UV/Vis absorption spectroscopy

The obvious difference between dimeric and monomeric moieties is
an unsaturated double bond along the «-, p-carbonyl position in the
latter. This structural difference affects the spectral properties of the
considered molecules. The absorption spectra of NMQ, coumarin, and
the corresponding homo- and cross-dimers are given in Fig. 2.

The main difference is the missing absorption above 300 nm due to
the lack of the double bond across the a-, p-carbonyl position in the
dimeric species. Among the three considered dimers, the coumarin
shows the weakest absorption between 250 nm and 300 nm. The two

L 1
06 - - -NMQ

—— NMQ dimer |
—— NMQ/coumarin cross-dimer|
- - - coumarin L
coumarin dimer

0.6

absorbance

300 350 400

wavelength (nm)

Fig. 2. UV/Vis spectra of monomeric (0.030 mM) and dimeric (0.015 mM)
NMQ and coumarin species measured against acetonitrile as reference.
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dimers containing at least one lactam group show a higher absorption in
this wavelength range, with absorption even beyond wavelengths above
300 nm. This bathochromic shift can be assigned to the electron-
donating effect of the amide function.

3.2. SPA induced cyclobutane cleavage

SPA cleavage of coumarin dimers is described in the literature [27].
This work focuses on photocleavage of the anti-head-to-head NMQ
dimer and the anti-head-to-head NMQ/coumarin cross-dimer, which is
first described here. Photocleavage of these dimers was analyzed by
following the increase of absorbance at 332 nm and 318 nm, respec-
tively, via UV/Vis-spectroscopy. The results are presented in Fig. 3.

Both dimers undergo cycloreversion upon being irradiated with 265
nm light. Considering the applied energy, it is remarkable that both
homo-dimers cleave into their parent monomeric forms more efficiently
than the hybrid cross-dimer. The increasing monomer concentration for
the three considered dimers depending on the applied photon energy is
plotted in Fig. 4.

To determine the photoconversion for the cross-dimer, the Beer-
Lambert law for substance mixtures must be applied:

0.6 1 " 1

A absorbance

A absorbance

A absorbance

T T T T T T T
320 340 360 380 400

wavelength (nm)

Fig. 3. SPA-cyclobutane cleavage of coumarin dimer (A), NMQ dimer (B) and
NMQ/coumarin cross-dimer (C).
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Fig. 4. Increase of NMQ and coumarin monomer concentration depending on
the applied light energy.

A(4) = [enmo Cnmo + Ecoumarin®Ceounarin) *d 1)

A(2A) describes the absorption at a given wavelength, € is the ab-
sorption coefficient, ¢ the to be determined concentration, and d the
pathlength of the cuvette. As cyclobutane cleavage of the cross-dimer
leads to the formation of one NMQ and one coumarin molecule, these
two concentrations are identical (Cpono). Transforming Eq. (1) gives:

A = Cono-d-(Enmo + Ecoumarin) (2)

A

d- (SNMQ + Ecoumarin )

Cmono = (3)

The initial optical density at 265 nm of the three unirradiated dimer
solutions was higher than 2, justifying the approximation that all of the
photons are absorbed. Taking the small values of overall conversions (<
1 %) during the SPA induced cleavage into account, we assume pseudo-
zeroth-order kinetics for cyclobutane splitting. The quinolinone homo-
dimer undergoes cyclobutane cleavage much more efficiently. We ex-
pected the cross-dimer cleavage efficiency in between those of the
homo-dimers, but the SPA cleavage rate constant and the quantum yield
for the hybrid cross-dimer are the lowest of the three species (see
Table 1). This finding cannot be explained by the cross-dimer’s ab-
sorption characteristics as the value of its absorption coefficient lies in
between those of the homo-dimers. Previous work demonstrated that
the coumarin and quinolinone homo-dimers SPA cleavage mechanisms
show large differences. The coumarin dimer was found to cleave into
two singlet ground state monomers, quinolinone dimer cleavage leads to
the formation of one ground state and one excited state quinolinone
[18]. Based on the presented results, it can be suggested that the dimer
cleavage of the hybrid cross-dimer follows a pathway similar to that of
coumarin. Substitution of only one lactone unit to a lactam does not lead
to a higher cleavage efficiency.

TPA induced cyclobutane cleavage. Irradiating dimer solutions with
intense 532 nm pulses leads to cleavage of the cyclobutane ring. For
coumarin dimers, the TPA-induced ring cleavage is described in earlier
literature [12]. The cleavage of NMQ dimer and NMQ/coumarin

Table 1
Absorption coefficients at 265 nm, zeroth-order kinetics rate constants, SPA
cleavage quantum yields and two-photon cross section for the three investigated
dimers.

NMQ homo- coumarin homo- NMQ/coumarin
dimer dimer cross-dimer
AN Lmollem?] 14,541 2028 7497
vo[mmol-s!] 8.31510°* 4.243.10°* 3.526:10*
Dgps 0.26 0.13 0.11
orpa [GM] 0.74 £ 0.10 0.39 £+ 0.03 0.35 + 0.05
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cross-dimer, traced by UV/Vis spectroscopy, is shown in Fig. 5.

Both investigated dimers undergo cycloreversion upon irradiation
with 532 nm laser pulses, which can be derived from the increasing
absorption above 300 nm. HPLC analysis showed that only the mono-
meric forms result from the irradiation and no major side reactions
occur. Due to the different mechanisms and the intrinsically lower ab-
sorption probability, the photocleavage efficiency is much lower
compared to the above described single-photon reaction. The energy
needed to achieve similar conversions differs by six orders of magnitude
between these two photochemical processes (mJ-range for SPA, kJ-
range for TPA). Compared to the results achieved via SPA induced
cyclobutane cleavage, TPA cleavage of the homo-dimer is more efficient
than that of the cross-dimer. As the photophysical process of two-photon
reactions shows a quadratic dependence between monomer formation
and irradiation intensity, the cycloreversion was investigated at
different light intensities (Fig. 6) [28].

The reactions were carried out with laser pulses ranging from
approximately 30 mJ/pulse to 100 mJ/pulse. For both, coumarin and
quinolinone, an increased reaction rate can be observed with higher
energy densities. The relation between the initial rate constant of con-
version V™ and the photon density F? with the initial dimer con-
centration cd™r, the quantum yield for TPA cleavage ®1pa and the two-
photon absorption cross-section 6rps in Goeppert-Mayer (GM) is given
in Eq. 5.

v = 2- Cgimer'q)TPA'GTPA'F 2 (5)

As can be derived from this equation, a double logarithmic plot of
Inygeremer versus InF should show a linear dependence between these two
parameters with an expected slope of 2. Experimental values of 1.73 in
the case of NMQ and 1.54 for the NMQ/coumarin cross-dimer were
obtained (Fig. 7). This dependence confirms the two-photon nature of
the underlying process. As the occurrence of additional absorption
processes via excited states cannot be excluded, the theoretical value of
2 for the slope is not obtained. The TPA cross-section 67p4, a parameter
comparable to the absorption coefficient e for SPA experiments, can be
derived from Eq. 1. For the evaluation of the results, it is assumed that
the quantum yield for dimer cleavage is the same for SPA and TPA ex-
periments [12,29]. Considering the laser beam diameter, the effective
reaction volume, and the effective reaction time, the TPA cross-sections
of the investigated structures can be calculated to be 0.74 GM (NMQ
dimer), 0.39 GM (coumarin dimer), and 0.35 GM (NMQ/coumarin
cross-dimer). Comparing these values as well as the rate constants for
dimer cleavage, presented in Fig. 7(B), it is obvious that the cross-dimer
shows the lowest cleavage efficiency of the investigated structures, just
like in single-photon cleavage.

This behavior can be explained by molecular symmetry consider-
ations. Structures with a given donor-acceptor-donor = center and high
symmetry reportedly show improved two-photon absorption charac-
teristics compared to structures lacking these features [30,31]. The
lactam function in the quinolinone homo-dimer acts as an electron
donating group, the unsaturated cyclobutane in the chromophores
center may be assigned as the electron-accepting part. In the case of the
coumarin dimer, the lactone functions have a weaker electron-donating
effect, explaining the lower two-photon-absorption cross-section as well
as the lower rate constant for dimer cleavage. The even lower values for
the cross-dimer are consistent with this explanation. An overall lower
electron density compared to the NMQ dimer as well as the missing
symmetry within this structure leads to a rather unfavorable
two-photon-absorption process.

4. Conclusion
The presented experiments on anti-head-to-head coumarin and qui-

nolinone (NMQ) homo-dimers, as well as the corresponding anti-head-
to-head quinolinone-coumarin cross-dimer, studied the influence of the
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Fig. 5. TPA cyclobutane cleavage of NMQ dimer (A) and NMQ/coumarin cross-dimer (B).
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Fig. 6. TPA induced cyclobutane cleavage: Increase of the monomer concentration during TPA induced cyclobutane cleavage of NMQ dimer (A) and NMQ/coumarin

cross-dimer (B) at different pulse energies.

7_0 1 1 1
= NMQ dimer A
1 ¢ NMQ/coumarin cross-dimer 3
6.0 -
] slope: 1.73 i
. 5.04 -
5
2o
> 4.0 & -
£
] slope: 1.54 i
3.0 -
2.0 . T - T - T -
3.0 3.5 4.0 4.5 5.0
InF

A concentration (mM)

1 1 1 1 1 1 1
0020 = NMQ dimer
B mer.
+ coumarin dimer
¢ NMQ/coumarin cross-dimer|
0.015 -
*
0.010 -
< L
0.005 | L
0.000 — T r T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

reaction time (s)

Fig. 7. (A) TPA induced photocleavage for the two considered dimers corresponds with the slope of 1.73 and 1.54 in the double logarithmic plot. (B) Comparison of
the rate constants for dimer cleavage of the investigated three dimers at 57.5 mJ/pulse. (Error bars are in some cases smaller than the symbols.).

cyclobutane substitution pattern on the single-photon and two-photon
absorption induced dimer cleavage efficiency. Dimers of the lactam-
analog of the lactone coumarin, the quinolinone dimer, shows signifi-
cantly improved cycloreversion rates, both in single-photon as well as in
two-photon experiments. The quantum yield for SPA dimer cleavage
(0.26) and the two-photon-absorption cross-section (0.74 GM) are both
about 2-fold higher than the corresponding coumarins values. The more
efficient cyclobutane cleavage makes the quinolinone framework an
advantageous structure for various applications like photo cross-
linkable polymers. It was expected that the values for a mixed hybrid
dimer, carrying one lactone and one lactam moiety, to lie somewhere in

between those of the corresponding homo-dimers. We found that the
cross-dimer shows lower cleavage efficiency in both single- and two-
photon experiments compared to both homo-dimers. This behavior is
explained through a lack of molecular symmetry in the NMQ/coumarin
cross-dimer. It may be postulated that homo-dimers show higher single-
and two-photon absorption induced cycloreversion rates compared to
cross-dimers.
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