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A B S T R A C T   

We report the synthesis and photophysical characterization of biomimetic D-A-D’ cyclocurcumin derivatives, 
which can potentially be used in light activated chemotherapy. Particularly we highlight that both the donor (D) 
and acceptor (A) groups significantly influence the photophysical response of the chromophore inducing strong 
bathochromic shift with D/A strength increase and notable fluorescence quantum yield enhancement with donor 
strength increase. More important, the nature of the acceptor group (oxo or malonitrile) dramatically modifies 
the outcome in non-radiative deactivation channels. Indeed, while compounds functionalized with an oxo-moiety 
undergo ethylenic E → Z photoisomerization, the one bearing a malonitrile group leads exclusively to other non- 
adiabatic internal conversion channels which much favor photothermal conversion as no isomerization of the 
ethylenic double bond was observed. The tuning of the photophysical properties and the alteration of isomeri-
zation vs photothermal conversion is rationalized through the analysis of the potential energy surfaces along the 
most relevant degrees of freedom and shows a competitive pathway over malonitrile rotation. Our results offer 
novel perspective in oxygen-independent light activated chemotherapy and in the control of photochemical 
processes in biomimetic chromophores.   

1. Introduction 

The development of more selective and efficient antitumor therapies, 
which maintain a high cytotoxicity against cancer cells while mini-
mizing generally toxicity and side effects is still of outmost importance. 
This is particularly true when addressing highly aggressive cancers 
developing strong resistance against conventional chemotherapy, like in 
the case of triple negative breast cancer [1] or pancreatic adenocarci-
noma [2]. 

In this context, a promising alternative which has emerged in the last 
decades is based on the combined use of antitumoral drugs which are 
activated by the use of visible or infrared light, a strategy which is 
known under the general name of light activated chemotherapy (LAC). 
[3–4] The advantages of LAC over general chemotherapy or radio-
therapy are the higher selectivity due to the localized irradiation that 
activates the drug and triggers the cellular response. Undoubtedly, the 
most widespread application of LAC has been achieved through the 

PhotoDynamic Therapy (PDT) framework, [5–6] in which the active 
drug, i.e. the sensitizer, populates its triplet state manifold and further 
induces energy transfer to the ground state molecular oxygen 3O2 to 
produce the highly reactive singlet oxygen 1O2. Nowadays PDT is effi-
ciently applied clinically to treat different cancers, especially involving 
either throat and neck or the urogenital system due to the easier 
application of light sources. [7–9] PDT is also used as a complement in 
surgical tumor excision [10] to ensure a complete removal of the 
lesioned cells while minimizing the damages to the nearby tissues, or as 
a therapy for more benign conditions, including skin infections or pso-
riasis. [11] Despite its success, PDT suffers from some important draw-
backs. Indeed, absorption in the far red or infrared region of the 
electromagnetic spectrum is necessary to reach a reasonable penetration 
of light into the body tissue, without causing accessory damages. The use 
of two photon absorbing dyes or triplet up conversion agents, as well as 
plasmonic nanoparticles [12,13] have been proposed to palliate this 
issue. Furthermore, the low solubility and bioavailability of PDT drugs 
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might require encapsulation into supramolecular aggregates. [14–16] 
Labeling the carrier with specific antibodies should further enhance the 
selectivity and minimize side effects. [17] Finally, the action mechanism 
of PDT relies on the activation of oxygen, and hence its efficacy can be 
limited in the case of solid tumors developing hypoxia. [18–20] 
Furthermore, the rather unspecific reactivity of 1O2 may in some case 
lead to cell death by necrosis, a pro-inflammatory event, which not only 
limits the quality of life of the patients due to intense pain but may also 
lead to serious complications. [21]. 

Other forms of LAC involving the use of organometallic complexes to 
achieve the photorelease of reactive oxygen (ROS) or nitrogen (RNS) 
species have been recently proposed but, although promising, are less 
generalized. [22–24] A complementary approach to PDT is Photo-
Thermal Therapy (PTT), [25–27] in which the photochemistry of the 
photoactivable drug is dominated by non-radiative relaxation channels, 
which ultimately ends up in the excitation of the vibrational degrees of 
freedom and hence in a temperature increase. The local effect of PTT 
may be sufficiently high to lead to cell death under illumination. Usu-
ally, PTT agents involves either metallic nanoparticles or aggregating 
chromophores featuring moieties with floppy and large amplitude 
vibrational degrees of freedom, [28–31] thus offering effective non- 
radiative decay channels. 

The use of molecular photoswitches as possible agents in LAC ap-
proaches has been recently reported by different groups. [32] In 
particular our groups have considered biomimetic analogues of cyclo-
curcumin (CC), a natural compound present in turmeric extracts 
together with the more common curcumin. [33–37] Interestingly, both 
curcumin and CC may present antiparasitic and antibiotic activity and 
have been proposed in a PDT framework for food decontamination. 
[38–39] Both the natural CC and our derived chromophore possess an 
isomerizable double bond which can undergo E → Z isomerization. We 
have shown that, differently from the natural compound, our bio-
mimetic analogous isomerizes under the effect of visible light indepen-
dently of the solvent environment, and may interact with model lipid 
membranes. [33] Furthermore, we have also confirmed, from an 
experimental and theoretical standpoint, that the isomerization is per-
turbing the membrane structural properties without its complete 
disruption. This property could then possibly trigger the apoptotic signal 
pathways, offering an original approach to LAC. [37]. 

In the present contribution we pursue the study of biomimetic ana-
logs of cyclocurcumin (CC) involving different donor (hydroxy, ether, 
amine) and acceptor (oxo, malonitrile) groups, especially characterizing 
their optical, photophysical, and photochemical properties. Interest-
ingly, we show that the modulation of the acceptor group leads to a very 
different non-radiative relaxation of the excited states. Indeed, while the 
presence of the oxo group favors E → Z isomerization, its replacement by 
malonitrile block the isomerization and therefore much largely activates 
vibrational relaxation, leading to increased photothermal conversion. 
The reasons behind switch in the non-radiative decay balance of the two 
compounds is also rationalized by the study of the potential energy 
surface (PES) landscape through molecular modeling and simulation at 
multiconfigurational wave-function level. In addition, when the donor 
group is strengthened (from ether to amine), both photothermal con-
version efficiency and fluorescence build up, opening ways for thera-
nostic approaches. 

Our results not only show the fine modulation of the photophysical 
properties depending on different donor and acceptor groups, but also 
highlight the versatility of the present CC chromophores and their 
possible synergistic utilization in LAC applications and especially in 
PTT, after appropriate encapsulation to increase their colloidal stability 
in aqueous media and full pharmaco- and toxicological characterization 
(in dark conditions and under illumination). 

2. Results and discussion 

2.1. Synthesis of biomimetic CC analogous 

Our oxo-containing chromophores were obtained from compound 1, 
which was synthesized according to the previously reported procedures, 
and different vanillin 2a-d substrates. Intermediate compounds 3a- 
d have been produced by aldolization/crotonization in the presence of 
freshly prepared sodium ethanolate in moderate to good yields (from 38 
to 59 %). The deprotection of the aryl-γ-pyrone units in acidic medium 
leads to the first family of oxo-derivatives, compounds 4a-d, in excellent 
yields (greater than80 %) (Scheme 1). [33–34]. 

Those later were also used as building blocks to synthesize the sec-
ond family of compounds bearing a malonitrile acceptor group (Scheme 
2). The compounds 5a-d were obtained by Knoevenagel condensation in 
acetic anhydride medium with excellent yields (greater than80 %) 
except for the derivative bearing the dimethylamine moiety (5d, 54 %). 
Their deprotection under mild basic conditions provided the malonitrile 
family of compounds 6a-d (Scheme 2). 

All the final products and intermediates were characterized by 
1H/13C NMR and high-resolution mass spectroscopy (HRMS), confirm-
ing their molecular structures. 

2.2. Photophysical properties 

The steady state photophysical properties analysis of compounds 4a- 
d and 6a-d were performed in protic and aprotic solvents covering a 
broad polarity range going from toluene to methanol. Despite its rele-
vance for biological applications, water was excluded due to the limited 
solubility of the compounds. Indeed, solubility in water remained too 
low for accurate spectroscopic analysis even after the addition of about 
1 % of DMSO and the ultrasonication of the solutions. 

Steady-state absorption spectra are shown in Fig. 1 and correspond to 
the thermodynamically favored E-isomer, estimated from 1H NMR 
analysis to be formed at 92 % in the as-synthesized compound. 

Regardless the solvent, the absorption spectra of the oxo- 
photoswitches bearing a hydroxy or alkoxy donor group (compounds 
4a-c) show three broad peaks centered around 290, 320, and 370 nm, 
similar to those of natural CC. [40–41] A bathochromic shift is observed 
for the amino compound 4d with bands centered around 320 and 
390 nm. This shift can be explained by the more pronounced donor 
capability of amine with respect to hydroxy or alkoxy moieties. Due to 
the acceptor modification and the corresponding increase of π conju-
gation, malonitrile derivatives 6a-d present absorption bands at higher 
wavelength in all the solvents, peaking around 290 and 410–440 nm 
(Fig. 1 and S1, Table 1 and S1). In addition, a bathochromic shift in both 
absorption and emission is observed when increasing the solvent 
polarity. 

The molar extinction coefficients at the band of maximum intensity 
(360–370 nm and 410–430 nm for compounds 4a-d and 6a-d, respec-
tively) are depending on the solvent polarity as well as on the donor or 
acceptor peripheral groups (Tables 1 and S1). Indeed, the maximum 
absorbance is obtained for chloroform (35.3 and 55.1•103 M− 1•cm− 1

, for 
4c and 6a, respectively) while the minimum corresponds to ethanol 
(27.5 and 52.2•103 M− 1•cm− 1

, for 4c and 6a, respectively). Molecular 
modeling of the absorption spectra, reported in SI (Fig. S2), reproduces 
well the global features of the experimental bands when considering 
dynamic and vibrational effects through a Wigner sampling of the 
Franck-Condon region. 

The fluorescence spectra were obtained under excitation at the 
maximum absorbance and are given in Fig. 1 and S1 and Tables 1 and 
S1. The maximum of the fluorescence band is red-shifted when 
increasing the solvent polarity and Lippert-Mataga diagrams confirm a 
higher dipole moment for the excited than for the ground state (Fig. S3). 
[33] In all solvents, the fluorescence quantum yields of the compounds 
bearing hydroxy or alkoxy moieties (4a-c and 6a-c) are low and do not 
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exceed 3 % (ΦF = 0.03). In contrast, compounds 4d and 6d (amine 
donor) have quantum yields of about 11 % (Table 1 and S1). The low 
fluorescence quantum yields could be explained by other competitive 
non-radiative deexcitation pathways, such as photoisomerization or 
vibrational relaxation. 

As shown in Fig. 2 the natural transition orbitals (NTOs) [42] 

obtained for the lowest laying excited states show a different behavior 
depending on the presence of the oxo or malonitrile substituent. Indeed, 
compound 4d shows a low energy absorption which is dominated by two 
main diabatic states, namely n-π* and π-π* transition. This pattern is 
absolutely coherent with the behavior of other similar CC derivatives 
namely 4a and 4b and may also explain the slight solvent dependency 

Scheme 1. Synthetic pathway leading to the biomimetic oxo-photoswitches, biomimetic analogs of CC.  

Scheme 2. Synthetic pathway leading to malo-compounds 6a-d starting from keto-compounds 4a-d.  

Fig. 1. Normalized absorption (full line) and emission (dashed line) spectra of compounds 4c (A) and 6c (B) in chloroform, acetonitrile, DMSO, and ethanol. 
Emission is obtained upon excitation at λmax. 
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observed for absorption and emission. [35] Furthermore, as it will be 
detailed later, the electronic density reorganization involving the pop-
ulation of antibonding orbitals localized on the styryl double bond, 
pointing to a possible photoisomerization. 

The presence of malonitrile moiety in 6d significantly modifies the 
excited state landscape. The lowest excited state can now be described as 
a π-π* involving the malonitrile and the styryl double bond, while the 
second excited state accumulates electronic density on the phenyl ring 
directly bound to the pyran (D) while S3 appears slightly more localized 
on the malonitrile substituent. Even from this first qualitative analysis a 
different photochemical behavior can, therefore, be surmised, since the 

photoisomerization pathway appears less favorable than in the original 
CC analogous. 

2.3. Photoisomerization properties of the 4a-d series 

The photochemistry of the series 4a-d can be assigned to a reversible 
photoinduced E/Z isomerization process, in which the direct switch 
corresponds to the conversion of the thermodynamically favored E-iso-
mer into Z-isomer under illumination at 375 nm. The reverse process 
(back switch), i.e. Z → E photoisomerization, occurs by irradiation at 
300 nm or thermally in the dark. The photoisomerization process was 
confirmed by in-situ irradiation 1H NMR and UV–vis spectroscopy. 1H 
NMR experiments were performed in four solvents (CDCl3, DMSO‑d6, 
Acetonitrile‑d3, and Ethanol-d6) at both ground state (GS) and photo- 
stationary state (PSS). E/Z ratio could be quantified by monitoring 1H 
signal of styryl and methoxy groups, the latest giving the most accurate 
results due to their ideal resolution and lack of overlapping (Figures S4 
and S5). As an example, the protons of the two –OCH3 groups were 
found in CDCl3 at 3.99 and 3.94 ppm for E-isomer and 3.70 and 
3.65 ppm for Z-isomer, respectively. 

The time-evolution of the absorption spectrum for all the compounds 
under irradiation at 375 nm and 300 nm was also analyzed in the same 
solvents. UV–vis spectra of the direct and reverse switch are given in 
Fig. 3 for 4c,d and in figures S6 and S7 for 4a,b. As expected, under 
irradiation at 375 nm one can observe the decrease of the bands corre-
sponding to the π-π* transition for the E-isomer comprised between 
370 nm and 385 nm depending on the chromophore. On the other hand, 
the back switch from PSS to GS is confirmed by the increase of the same 
band under irradiation at 300 nm. 

As shown in Table 2, at the GS, the E/Z ratio is independent on the 
nature of the solvent (more than 92 % E-isomer for all compounds). 
Nevertheless, the efficiency of the photoisomerization varies with both 
the solvent and donor groups. For a given solvent, the conversion rates 
for compound 4c are close to those previously determined for com-
pounds 4a and 4b (about 80 %, 80 %, and 50 % in CDCl3, Acetoni-
trile‑d3, DMSO‑d6, respectively). A significant decrease in 
photoisomerization efficiency was observed in ethanol-d6 with 
increased carbon chain length and thus hydrophobicity (around 50 % for 
4c vs 65 % for 4b). This could be due to the limited solubilization and 
possible self-aggregation. Compound 4d showed a conversion rate 
evaluated at more than 70 % in CDCl3 while it is of only 37 % in 
DMSO‑d6 and 15 % in Ethanol-d6. 

The back-switch at 300 nm irradiation did not allow to fully recover 
the initial E-isomer (Table 2). Indeed, only between 50 % and 85 % of 4c 
was recovered. For 4d, 85 % and 83 % of the E-isomer is obtained in 

Table 1 
Optical properties of 4a-d and 6a-d. The maxima absorption, λabs, and emission, 
λem, are given in nm and the molar extinction coefficient, ε, in M− 1

•cm− 1. ΦF 
stands for the fluorescence quantum yield.  

Chromophore Absorption / 
Emission 

Solvent   

Chloroform Acetonitrile DMSO Ethanol 

4a λabs (ε•103) 358 (27) 354 (31.7) 367 
(27.9) 

374 
(27.2) 

λem (ΦF) 441 (0.02) 455 (0.01) 472 
(0.02) 

501 
(0.02) 

4b λabs (ε•103) 363 (34.6) 356 (31.2) 364 
(31) 

368 
(29.5) 

λem (ΦF) 451 (0.02) 457 (0.01) 459 
(0.01) 

485 
(0.01) 

4c λabs (ε•103) 362 (35.3) 356 (32.2) 364 
(31) 

370 
(27.5) 

λem (ΦF) 448 (0.02) 457 (0.01) 456 
(0.01) 

483 
(0.01) 

4d λabs (ε•103) 388 (29) 384 (29) 394 
(28.3) 

391 
(25.9) 

λem (ΦF) 534 (0.09) 555 (0.08) 553 
(0.11) 

584 
(0.09) 

6a λabs (ε•103) 411 (55.1) 407 (53.4) 430 
(54.9) 

413 
(52.2) 

λem (ΦF) 548 (0.01) 521 (0.02) 575 
(0.01) 

557 
(0.01) 

6b λabs (ε•103) 413 (51.1) 408 (49.9) 417 
(51.3) 

410 
(50.7) 

λem (ΦF) 519 (0.01) 548 (0.03) 560 
(0.02) 

546 
(0.01) 

6c λabs (ε•103) 412 (47.3) 408 (46.1) 416 
(46.4) 

411 
(47) 

λem (ΦF) 512 (0.01) 543 (0.02) 556 
(0.01) 

540 
(0.01) 

6d λabs (ε•103) 424 (58.6) 420 (57.7) 432 
(58.9) 

423 
(57.2) 

λem (ΦF) 617 (0.11) 677 (0.04) 684 
(0.08) 

661 
(0.06)  

Fig. 2. NTOs describing the lowest electronically excited states for 4d (A) and 6a (B).  
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acetonitrile‑d3 and DMSO‑d6, respectively. Interestingly, the back- 
switch is more effective in ethanol as a total conversion of 4d to the 
initial E/Z ratio of 95/5 was observed. All those results agree well with 
the literature. [33–34] Moreover, a full degradation of 4d in CHCl3 was 
noticed which can be explained as an effect of the degradation of the 
solvent at 300 nm irradiation, leading to the formation of HCl. Indeed, 
mass spectrometry analysis of the compound obtained after irradiation 
coupled with UV analysis revealed the addition of HCl to the ethylenic 
double bond. 

Except for this issue, the photoisomerization was perfectly reversible 
for all the compounds and in all solvents, over at least 10 cycles under 
successive irradiation at 375 nm (1.5 W, 10 s) and 300 nm (350 mW, 
30 s). Furthermore, the isomerization occurred within several minutes 
despite the moderate power of the LEDs used as the illumination source 
(Fig. 4 and S8). The rate constant of the direct E → Z photoisomerization 
(Table 2) decreases with increasing the solvent polarity and goes from 
38⋅10-3 s− 1 in chloroform to 6⋅10-3 s− 1 in ethanol for compound 4c. The 
same trend is observed for compound 4d whose isomerization constant 
decreased from 29⋅10-3 s− 1 in chloroform to 5⋅10-3 s− 1 in ethanol. The 
highest rate constant for the photoinduced back-switch reaction was 
obtained in ethanol amounting at 222⋅10-3 s− 1 and 192⋅10-3 s− 1 for 

compounds 4c and 4d, respectively. The kinetic constants appear to be 
independent of the donor character. 

On the other hand, the thermal back-switch is extremely slow at both 
25 ◦C, and 40 ◦C, with no conversion detected within six months. All 
these results agree with those presented in our previous studies dealing 
with compounds 4a and 4b. [33–34]. 

The direct photoisomerization quantum yields have been determined 
by UV/vis spectroscopy (as described in the experimental part 5.6) and 
validated for compounds 4a and 4b (Fig. S9) by independent in-situ NMR 
measurements (as described in the experimental part 5.7). The results 
presented in Table 2 show that the direct quantum yields depend on the 
solvent’s polarity being approximately 2 to 5 times larger in chloroform 
than in ethanol (On the contrary, the inverse quantum yields are largely 
independent of the solvent polarity for an alkoxy donor moiety. How-
ever, they are twice as high in ethanol as in chloroform for an amine 
donor moiety. The quantum yield of reverse photoisomerization is 
comprised between 1.5 and 5 times those of the direct switch, as it was 
estimated from Z-isomers absorbance spectra (see experimental part, 
Figs. S10-S13 and Table S2). Finally, those values are lower than those 
reported for similar stilbenes derivatives (ΦEZ = 0.2–0.6, ΦZE = 0.3–0.5) 
[43–44] or azobenzenes (ΦEZ = 0.1–0.5, ΦZE = 0.2–0.6). [45–46]. 

A) B)

C) D)

Fig. 3. Spectral evolution of the photoisomerization of compounds 4c from the GS under irradiation at 375 nm in chloroform (A) and back switch after irradiation of 
the PPS at 300 nm (B). Spectral evolution of 4d for the direct switch (C) and back switch (D) with the same condition as for 4c. 
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Interestingly, absolutely no evidence of photoisomerization has been 
detected for the series 6a-6d, neither by NMR nor UV/Vis. Thus, the 
existence of competitive relaxation channels was considered. For these 
reasons, and due to the relevance of PTT, the photoinduced temperature 
increase was monitored for this series of compounds (Fig. 5). 

2.4. Photothermal properties of the 6a-6d series 

The existence of light activated floppy intramolecular motions such 
as rotation, vibration, and twisting promote effective non-radiative 
decay and releases the excitation energy as heat. The photothermal 

Table 2 
E/Z ratios and photoisomerization kinetics of the 4a-4d series at the PPS state after irradiation at 375 nm (PSS1 direct), then at 300 nm (PSS2 back switch) The 
photoisomerization quantum yield for the direct and backward process are also reported. For 4a and 4b in DMSO, independent in-situ NMR measurements provided 
identical ΦE/Z/ΦZ/E quantum yields.   

Solvent E/Z (AS)a E/Z (PSS1)a E/Z (PSS2)a k375
E→Z⋅103 (s− 1) by UV k300

Z→E⋅103 (s− 1) by UV knr
Z→E⋅10n (s− 1) by UV b φEZ / φZEby UV 

4a CHCl3 n.d. n.d. n.d. 30 127 1,6 n.d. / n.d.  
MeCN n.d. n.d. n.d. 18 124 <1 n.d. / n.d.  
DMSO 100/0 47/53 64/36 12 182 <1 0.08 / 0.47c  

EtOH 92/8 25/75 64/36 16 145 4.4 0.10 / 0.08 
4b CHCl3 98/2 25/75 70/30 27 200 0 0.17 / 0.19  

MeCN 97/3 16/84 47/53 18 150 0 0.12 / 0.15  
DMSO 95/5 50/50 85/15 6 106 0 0.05 / 0.13c  

EtOH 95/5 35/65 60/40 10 224 0 0.07 / 0.17 
4c CHCl3 98/2 20/80 54/46 38 211 0 0.25 / 0.23  

MeCN 97/3 20/80 60/40 22 177 0 0.16 / 0.23  
DMSO 96/4 50/50 85/15 10 109 0 0.08 / 0.25  
EtOH 97/3 47/53 80/20 6 222 0 0.06 / 0.19 

4d CHCl3 96/4 25/75 Degrad. 29 Degrad. 0 0.20 / 0.13  
MeCN 97/3 47/53 85/15 13 185 0 0.09 / 0.17  
DMSO 97/3 63/37 83/17 10 117 0 0.07 / 0.25  
EtOH 95/5 84/16 95/5 5 192 0 0.04 / 0.25  

a As determined from NMR measurements. 
b At 25 ◦C, as determined within six months. 
c Confirmed by in-situ NMR measurements. NB. All samples contain 1v/v% DMSO. 

Fig. 4. Absorbance of 4c at λmax during 5 cycles of successive irradiation at two different wavelengths, 375 nm (1.5 W, 10 s) and 300 nm (350 mW, 30 s) (A), 
evolution of the absorbance during the photoisomerization process at 375 nm (B) and 300 nm (C) as a function of time. 
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properties were studied through the photothermal conversion efficiency 
(η) obtained by monitoring the time-evolution of the temperature under 
laser irradiation at 470 nm with an irradiance of 0.68 W•cm− 2 (Fig. 6 
and Figs. S14–S16) and the absorption spectra of each compound at the 
beginning of each photothermal cycle. From those results, it is clear that 
a photothermal effect is operative and that a correlation exists between 
the maximum temperature achieved and the donor character of the 
peripheral group. Indeed, the temperature of the solutions of com-
pounds 6a-c raises from 25 ◦C to 49–53 ◦C after 400 s irradiation of a 
40 µM solution (Fig. 6-A), while the temperature of irradiated pure 
DMSO increased by only 1.5 ◦C under the same conditions. The tem-
perature rise of 6d was even more important reaching 72 ◦C for a 40 µM 
solution (Fig. 6-A). It should also be noted that no photothermal effect 
was observed in the case of the 4a-d series, for which the photo-
isomerization remained the favored deexcitation pathway. 

Since no similar structure molecule is referenced in the literature for 
its photothermal properties, the commercially available 4-dicyano-
methylene-2-methyl-6-(p-dimethylamino-styryl)-4H-pyran (DCM, 
Fig. 6) was studied under the same conditions of concentration and 
irradiance. Upon irradiation, the temperature initially increases to reach 
a maximum of ΔT = 30 ◦C then decreases after 300 s irradiation time 
(Fig. 6-B). 

As expected, the temperature increase is concentration and laser- 
power dependent. The temperature increase changed from 6.8 ◦C to 
27 ◦C and from 10.9 ◦C to 45.5 ◦C for compounds 6a-c and 6d, respec-
tively, increasing the concentration from 5 to 40 µM (Fig. 6-C). Simi-
larly, the temperature increases almost doubled when multiplying the 
laser intensity by a factor 2 (1.36 W•cm− 2) (Fig. 6). 

The photothermal conversion efficiency (η) was determined from 
equation (12) (see experimental part). Table 3 shows similar values of η 
for all 6a-c compounds of about 28 %, while the efficiency of 6d, which 
bears a stronger dimethylamine donor group, almost doubled reaching 
50 %. The latest is also definitely more efficient than DCM, whose η was 
estimated to 28 %. 

To further evaluate the potential of those molecules as PTT agents, 
the resistance to photothermal fatigue was determined. To do so, 20 µM 
solutions in DMSO have been irradiated under the same conditions, and 
the absorption spectra were recorded during 5 cycles. All 6a-d com-
pounds present good photostability as their temperature gain (ΔT) re-
mains slightly constant with a decrease of only 10 % after 5 cycles 
(Fig. 7-A) while DCM recorded a decrease of 52 % after one cycle and of 
72 % after 5 cycles (Fig. 7-B). UV–vis analyses revealed a slight chemical 
modification of compounds 6a-d (Fig. 7-C and S17), either due to pho-
todegradation or to photoisomerization under high irradiance. DCM 
exhibits even more dramatic evolution of the UV–vis spectrum (Fig. 7- 
D), probably due to its isomerization, as already reported in the litera-
ture or to a higher photodegradation. [47] This also leads to the dimi-
nution over irradiation time of the DCM absorption at irradiation 
wavelength (470 nm), which contribute to its lower photothermal con-
version efficiency as compared to 6d. 

2.5. Photoisomerization vs photothermy rationalized by molecular 
modeling 

To properly rationalize the different behavior observed by the two 
distinctive series of compounds, namely photoisomerization and pho-
tothermal conversion, we resorted to the exploration of the most rele-
vant potential energy surfaces (PES). Importantly and as pictorially 
represented in Fig. 8, the inclusion of the malonitrile group formally 
adds up a novel degree of freedom to be considered. This is due to the 
activation of the rotation of the malonitrile moiety in the excited state, 
which may be regarded as a consequence of consecutive isomerizations 
of the ––C(CN)2 double bond. 

Coherently with what was already observed for 4a and CC, [35,48] 
the inclusion of a donor group in 4d only slightly modifies the topology 
of the PES (Fig. 8A). In particular we can observe that the isomerization 
of the ethynyl double bond is possible through a conical intersection 
which can be reached on both the n-π* and the π-π* state. However, the 
path going through the latter state appears more favorable and should 
result in a faster process and higher efficiency. Nevertheless, a barrier is 
present on both surfaces, as was the case for natural CC, 4a, and 4d, 
which should prevent an ultrafast isomerization and globally lowers the 
quantum yields. However, the stabilization of the π-π* state over the n- 
π* state, whatever the polarity of the environment, is also coherent with 
the observed slight solvent-dependence of the photoisomerization 
quantum yield. 

On the other hand, the PES of 6a,d (Fig. 8B) are strikingly different. 
Indeed, we can see that isomerization of the ethynyl bond, while still 
possible and still involving a S1/S0 conical intersection requires a much 
higher barrier than for 4a,d, which mainly blocks this channel. 
Contrarily, we can observe an almost barrierless pathway which leads to 
a second S1/S0 conical intersection involving the rotation around the 
malonitrile bond. Interestingly, this pathway is not only barrierless but 
also crosses the one leading to the ethylenic isomerization. Conse-
quently, the inclusion of the malonitrile groups offers a novel decay path 
which involves the activation of the rotation mode of the CN peripheral 
groups. Such a relaxation can be assimilated to the activation of rota-
tionally based energy dissipation channels and is hence coherent with 
the observed photothermal effects. In addition, a similar path is obtained 
for 6d showing that the donor group has virtually a minor influence on 
the photochemistry in comparison with the malonitrile addition. In this, 
even a stepper decay is observed yielding to a slightly shifted isomeri-
zation angle. 

3. Conclusions 

We have designed and synthesized two families of chromophores for 
potential therapeutic applications. They are based on γ-pyrone CC an-
alogs presenting different electron-donating (hydroxy, alkoxy, amine) 
and electron-attracting (oxo, malonitrile) groups and absorbing in the 
UV–vis window. Molecular modeling has shown that the topology of the 
most relevant PES is highly affected by the choice of the later substituent 
and that the presence of a malonitrile group opens totally new relaxation 

Fig. 5. Structures of compound 6d and commercially available DCM.  
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Fig. 6. Photothermal properties of compounds 6a-d and DCM. Temperature evolution of a 40 µM solution of 6a-d (A) and commercial DCM (B) during an on/off 
cycle through irradiation at 470 nm (0.68 W•cm− 2). Temperature evolution of a 6b solutions at various concentrations during an on/off cycle irradiation at 470 nm 
(0.68 W•cm− 2) (C). Temperature evolution of a 40 µM solutions of 6b during an on/off cycle at 470 nm irradiation performed with various irradiance (D). Deter-
mination of the time constant τs for compound 6b, 20 µM, 0.68 W•cm− 2 (E). 
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pathways driven by the photoactivated rotation of CN groups, efficiently 
competing with the ethylenic double bond isomerization. Consequently, 
two different photochemical effects are expected for the two distinct 
families. Indeed, we have shown that the keto compounds provide 
efficient photoswitches through the E/Z isomerization of the ethynyl 
double bond at 375 nm irradiation. The back-switch allows the partial 
recovery of the favorable E isomer by irradiation at 300 nm, still pre-
vented thermally. The oxo compounds also showed excellent fatigue 

resistance properties at least over 5 cycles. Malonitrile bearing com-
pounds are instead not isomerizing but behaves as excellent PTT agents. 
Indeed, irradiation at 470 nm in DMSO leads to a temperature increase 
up to more than 50 ◦C for compounds 6a-c and more than 70 ◦C for 6d. 
Moreover, this temperature rise is proportional to the chromophore 
concentration and the laser irradiance. All the compounds present 
attractive photothermal conversion efficiencies ranging from 28 % to 
50 % and good photothermal resistance. Hence, we believe that our 
molecular design has highlighted the competition between the different 
relaxation pathways: fluorescence, isomerization, and heat production. 
More importantly, we have shown how the precise choice of the pe-
ripheral substituents may favor one relaxation channel, hence driving 
and tuning a proper photochemical response. The possibility of obtain-
ing biomimetic photoswitches or photothermal agents with well-defined 
properties indicates that our two families of compounds are promising 
for further applications in the biomedical field especially due to their 
non negligible cross section in absorbing two photons in the NIR region. 
[34–35] Indeed, irradiation in the optical biological window is 

Table 3 
Photothermal properties of compounds 6a-d and commercial DCM at 20 µM in 
DMSO.   

6a 6b 6c 6d DCM 

A470 0.371 0.335 0.282 0.36 0.539 
TMax − TSurr(◦C) 19.5 17 15.9 31.5 20.7 
τs(s) 171.6 199.3 184.7 184.1 184.9 
hS(mW•◦C− 1) 2.45 2.11 2.28 2.28 2.27 
η(%) 32 25 28 50 25  

Fig. 7. Temperature evolution of a 20 µM solution of 6b and 6d (A), and commercial DCM (B) in DMSO as function of time, during 5 on/off cycles of irradiation at 
470 nm (0.68 W•cm− 2). Absorption spectra of compound 6b (C) and DCM (D) between each irradiation cycle. 
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compulsory for therapeutical applications, to prevent high energy per 
photon UV–vis irradiation which is detrimental to cell tissues and has 
low penetration depth. Moreover, some antennas system to switch ab-
sorption in the visible or infrared portion of the spectrum could also be 
considered. 

It should be also noted that those compounds need further modifi-
cations and characterizations before being used as compounds with 
potential therapeutic applications. This includes formulation or chemi-
cal grafting of hydrophilic moieties to reach adequate solubility in the 
aqueous medium, and studies of their specific interaction with biological 
systems, toxicity (in dark condition and under illumination) or 
biodistribution. 

4. Experimental section 

4.1. General 

All reactions were carried out under argon atmosphere. Other sol-
vents and liquid reagents were purified and dried according to recom-
mended procedures. The chemical reagents were purchased from Merck, 

Fisher Scientific, or Sigma-Aldrich and were used as received. Analytical 
TLC analyses were performed using standard procedures on silica gel 60 
F254 plates (Merck). The compounds were visualized with UV light 
(254 nm), and alternatively, potassium permanganate aqueous solution 
was used. Silica gel column chromatography was performed on a glass 
column filled with silica gel (63–200 μm) (Merck). The melting points 
(mp) were determined with a Tottoli apparatus and are uncorrected. 
Spectroscopic analyses and kinetic measurements were carried out on 
the PhotoNS Platform of the L2CM Laboratory, University of Lorraine. 
FTIR spectra were recorded on a Shimadzu IRAffinity-1 apparatus 
equipped with ATR PIKE Technologies model GladiATR (cm− 1). NMR 
spectra were recorded at 300 K, unless stated otherwise, using a Bruker 
DRX400 spectrometer (400 MHz for 1H and 100.6 MHz for 13C). 
Chemical shifts are reported in ppm (δ) relative to deuterated solvent 
residual peaks. For complete assignment of 1H and 13C signals, two- 
dimensional 1H, 1H COSY and 1H, 13C correlation spectra were recor-
ded. The following abbreviations are used to explain the observed 
multiplicities: s, singlet; d, doublet; dd, doublet of doublets; ddd, doublet 
of doublets of doublets; t, triplet; td, triplet of doublets; m, multiplet; and 
bs, broad singlet. HRMS were recorded on a microTOFQ (Bruker) ESI/ 

Fig. 8. PES for the photoisomerization through the n-π* (right) and π-π* (left) for compound 4d (A). PES showing the competition between photoisomerization and 
the activation of the malonitrile rotation for 6a (B, left) and 6d (B, right). Most important degrees of freedom for 4d as well as 6a and 6d are represented in green 
while the unfavorable degrees of freedom are in red for each system. 
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QqTOF spectrometer. Compounds 1, [34] 2a, [49] 2b, [50] 2c, [51] 2d, 
[52] 3a, [34] 3b, [33] 4a, [34] and 4b [33] were synthesized according 
to the methods described in respective references. 

4.2. Molecular modeling 

CASPT2//CASSCF approach has been considered to explore the 
excited states PES landscape and hence characterize the photochemistry 
of these compounds around the isomerizable pathways [53–54]. 

As a first step the ground state geometry has been optimized for all 
compounds at DFT level using the B3LYP functional. [55] Subsequently, 
those geometries were used to compute the absorption spectrum as 
vertical excitations using CAM-B3LYP functional in the TD-DFT 
formalism. [56] For this kind of systems, this functional feature a 
proper description as previously reported, [35] even usually un-
derestimates the π-π* transition in comparison with n-π*. The nature of 
the excited states has also been determined using NTO formalisms. [42] 
For the computation of UV–vis spectra, a Wigner distribution over the 
vibrational normal modes was done and 100 geometries were generated. 
The final spectrum was a convolution of gaussians of the single point 
computed transition energies using the CAM-B3LYP/6-31G*. On top of 
the B3LYP optimized geometry wavefunction calculations have also 
been performed under MS-CASPT2//SA(4)-CASSCF level of theory. [54] 
Firstly, CASSCF calculations including 4 averaged states (from S0 to S3) 
were done followed by a multistate 2nd order perturbation theory to the 
CASSCF wavefunction. As previously reported, [57] the active space 
containing 10 electrons in 9 orbitals (10,9) was used for compound 4d, 
including the n orbital and different π and π* orbitals. In case of 6a and 
6d the use of 8 electrons in 8 orbitals (8,8) was selected consistently with 
the elimination of the n orbital. 

In particular, the S1 
1(n-π*) and S2 

1(π-π*) states identified at 
Franck–Condon were optimized at CASSCF level, reaching the respec-
tive minima whose diabatic nature was confirmed by analyzing the 
respective molecular orbitals. Starting from these structures, relaxed 
scans along the dihedral angle optimizing both S1 and S2 states were 
performed freezing the dihedral at the desired value and relaxing along 
all the other coordinates. In addition, the same procedure for the other 
compounds 6a and 6d was also performed. In case of 6a, the MEP from 
FC yields directly to a crossing region and not scan was needed for this 
coordinate. 

On the optimized CASSCF structures, single point multi-state 
CASPT2 (MS-CASPT2) were performed to include the necessary dy-
namic electron correlation. For those calculations, an imaginary shift of 
0.2 eV without IPEA was applied to avoid the influence of intruder 
states. 

For all calculations, the 6-31G* basis set was used. [58] CASSCF and 
CASPT2 calculations have been performed using the OpenMolcas suite 
of programs, [59–60] while DFT and TD-DFT have been obtained 
employing the Gaussian16 software. [61]. 

4.3. Synthesis 

4.3.1. (E)-2-(4-(dodecyloxy)-3-methoxystyryl)-6-(3-methoxy-4- 
(methoxymethoxy) phenyl)-4H-pyran-4-one, 3c 

To a stirred solution of 2-(3-methoxy-4-(methoxymethoxy)phenyl)- 
6-methyl-4H-pyran-4-one 1 (2.00 g, 7.24 mmol) and 4-dodecyloxy-3- 
methoxybenzaldehyde 2c (3.44 g, 10.74 mmol, 1.48 eq.) in dry EtOH 
(120 mL) at room temperature was added fresh EtONa solution (1.56 M 
in EtOH, 10 mL, 15.6 mmol, 2.15 eq.) dropwise and the mixture was 
stirred 48 h at 40 ◦C (CCM, SiO2, EtOAc 100 %). The reaction mixture 
was quenched with water (100 mL). The crude product was extracted 
with DCM and the organic phase was separated. The aqueous phase was 
further extracted with DCM (4 × 50 mL). The combined organic phase 
was washed with water (3 × 50 mL) and brine (3 × 50 mL) then dried 
over Na2SO4, filtered, and evaporated under reduced pressure. Chro-
matography on silica gel with EtOAc (100 %) afforded the title 

compound 3c as a yellow solid (1.89 g, 45 %). Rf: 0.38 (EtOAc 100 %). 
M.p.: 111 ◦C. IR (ATR, cm− 1): 2916, 2849, 1647, 1634, 1599, 1510. 
UV–vis (DMSO): 352 nm. 1H NMR (400 MHz, CDCl3): δ 7.45 (dd, JH, 

H = 8.5, 2.1 Hz, 1H; Ar-H), 7.40 (d, JH,H = 16.0 Hz, 1H; Hethyl β), 7.29 (m, 
2H; Ar-H), 7.09 (m, 2H; Ar-H), 6.89 (d, JH,H = 8.1 Hz, 1H; Ar-H), 6.65 (d, 
JH,H = 2.2 Hz, 1H; Hpyrone), 6.62 (d, JH,H = 16.0 Hz, 1H; Hethyl α), 6.29 (d, 
JH,H = 2.1 Hz, 1H; Hpyrone), 5.32 (s, 2H; OCH2O), 4.06 (t, JH,H = 6.9 Hz, 
2H; OCH2), 3.98 (s, 3H; OCH3), 3.95 (s, 3H; OCH3), 3.54 (s, 3H; 
CH2OCH3), 1.87 (m, 2H; OCH2CH2), 1.46 (m, 2H; OCH2CH2CH2), 
1.36–1.27 (m, 16H; (CH2)n), 0.88 (t, JH,H = 6.8 Hz, 3H; CH2CH3). 13C 
{1H} NMR (100 MHz, CDCl3): δ 180.5, 162.9, 162.1, 150.7, 150.1, 
149.9, 149.5, 136.1, 127.9, 125.8, 122.1, 119.6, 117.7, 116.1, 113.4, 
112.7, 110.7, 109.9, 109.5, 95.4, 69.3, 56.6, 56.3, 56.2, 32.1, 29.80, 
29.78, 29.74, 29.70, 29.53, 29.49, 29.2, 26.1, 22.8, 14.3. ESI-MS (HR): 
m/z [M+H]+ calcd for C35H47O7: 579.3316, found: 579.3333; m/z 
[M+Na]+ calcd for C35H46NaO7: 601.3136, found: 601.3146; m/z 
[M+K]+ calcd for C35H46KO7: 617.2875, found: 617.2856. 

4.3.2. (E)-2-(4-(dimethylamino)-3-methoxystyryl)-6-(3-methoxy-4- 
(methoxymethoxy) phenyl)-4H-pyran-4-one, 3d 

To a stirred solution of 2-(3-methoxy-4-(methoxymethoxy)phenyl)- 
6-methyl-4H-pyran-4-one 1 (346 mg, 1.25 mmol) and 4-(dimethyla-
mino)-3-methoxybenzaldehyde 2d (342 mg, 1.91 mmol, 1.52 eq.) in dry 
EtOH (12 mL) at room temperature was added fresh EtONa solution 
(1.13 M in EtOH, 2 mL, 2.26 mmol, 1.80 eq.) dropwise and the mixture 
was stirred 48 h at 40 ◦C (CCM, SiO2, EtOAc 100 %). The reaction 
mixture was quenched with water (10 mL). The crude product was 
extracted with DCM and the organic phase was separated. The aqueous 
phase was further extracted with DCM (4 × 10 mL). The combined 
organic phase was washed with water (3 × 10 mL) and brine (3 × 10 mL) 
then dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Chromatography on silica gel with EtOAc (100 %) afforded the title 
compound 3d as an orange solid (249 mg, 46 %). Rf: 0.29 (EtOAc 
100 %). M.p.: 137 ◦C. IR (ATR, cm− 1): 2938, 2828, 1641, 1591, 1504. 
UV–vis (DMSO): 388 nm. 1H NMR (400 MHz, CDCl3): δ 7.44 (dd, JH, 

H = 8.5, 2.0 Hz, 1H; Ar-H), 7.40 (d, JH,H = 16.0 Hz, 1H; Hethyl β), 7.30 (d, 
JH,H = 1.6 Hz, 1H; Ar-H), 7.28 (d, JH,H = 8.5 Hz, 1H; Ar-H), 7.09 (dd, JH, 

H = 8.1, 1.3 Hz, 1H; Ar-H), 7.03 (d, JH,H = 1.4 Hz, 1H; Ar-H), 6.90 (m, 
1H; Ar-H), 6.64 (d, JH,H = 2.2 Hz, 1H; Hpyrone), 6.62 (d, JH,H = 15.9 Hz, 
1H; Hethyl α), 6.27 (d, JH,H = 1.9 Hz, 1H; Hpyrone), 5.31 (s, 2H; OCH2O), 
3.97 (s, 3H; OCH3), 3.96 (s, 3H; OCH3), 3.53 (s, 3H; CH2OCH3), 2.86 (s, 
6H; N(CH3)2). 13C{1H} NMR (100 MHz, CDCl3): δ 180.4, 162.8, 162.1, 
152.3, 150.0, 149.4, 144.5, 136.2, 128.7, 125.8, 122.1, 119.5, 117.9, 
117.3, 116.0, 113.2, 110.6, 109.4, 109.3, 95.3, 56.6, 56.2, 55.7, 43.1. 
ESI-MS (HR): m/z [M+H]+ calcd for C25H28NO6: 438.1911, found: 
438.1915; m/z [M+Na]+ calcd for C25H27NNaO6: 460.1731, found: 
460.1743. 

4.3.3. (E)-2-(4-dodecyloxy-3-methoxystyryl)-6-(4-hydroxy-3- 
methoxyphenyl)-4H-pyran-4-one, 4c 

To a stirred solution of (E)-2-(4-dodecyloxy-3-methoxystyryl)-6-(3- 
methoxy-4-(methoxymethoxy) phenyl)-4H-pyran-4-one 3c (1.75 g, 
3.02 mmol) in MeOH (100 mL) at room temperature was added an 
excess of HCl 2 M (8 mL, 16.00 mmol, 5.29 eq.) dropwise and the 
mixture was refluxed during 3 h (CCM, SiO2, EtOAc 100 %). The reac-
tion mixture was quenched with water (100 mL). The precipitate ob-
tained was filtered, washed with water, and finally dried to afford the 
title compound 4c as a yellow solid (1.60 g, 99 %). Rf: 0.35 (EtOAc 
100 %). M.p.: 70 ◦C. IR (ATR, cm− 1): 3395, 2918, 2851, 1641, 1595, 
1504. 1H NMR (400 MHz, CDCl3): δ 7.45 (dd, JH,H = 8.4, 2.0 Hz, 1H; Ar- 
H), 7.40 (d, JH,H = 16.0 Hz, 1H; Hethyl β), 7.26 (d, JH,H = 2.1 Hz, 1H; Ar- 
H), 7.10 (dd, JH,H = 8.4, 2.0 Hz, 1H; Ar-H), 7.08 (d, JH,H = 2.0 Hz, 1H; 
Ar-H), 7.07 (d, JH,H = 8.4 Hz, 1H; Ar-H), 6.89 (d, JH,H = 8.0 Hz, 1H; Ar- 
H), 6.63 (d, JH,H = 2.2 Hz, 1H; Hpyrone), 6.62 (d, JH,H = 16.0 Hz, 1H; Hethyl 

α), 6.29 (d, JH,H = 2.1 Hz, 1H; Hpyrone), 4.05 (t, JH,H = 6.9 Hz, 2H; OCH2), 
3.99 (s, 3H; OCH3), 3.94 (s, 3H; OCH3), 1.86 (m, 2H; OCH2CH2), 1.47 
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(m, 2H; OCH2CH2CH2), 1.38–1.24 (m, 16H; (CH2)n), 0.88 (t, JH, 

H = 6.8 Hz, 3H; CH2CH3). 13C{1H} NMR (100 MHz, CDCl3): δ 180.5, 
163.2, 162.1, 150.7, 149.9, 149.0, 147.1, 136.1, 127.9, 123.9, 122.2, 
120.3, 117.7, 115.2, 113.3, 112.7, 110.2, 109.9, 108.4, 69.3, 56.3, 56.2, 
32.1, 29.80, 29.78, 29.73, 29.69, 29.53, 29.49, 29.2, 26.1, 22.8, 14.3. 
ESI-MS (HR): m/z [M+H]+ calcd for C33H43O6: 535.3054, found: 
535.3092; m/z [M+Na]+ calcd for C33H42NaO6: 557.2874, found: 
557.2899; m/z [M+K]+ calcd for C33H42KO6: 573.2613, found: 
573.2570. 

4.3.4. (Z)-2-(4-dodecyloxy-3-methoxystyryl)-6-(4-hydroxy-3- 
methoxyphenyl)-4H-pyran-4-one, 4c’ 

An irradiation at 375 nm of the solution of 4c in DMSO led to 4c’ 
with a ratio: 4c/4c’ 50:50. 1H NMR (400 MHz, CDCl3): δ 6.93 (dd, JH, 

H = 8.3, 1.6 Hz, 1H; Ar-H), 6.88–6.82 (m, 5H; Ar-H +Hethyl β), 6.76 (d, 
JH,H = 8.3 Hz, 1H; Ar-H), 6.63 (d, JH,H = 2.2 Hz, 1H; Hpyrone), 6.33 (d, JH, 

H = 2.1 Hz, 1H; Hpyrone), 6.17 (d, JH,H = 12.3 Hz, 1H; Hethyl α), 6.07 (br s, 
1H; OH), 3.97 (t, JH,H = 6.7 Hz, 2H; OCH2CH2), 3.70 (s, 3H; OCH3), 3.65 
(s, 3H; OCH3), 1.81 (m, 2H; OCH2CH2), 1.44 (m, 2H; OCH2CH2CH2), 
1.35–1.24 (m, 16H; (CH2)n), 0.88 (t, JH,H = 6.8 Hz, 3H; CH2CH3). 13C 
{1H} NMR (100 MHz, CDCl3): δ 180.3, 163.4, 162.1, 149.5, 149.2, 
149.0, 146.9, 138.1, 128.5, 123.0, 122.6, 120.3, 119.3, 115.5, 114.9, 
112.5, 112.4, 109.9, 108.1, 69.2, 56.00, 55.97, 32.1, 29.80, 29.78, 
29.74, 29.70, 29.53, 29.49, 29.2, 26.1, 22.8, 14.3. ESI-MS (HR): m/z 
[M+H]+ calcd for C33H43O6: 535.3054, found: 535.3097; m/z [M+Na]+

calcd for C33H42NaO6: 557.2874, found: 557.2864; m/z [M+K]+ calcd 
for C33H42KO6: 573.2613, found: 573.2577. 

4.3.5. (E)-2-(4-(dimethylamino)-3-methoxystyryl)-6-(4-hydroxy-3- 
methoxyphenyl)-4H-pyran-4-one, 4d 

To a stirred solution of (E)-2-(4-(dimethylamino)-3-methoxystyryl)- 
6-(3-methoxy-4-(methoxymethoxy)phenyl)-4H-pyran-4-one 3d (200 m 
g, 0.46 mmol) in MeOH (20 mL) at room temperature was added an 
excess of HCl 1 M (2 mL, 4.00 mmol, 8.75 eq.) dropwise and the mixture 
was refluxed during 3 h (CCM, SiO2, EtOAc/MeOH 95:5). The reaction 
mixture was quenched with water (10 mL). The precipitate obtained was 
filtered, washed with water, and finally dried to afford the title com-
pound 4d as an orange solid (150 mg, 83 %). Rf: 0.33 (EtOAc/MeOH 
95:5). M.p.: 158 ◦C. IR (ATR, cm− 1): 3234 (br), 2970, 1641, 1557, 1506. 
1H NMR (400 MHz, DMSO‑d6): δ 9.80 (s, 1H; OH), 7.55 (dd, JH,H = 8.3, 
2.1 Hz, 1H; Ar-H), 7.49 (d, JH,H = 16.1 Hz, 1H; Hethyl β), 7.48 (d, JH, 

H = 2.1 Hz, 1H; Ar-H), 7.30 (d, JH,H = 1.8 Hz, 1H; Ar-H), 7.22 (dd, JH, 

H = 8.3, 1.8 Hz, 1H; Ar-H), 7.01 (d, JH,H = 16.1 Hz, 1H; Hethyl α), 6.96 (d, 
JH,H = 8.3 Hz, 1H; Ar-H), 6.86 (d, JH,H = 8.3 Hz, 1H; Ar-H), 6.82 (d, JH, 

H = 2.2 Hz, 1H; Hpyrone), 6.29 (d, JH,H = 2.2 Hz, 1H; Hpyrone), 3.90 (s, 3H; 
OCH3), 3.87 (s, 3H; OCH3), 2.78 (s, 6H; N(CH3)2). 13C{1H} NMR 
(100 MHz, DMSO‑d6): δ 178.9, 162.1, 161.6, 151.4, 150.0, 148.0, 143.7, 
135.4, 128.0, 122.1, 122.0, 119.6, 117.2, 117.0, 115.8, 112.2, 110.3, 
109.8, 108.7, 55.8, 55.5, 42.3. ESI-MS (HR): m/z [M+H]+ calcd for 
C23H24NO5: 394.1649, found: 394.1684; m/z [M+Na]+ calcd for 
C23H23NNaO5: 416.1468, found: 416.1478. 

4.3.6. (Z)-2-(4-(dimethylamino)-3-methoxystyryl)-6-(4-hydroxy-3- 
methoxyphenyl)-4H-pyran-4-one, 4d’ 

An irradiation at 375 nm of the solution of 4d in DMSO led to 4d’ 
with a ratio: 4d/4d’ 63:37. 1H NMR (400 MHz, DMSO‑d6): δ 9.70 (s, 1H; 
OH), 6.98 (d, JH,H = 1.9 Hz, 1H; Ar-H), 6.93 (d, JH,H = 1.9 Hz, 1H; Ar-H), 
6.92 (d, JH,H = 12.2 Hz, 1H; Hethyl β), 6.91 (m, 1H; Ar-H), 6.80 (d, JH, 

H = 2.2 Hz, 1H; Hpyrone), 6.79 (dd, JH,H = 7.9, 2.3 Hz, 1H; Ar-H), 6.67 (dd, 
JH,H = 8.4, 1.9 Hz, 1H; Ar-H), 6.62 (d, JH,H = 8.4 Hz, 1H; Ar-H), 6.31 (d, 
JH,H = 2.0 Hz, 1H; Hpyrone), 6.30 (d, JH,H = 12.6 Hz, 1H; Hethyl α), 3.58 (s, 
3H; OCH3), 3.53 (s, 3H; OCH3), 2.69 (s, 6H; N(CH3)2). 13C{1H} NMR 
(100 MHz, DMSO‑d6): δ 178.8, 162.3, 161.5, 150.8, 149.8, 147.7, 142.5, 
137.6, 128.8, 122.3, 121.4, 119.4, 118.9, 117.0, 115.3, 114.8, 112.3, 
109.2, 108.8, 56.3, 56.2, 42.3. ESI-MS (HR): m/z [M+H]+ calcd for 
C23H24NO5: 394.1649, found: 394.1664; m/z [M+Na]+ calcd for 

C23H23NNaO5: 416.1468, found: 416.1453. 

4.3.7. (E)-4-(2-(6-(4-acetoxy-3-methoxyphenyl)-4-(dicyanomethylene)- 
4H-pyran-2-yl)vinyl)-2-methoxyphenylacetate, 5a 

To a stirred solution of (E)-2-(4-hydroxy-3-methoxyphenyl)-6-(4- 
hydroxy-3-methoxystyryl)-4H-pyran-4-one 4a (15 mg, 40.6 µmol) in 
Ac2O (5 mL) at room temperature was added malononitrile (14 mg, 
0.21 mmol, 5.17 eq.) and the mixture was refluxed at 140 ◦C during 2 h 
(CCM, SiO2, Cyclohexane/EtOAc 1:1). The reaction mixture was cooled 
to room temperature and then quenched with water (5 mL). Under 
stirring conditions, Na2CO3 (1 M) was added to the mixture in batches 
and the pH value of the mixture was adjusted to 7. The crude product 
was extracted with DCM and the organic phase was separated. The 
aqueous phase was further extracted with DCM (4 × 10 mL). The com-
bined organic phase was washed with water (3 × 10 mL) and brine 
(3 × 10 mL) then dried over Na2SO4, filtered, and evaporated under 
reduced pressure. Chromatography on silica gel with Cyclohexane/ 
EtOAc 1:1 afforded the title compound 5a as a brown solid (18.1 mg, 
89 %). Rf: 0.29 (Cyclohexane/EtOAc 1:1). M.p.: 232 ◦C. IR (ATR, cm− 1): 
2918, 2208, 1751, 1642, 1592, 1507. UV–vis (DMSO): 417 nm. 1H NMR 
(400 MHz, CDCl3): δ 7.48 (dd, JH,H = 8.4, 2.1 Hz, 1H; Ar-H), 7.46 (d, JH, 

H = 16.2 Hz, 1H; Hethyl β), 7.35 (d, JH,H = 1.9 Hz, 1H; Ar-H), 7.23 (d, JH, 

H = 8.3 Hz, 1H; Ar-H), 7.13 (m, 3H; Ar-H), 7.04 (d, JH,H = 1.9 Hz, 1H; 
Hpyrone), 6.79 (d, JH,H = 1.9 Hz, 1H; Hpyrone), 6.75 (d, JH,H = 16.0 Hz, 1H; 
Hethyl α), 3.95 (s, 3H; OCH3), 3.91 (s, 3H; OCH3), 2.36 (s, 3H; OCCH3), 
2.34 (s, 3H; OCCH3). 13C{1H} NMR (100 MHz, CDCl3): δ 165.9, 165.7, 
159.4, 158.5, 155.9, 152.1, 151.8, 143.3, 141.9, 137.7, 133.5, 129.3, 
124.0, 123.7, 121.4, 119.6, 118.6, 115.1, 110.9, 110.2, 107.8, 104.5, 
60.8, 56.4, 56.2, 20.8. ESI-MS (HR): m/z [M+H]+ calcd for C28H27N2O5: 
471.1914, found: 471.1955; m/z [M+Na]+ calcd for C28H26N2NaO5: 
493.1734, found: 493.1685. 

4.3.8. (E)-4-(6-(4-butoxy-3-methoxystyryl)-4-(dicyanomethylene)-4H- 
pyran-2-yl)-2-methoxyphenyl acetate, 5b 

To a stirred solution of (E)-2-(4-butoxy-3-methoxystyryl)-6-(4-hy-
droxy-3-methoxyphenyl)-4H-pyran-4-one 4b (1.30 mg, 3.08 mmol) in 
Ac2O (100 mL) at room temperature was added malononitrile (1.00 g, 
15.14 mmol, 4.92 eq.) and the mixture was refluxed at 140 ◦C during 3 h 
(CCM, SiO2, DCM 100 %). The reaction mixture was cooled to room 
temperature and then quenched with water (100 mL). Under stirring 
conditions, Na2CO3 (1 M) was added to the mixture in batches and the 
pH value of the mixture was adjusted to 7. The crude product was 
extracted with DCM and the organic phase was separated. The aqueous 
phase was further extracted with DCM (4 × 50 mL). The combined 
organic phase was washed with water (3 × 50 mL) and brine (3 × 50 mL) 
then dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Chromatography on silica gel with DCM 100 % afforded the title 
compound 5b as a brown solid (1.49 mg, 94 %). Rf: 0.27 (DCM 100 %). 
M.p.: 179 ◦C. IR (ATR, cm− 1): 2911, 2209, 1759, 1641, 1589, 1506, 
1497. UV–vis (DMSO): 404 nm. 1H NMR (400 MHz, CDCl3): δ 7.50 (dd, 
JH,H = 8.3, 2.0 Hz, 1H; Ar-H), 7.45 (d, JH,H = 15.9 Hz, 1H; Hethyl β), 7.36 
(d, JH,H = 1.9 Hz, 1H; Ar-H), 7.23 (d, JH,H = 8.4 Hz, 1H; Ar-H), 7.11 (dd, 
JH,H = 8.3, 1.8 Hz, 1H; Ar-H), 7.08 (d, JH,H = 1.8 Hz, 1H; Ar-H), 7.03 (d, 
JH,H = 1.9 Hz, 1H; Hpyrone), 6.91 (d, JH,H = 8.3 Hz, 1H; Ar-H), 6.76 (d, JH, 

H = 1.9 Hz, 1H; Hpyrone), 6.66 (d, JH,H = 15.9 Hz, 1H; Hethyl α), 4.08 (t, JH, 

H = 6.8 Hz, 2H; OCH2CH2), 3.96 (s, 3H; OCH3), 3.95 (s, 3H; OCH3), 2.36 
(s, 3H; OC(O)CH3), 1.86 (m, 2H; OCH2CH2CH2), 1.51 (m, 2H; CH2CH3), 
0.99 (t, JH,H = 7.4 Hz, 3H; CH2CH3). 13C{1H} NMR (100 MHz, CDCl3): δ 
165.7, 159.3, 159.2, 156.1, 152.1, 151.4, 150.0, 143.3, 138.6, 129.5, 
127.4, 124.0, 122.9, 119.6, 116.0, 115.3, 112.6, 110.2, 109.9, 107.0, 
104.4, 69.0, 60.1, 56.4, 56.3, 31.2, 20.8, 19.3, 14.0. ESI-MS (HR): m/z 
[M+H]+ calcd for C30H29N2O6: 513.2020, found: 513.2045; m/z 
[M+Na]+ calcd for C30H28N2NaO6: 535.1840, found: 535.1823. 
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4.3.9. (E)-4-(6-(4-dodecyloxy-3-methoxystyryl)-4-(dicyanomethylene)- 
4H-pyran-2-yl)-2-methoxy phenylacetate, 5c 

To a stirred solution of (E)-2-(4-dodecyloxy-3-methoxystyryl)-6-(4- 
hydroxy-3-methoxyphenyl)-4H-pyran-4-one 4c (1.30 g, 2.43 mmol) in 
Ac2O (100 mL) at room temperature was added malononitrile (900 mg, 
13.62 mmol, 5.60 eq.) and the mixture was refluxed at 140 ◦C during 3 h 
(CCM, SiO2, DCM 100 %). The reaction mixture was cooled to room 
temperature and then quenched with water (100 mL). Under stirring 
conditions, Na2CO3 (1 M) was added to the mixture in batches and the 
pH value of the mixture was adjusted to 7. The crude product was 
extracted with DCM and the organic phase was separated. The aqueous 
phase was further extracted with DCM (4 × 50 mL). The combined 
organic phase was washed with water (3 × 50 mL) and brine (3 × 50 mL) 
then dried over Na2SO4, filtered, and evaporated under reduced pres-
sure. Chromatography on silica gel with DCM 100 % afforded the title 
compound 5c as an orange solid (1.46 mg, 96 %). Rf: 0.32 (DCM 100 %). 
M.p.: 162 ◦C. IR (ATR, cm− 1): 2918, 2210, 1759, 1643, 1589, 1553, 
1499. UV–vis (DMSO): 407 nm. 1H NMR (400 MHz, CDCl3): δ 7.50 (dd, 
JH,H = 8.3, 2.1 Hz, 1H; Ar-H), 7.45 (d, JH,H = 15.9 Hz, 1H; Hethyl β), 7.36 
(d, JH,H = 2.0 Hz, 1H; Ar-H), 7.23 (d, JH,H = 8.3 Hz, 1H; Ar-H), 7.11 (dd, 
JH,H = 8.4, 2.0 Hz, 1H; Ar-H), 7.08 (d, JH,H = 1.9 Hz, 1H; Ar-H), 7.03 (d, 
JH,H = 2.0 Hz, 1H; Hpyrone), 6.90 (d, JH,H = 8.3 Hz, 1H; Ar-H), 6.76 (d, JH, 

H = 2.0 Hz, 1H; Hpyrone), 6.66 (d, JH,H = 15.9 Hz, 1H; Hethyl α), 4.07 (t, JH, 

H = 6.9 Hz, 2H; OCH2), 3.96 (s, 3H; OCH3), 3.95 (s, 3H; OCH3), 2.36 (s, 
3H; OC(O)CH3), 1.87 (m, 2H; OCH2CH2), 1.45 (m, 2H; OCH2CH2CH2), 
1.38–1.27 (m, 16H; (CH2)n), 0.88 (t, JH,H = 6.8 Hz, 3H; CH2CH3). 13C 
{1H} NMR (100 MHz, CDCl3): δ 165.7, 159.3, 159.2, 156.1, 152.1, 
151.5, 150.0, 143.3, 138.6, 129.5, 127.4, 124.0, 122.9, 119.6, 116.0, 
115.4, 115.3, 112.7, 110.2, 109.9, 107.0, 104.4, 69.3, 60.2, 56.4, 56.3, 
32.1, 29.80, 29.78, 29.74, 29.69, 29.52, 29.49, 29.2, 26.1, 22.8, 20.8, 
14.3. ESI-MS (HR): m/z [M+H]+ calcd for C38H45N2O6: 625.3272, 
found: 625.3238; m/z [M+Na]+ calcd for C38H44N2NaO6: 647.3092, 
found: 647.3040. 

4.3.10. (E)-4-(4-(dicyanomethylene)-6-(4-(dimethylamino)-3- 
methoxystyryl)-4H-pyran-2-yl)-2-methoxyphenylacetate, 5d 

To a stirred solution of (E)-2-(4-(dimethylamino)-3-methoxystyryl)- 
6-(4-hydroxy-3-methoxy phenyl)-4H-pyran-4-one 4d (65 mg, 
0.17 mmol) in Ac2O (10 mL) at room temperature was added malono-
nitrile (55 mg, 0.83 mmol, 5.05 eq.) and the mixture was refluxed at 
140 ◦C during 3 h (CCM, SiO2, Cyclohexane/EtOAc 3:2). The reaction 
mixture was cooled to room temperature and then quenched with water 
(20 mL). Under stirring conditions, Na2CO3 (1 M) was added to the 
mixture in batches and the pH value of the mixture was adjusted to 7. 
The crude product was extracted with DCM and the organic phase was 
separated. The aqueous phase was further extracted with DCM 
(4 × 10 mL). The combined organic phase was washed with water 
(3 × 10 mL) and brine (3 × 10 mL) then dried over Na2SO4, filtered, and 
evaporated under reduced pressure. Chromatography on silica gel with 
Cyclohexane/EtOAc 3:2 afforded the title compound 5d as a red solid 
(43 mg, 54 %). Rf: 0.28 (Cyclohexane/EtOAc 3:2). M.p.: 232 ◦C. IR 
(ATR, cm− 1): 2970, 2901, 2201, 1769, 1636, 1587, 1543, 1489. UV–vis 
(DMSO): 418 nm. 1H NMR (400 MHz, CDCl3): δ 7.50 (dd, JH,H = 8.3, 
2.0 Hz, 1H; Ar-H), 7.46 (d, JH,H = 15.9 Hz, 1H; Hethyl β), 7.36 (d, JH, 

H = 1.9 Hz, 1H; Ar-H), 7.23 (d, JH,H = 8.3 Hz, 1H; Ar-H), 7.11 (dd, JH, 

H = 8.4, 2.0 Hz, 1H; Ar-H), 7.04 (d, JH,H = 2.0 Hz, 1H; Ar-H), 7.03 (d, JH, 

H = 2.0 Hz, 1H; Hpyrone), 6.93 (m, 1H; Ar-H), 6.76 (d, JH,H = 1.9 Hz, 1H; 
Hpyrone), 6.66 (d, JH,H = 15.9 Hz, 1H; Hethyl α), 3.97 (s, 3H; OCH3), 3.96 (s, 
3H; OCH3), 2.92 (s, 6H; N(CH3)2), 2.37 (s, 3H; OC(O)CH3). 13C{1H} 
NMR (100 MHz, CDCl3): δ 165.6, 159.3, 156.0, 152.1, 143.9, 143.3, 
138.5, 129.5, 127.9, 124.1, 122.8, 119.6, 117.9, 115.4, 115.3, 110.2, 
109.7, 107.0, 104.4, 56.4, 55.9, 43.2, 20.8. ESI-MS (HR): m/z [M+H]+

calcd for C28H26N3O5: 484.1867, found: 484.1897; m/z [M+Na]+ calcd 
for C28H25N3NaO5: 506.1686, found: 506.1734. 

4.3.11. (E)-2-(2-(4-hydroxy-3-methoxyphenyl)-6-(4-hydroxy-3- 
methoxystyryl)-4H-pyran-4-ylidene) malononitrile, 6a 

To a stirred solution of (E)-4-(2-(6-(4-acetoxy-3-methoxyphenyl)-4- 
(dicyanomethylene)-4H-pyran-2-yl)vinyl)-2-methoxyphenyl acetate 5a 
(17 mg, 34.1 µmol) in MeOH (5 mL) at room temperature was added an 
excess of K2CO3 (47 mg, 0.34 mmol, 10 eq.) and the mixture was 
refluxed at 65 ◦C during 2 h (CCM, SiO2, Cyclohexane/EtOAc 1:1). The 
reaction mixture was cooled to room temperature and then quenched 
with water (10 mL). Under stirring conditions, HCl (1 M) was added to 
the mixture in batches and the pH value of the mixture was adjusted to 7. 
The crude product was extracted with DCM and the organic phase was 
separated. The aqueous phase was further extracted with DCM 
(4 × 10 mL). The combined organic phase was washed with water 
(3 × 10 mL) and brine (3 × 10 mL) then dried over Na2SO4, filtered, and 
evaporated under reduced pressure. Chromatography on silica gel with 
Cyclohexane/EtOAc 1:1 afforded the title compound 6a as a brown solid 
(14 mg, 99 %). Rf: 0.32 (Cyclohexane/EtOAc 1:1). M.p.: 265 ◦C. IR 
(ATR, cm− 1): 3219, 2970, 2901, 2212, 1636, 1589, 1541, 1506. 1H 
NMR (400 MHz, DMSO‑d6): δ 10.12 (s, 1H; OH), 9.68 (s, 1H; OH), 7.62 
(dd, JH,H = 8.4, 2.1 Hz, 1H; Ar-H), 7.58 (d, JH,H = 16.0 Hz, 1H; Hethyl β), 
7.52 (d, JH,H = 2.0 Hz, 1H; Ar-H), 7.40 (d, JH,H = 1.5 Hz, 1H; Ar-H), 7.25 
(d, JH,H = 16.0 Hz, 1H; Hethyl α), 7.19 (dd, JH,H = 8.2, 1.5 Hz, 1H; Ar-H), 
7.02 (d, JH,H = 1.9 Hz, 1H; Hpyrone), 6.99 (d, JH,H = 8.4 Hz, 1H; Ar-H), 
6.84 (d, JH,H = 8.4 Hz, 1H; Ar-H), 6.83 (d, JH,H = 1.9 Hz, 1H; Hpyrone), 
3.93 (s, 3H; OCH3), 3.85 (s, 3H; OCH3). 13C{1H} NMR (100 MHz, 
DMSO‑d6): δ 160.1, 159.7, 156.2, 151.2, 149.4, 148.12, 148.07, 138.3, 
126.6, 123.5, 121.0, 120.7, 115.8, 116.1, 115.8, 115.6, 110.6, 110.2, 
106.0, 101.5, 55.9, 55.7, 55.1. ESI-MS (HR): m/z [M+H]+ calcd for 
C24H19N2O5: 415.1288, found: 415.1306; m/z [M+Na]+ calcd for 
C24H19N2NaO5: 437.1108, found: 437.1070. 

4.3.12. (E)-2-(2-(4-butoxy-3-methoxystyryl)-6-(4-hydroxy-3- 
methoxyphenyl)-4H-pyran-4-ylidene) malononitrile, 6b 

To a stirred solution of (E)-4-(6-(4-butoxy-3-methoxystyryl)-4- 
(dicyanomethylene)-4H-pyran-2-yl)-2-methoxyphenyl acetate 5b 
(1.40 g, 2.24 mmol) in MeOH (100 mL) at room temperature was added 
an excess of K2CO3 (1.50 g, 10.85 mmol, 4.84 eq.) and the mixture was 
refluxed at 65 ◦C during 2 h (CCM, SiO2, DCM 100 %). The reaction 
mixture was cooled to room temperature and then quenched with water 
(10 mL). Under stirring conditions, HCl (1 M) was added to the mixture 
in batches and the pH value of the mixture was adjusted to 7. The crude 
product was extracted with DCM and the organic phase was separated. 
The aqueous phase was further extracted with DCM (4 × 50 mL). The 
combined organic phase was washed with water (3 × 50 mL) and brine 
(3 × 50 mL) then dried over Na2SO4, filtered, and evaporated under 
reduced pressure. Chromatography on silica gel with DCM 100 % 
afforded the title compound 6b as a brown solid (85.4 mg, 98 %). Rf: 
0.35 (DCM 100 %). M.p.: 196 ◦C. IR (ATR, cm− 1): 2970, 2901, 2208, 
1645, 1593, 1514, 1506. 1H NMR (400 MHz, DMSO‑d6): δ 10.10 (s, 1H; 
OH), 7.63 (dd, JH,H = 8.4, 2.0 Hz, 1H; Ar-H), 7.60 (d, JH,H = 15.9 Hz, 1H; 
Hethyl β), 7.52 (d, JH,H = 2.2 Hz, 1H; Ar-H), 7.41 (d, JH,H = 1.9 Hz, 1H; Ar- 
H), 7.31 (d, JH,H = 16.1 Hz, 1H; Hethyl α), 7.29 (dd, JH,H = 8.4, 2.0 Hz, 1H; 
Ar-H), 7.03 (d, JH,H = 2.0 Hz, 1H; Hpyrone), 7.02 (d, JH,H = 8.4 Hz, 1H; Ar- 
H), 6.99 (d, JH,H = 8.4 Hz, 1H; Ar-H), 6.86 (d, JH,H = 2.0 Hz, 1H; Hpyrone), 
4.02 (t, JH,H = 6.5 Hz, 2H; OCH2CH2), 3.93 (s, 3H; OCH3), 3.84 (s, 3H; 
OCH3), 1.72 (m, 2H; OCH2CH2CH2), 1.44 (m, 2H; CH2CH3), 0.94 (t, JH, 

H = 7.4 Hz, 3H; CH2CH3). 13C{1H} NMR (100 MHz, DMSO‑d6): δ 160.1, 
159.5, 156.2, 151.2, 150.4, 149.0, 148.1, 137.8, 127.7, 123.1, 121.0, 
120.7, 116.7, 116.1, 116.0, 115.7, 112.6, 110.2, 110.0, 106.3, 101.6, 
67.9, 55.9, 55.6, 55.4, 30.7, 18.7, 13.7. ESI-MS (HR): m/z [M+H]+ calcd 
for C28H27N2O5: 471.1914, found: 471.1959; m/z [M+Na]+ calcd for 
C28H26N2NaO5: 493.1734, found: 493.1691. 

4.3.13. (E)-2-(2-(4-dodecyloxy-3-methoxystyryl)-6-(4-hydroxy-3- 
methoxyphenyl)-4H-pyran-4-ylidene) malononitrile, 6c 

To a stirred solution of (E)-4-(6-(4-dodecyloxy-3-methoxystyryl)-4- 
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(dicyanomethylene)-4H-pyran-2-yl)-2-methoxyphenyl acetate 5c 
(1.40 g, 2.24 mmol) in MeOH (100 mL) at room temperature was added 
an excess of K2CO3 (1.50 mg, 10.85 mmol, 4.84 eq.) and the mixture was 
refluxed at 65 ◦C during 2 h (CCM, SiO2, DCM 100 %). The reaction 
mixture was cooled to room temperature and then quenched with water 
(50 mL). Under stirring conditions, HCl (1 M) was added to the mixture 
in batches and the pH value of the mixture was adjusted to 7. The crude 
product was extracted with DCM and the organic phase was separated. 
The aqueous phase was further extracted with DCM (4x50 mL). The 
combined organic phase was washed with water (3x50 mL) and brine 
(3x50 mL) then dried over Na2SO4, filtered, and evaporated under 
reduced pressure. Chromatography on silica gel with DCM 100 % 
afforded the title compound 6c as an orange solid (1.28 g, 98 %). Rf: 
0.28 (DCM 100 %). M.p.: 146 ◦C. IR (ATR, cm− 1): 3223, 2916, 2849, 
2201, 1645, 1591, 1514, 1499. 1H NMR (400 MHz, CDCl3): δ 7.50 (dd, 
JH,H = 8.4, 2.1 Hz, 1H; Ar-H), 7.45 (d, JH,H = 15.9 Hz, 1H; Hethyl β), 7.27 
(d, JH,H = 2.1 Hz, 1H; Ar-H), 7.11 (dd, JH,H = 8.4, 2.0 Hz, 1H; Ar-H), 7.08 
(d, JH,H = 8.4 Hz, 1H; Ar-H), 7.07 (d, JH,H = 1.9 Hz, 1H; Ar-H), 6.97 (d, 
JH,H = 2.0 Hz, 1H; Hpyrone), 6.90 (d, JH,H = 8.3 Hz, 1H; Ar-H), 6.73 (d, JH, 

H = 1.9 Hz, 1H; Hpyrone), 6.65 (d, JH,H = 15.9 Hz, 1H; Hethyl α), 6.09 (br s, 
1H; OH), 4.07 (t, JH,H = 6.9 Hz, 2H; OCH2), 4.03 (s, 3H; OCH3), 3.95 (s, 
3H; OCH3), 1.87 (m, 2H; OCH2CH2), 1.47 (m, 2H; OCH2CH2CH2), 
1.36–1.27 (m, 16H; (CH2)n), 0.88 (t, JH,H = 6.8 Hz, 3H; CH2CH3). 13C 
{1H} NMR (100 MHz, CDCl3): δ 160.0, 159.0, 156.3, 151.4, 150.0, 
149.9, 147.2, 138.2, 127.5, 122.8, 122.7, 121.0, 116.2, 115.8, 115.7, 
115.4, 112.7, 109.8, 108.3, 106.8, 102.8, 69.3, 58.9, 56.5, 56.3, 32.1, 
29.80, 29.78, 29.73, 29.69, 29.52, 29.49, 29.2, 26.1, 22.8, 14.3. ESI-MS 
(HR): m/z [M+H]+ calcd for C36H43N2O5: 583.3166, found: 583.3157; 
m/z [M+Na]+ calcd for C36H42N2NaO5: 605.2986, found: 605.2967. 

4.3.14. (E)-2-(2-(4-(dimethylamino)-3-methoxystyryl)-6-(4-hydroxy-3- 
methoxyphenyl)-4H-pyran-4-ylidene)malononitrile, 6d 

To a stirred solution of (E)-4-(4-(dicyanomethylene)-6-(4-(dimethy-
lamino)-3-methoxystyryl)-4H-pyran-2-yl)-2-methoxyphenyl acetate 5d 
(40 mg, 82.7 µmol) in MeOH (5 mL) at room temperature was added an 
excess of K2CO3 (40 mg, 0.29 mmol, 3.50 eq.) and the mixture was 
refluxed at 65 ◦C during 1 h (CCM, SiO2, Cyclohexane/EtOAc 1:1). The 
reaction mixture was cooled to room temperature and then quenched 
with water (10 mL). Under stirring conditions, HCl (1 M) was added to 
the mixture in batches and the pH value of the mixture was adjusted to 7. 
The crude product was extracted with DCM and the organic phase was 
separated. The aqueous phase was further extracted with DCM (4x10 
mL). The combined organic phase was washed with water (3x10 mL) 
and brine (3x10 mL) then dried over Na2SO4, filtered, and evaporated 
under reduced pressure. Chromatography on silica gel with Cyclo-
hexane/EtOAc 1:1 afforded the title compound 6d as a dark red solid 
(35.7 mg, 98 %). Rf: 0.32 (Cyclohexane/EtOAc 1:1). M.p.: 225 ◦C. IR 
(ATR, cm− 1): 2988, 2901, 2208, 1636, 1589, 1520, 1422. 1H NMR 
(400 MHz, DMSO‑d6): δ 10.10 (s, 1H; OH), 7.62 (dd, JH,H = 8.4, 2.1 Hz, 
1H; Ar-H), 7.59 (d, JH,H = 15.8 Hz, 1H; Hethyl β), 7.51 (d, JH,H = 2.2 Hz, 
1H; Ar-H), 7.35 (d, JH,H = 1.7 Hz, 1H; Ar-H), 7.27 (d, JH,H = 16.0 Hz, 1H; 
Hethyl α), 7.24 (dd, JH,H = 8.2, 1.7 Hz, 1H; Ar-H), 7.02 (d, JH,H = 2.0 Hz, 
1H; Hpyrone), 6.99 (d, JH,H = 8.4 Hz, 1H; Ar-H), 6.87 (d, JH,H = 8.3 Hz, 1H; 
Ar-H), 6.84 (d, JH,H = 2.0 Hz, 1H; Hpyrone), 3.93 (s, 3H; OCH3), 3.87 (s, 
3H; OCH3), 2.82 (s, 6H; N(CH3)2). 13C{1H} NMR (100 MHz, DMSO‑d6): 
δ 160.1, 159.7, 156.1, 151.3, 151.2, 148.1, 144.2, 138.0, 127.8, 123.2, 
121.0, 120.8, 117.0, 116.1, 116.0, 115.9, 115.8, 110.2, 106.1, 101.5, 
55.9, 55.6, 55.1, 42.3. ESI-MS (HR): m/z [M+H]+ calcd for C26H24N3O4: 
442.1761, found: 442.1792; m/z [M+Na]+ calcd for C26H23N3NaO4: 
464.1581, found: 464.1554. 

4.4. Absorption and emission spectra 

UV − visible spectra were recorded on a PerkinElmer Lambda 1050 
UV − Vis − NIR spectrophotometer using a 1 cm optical path length cell 
at 25 ◦C, unless otherwise specified. The steady-state measurements 

were recorded on a Jobin Yvon Fluorolog-3 spectrofluorometer from 
Horiba Scientific and the FluorEssence program. The excitation source 
was a 450 W xenon lamp, and the detector used was R-928 operating at a 
voltage of 950 V. Excitation and emission slits width were 1 nm. The 
fluorescence quantum yields were determined using quinine sulphate 
and tris(bipyridine)ruthenium (II) chloride as the standard (Φ = 0.53 in 
H2SO4, 0.05 M and Φ = 0.028 in H2O, respectively) using 

Φx = Φs

(
Gradx

Grads

)(
η2

x

η2
s

)

where φ, Grad, and η represent the fluorescence quantum yield, gradient 
from the plot of integrated fluorescence intensity versus absorbance, and 
refractive index of the solvent, respectively. The subscripts S 
and X denote the standard and test, respectively. 

4.5. Kinetics and fatigue resistance 

The photoisomerization was carried out on a 1.0 cm path length 
quartz cell placed on a foursided cuvette holder (Cuvette Holder with 
Four Light Ports, CVH100 Thorlabs). Unless otherwise specified, the 
concentration of the samples was 40 μM. The kinetics of the photo-
isomerization process were measured by following the absorption 
spectrum during irradiation by selected LEDs, placed perpendicular to 
the absorbance measurement. To reach the PSS of the E → Z isomeriza-
tion, the E-stereoisomer was illuminated within the π-π* band using an 
M375L4.1540 mW LED (LED Power Output 1540 mW, 2 % power used) 
with a central wavelength of 375 nm and a bandwidth (FWHM) of 9 nm. 
For the reverse transformation, Z → E isomerization, the compound was 
excited within the n-π* band using an M300L4.32 mW LED (LED Power 
Output: 47 mW, full power used) with a central wavelength of 300 nm 
and a bandwidth (FWHM) of 20 nm. The thermal return process between 
Z and E isomers was analyzed by measuring the changes of the maximum 
absorbance wavelength at 25 and 40 ◦C, respectively. Kinetic moni-
toring of absorbance was performed using an Ocean Optics 
USB2000 + XR CCD sensor and kinetic constants were determined using 
“Biokine” software. 

4.6. Determination of the photoisomerization quantum yield by UV–vis 
spectroscopy 

The equipment used and the protocol followed are the same as those 
described in section 4.5. 

Since the thermal back-switch is very slow in all solvents, it was 
considered negligible on the time scale of the photokinetic measure-
ments. The overall differential photokinetic equation relating the con-
centration variation of each isomer as a function of time and the 
photoisomerization quantum yields can therefore be written: 

dCZ

dt
= −

dCE

dt
= ΦEZ • Iabs

E (λirr, t) − ΦZE • Iabs
Z (λabs, t) (1)  

where ΦEZ is the E → Z photoisomerization quantum yield, ΦZE is the 
Z → E photoisomerization quantum yield and Iabs is the time-dependent 
intensity absorbed by the compound at the irradiation wavelength λirr: 

Iabs
E (λabs, t) =

[
1 − 10− Abs(λirr ,t)

Abs(λirr, t)

]

• I0(λirr) • εE(λirr) • l•CE(t) (2)  

Iabs
Z (λabs, t) =

[
1 − 10− Abs(λirr ,t)

Abs(λirr, t)

]

• I0(λirr) • εZ(λirr) • l • CZ(t) (3)  

with Abs(λirr,t), the absorbance at the irradiation wavelength during the 
time of the experiment, l, the path length and I0(λirr), the incident irra-
diation intensity. By setting at a low E → Z conversion level, the impact 
and effect of Z → E photoisomerization can be neglected, and thus 
equation (1) can be simplified to equation (4): 
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dCZ

dt
= −

dCE

dt
≈ I0(λirr) • ΦEZ •

(
1 − 10− εElCE(t)

)
(4) 

The absorbed light intensity Iabs(λirr) during E → Z and Z → E isom-
erization at the corresponding irradiation wavelengths and initial con-
centration CE0 of the E-isomer was determined using Eq. (5). The value 
obtained was similar to that resulting from the use of a Thorlabs PM16- 
140 - USB Power Meter (Integrating Sphere Sensor, FC Fiber Adapter, Si, 
350–1100 nm, 500 mW Max): 

Iabs (λirr) = I0 (λirr) − IT (λirr) (5)  

where IT(λirr) is the intensity of the transmitted unabsorbed light. Under 
the conditions of the experiment, the IT(λirr) term can be neglected as the 
irradiation power is low (2 % of the 375 nm LED maximal power). In 
order to determine I0(λirr) at 375 nm with equation (5), o-nitro-
benzaldehyde was used as a reference and chemical actinometer. 
Indeed, o-nitrobenzaldehyde is transformed into o-nitrobenzoic acid 
under irradiation at 405 nm. 

I0 405 o− NB =
k

2.303εo− NB 405Φ0− NB 405l
(6)  

where: εo-NB 405 is the molar extinction coefficient of o-nitro-
benzaldehyde at the irradiation wavelength (405 nm), Φo-NB 405 is the 
quantum yield of the photodegradation of o-nitrobenzaldehyde at the 
irradiation wavelength, l is the path length, and k is the first-order 
photodegradation slope of o-nitrobenzaldehyde plotted under low- 
light-absorbing conditions: 

ln
(
[o − nitrobenzaldehyde]t
[o − nitrobenzaldehyde]0

)

= − kt (7) 

Then, the incident light intensity I0(λirr) at 375 nm was determined 
using Eq. (8): [62] 

I0(λirr) = I0405o− NB •
(I0(λirr) )W

(I0405)W
•

Ephoton405

Ephotonλirr

(8)  

where Ephotonλirr is the energy of a photon at the corresponding irradiation 
wavelength. Furthermore, I0(λirr) and I0405o− NB are expressed in 
µeinstein•L-1•s− 1 while (I0(λirr) )W and (I0405)W are in watts.The incident 
absorbed light intensity Ia(λirr) was estimated to be 6 µeinstein•L-1•s− 1 

under the irradiation conditions of the experiments. Finally, the pho-
toisomerization quantum yields ΦEZ of the compounds 4a-d in the four 
solvents could be determined by solving the equation (4). The backward 
photoisomerization quantum yields ΦZE were determined at PSS, where 
the concentration of each isomer is stationary. This fact combined with 
the negligible impact of the thermal contribution allows to use the 
previous equations approximating the concentration of each isomer at 
PSS by the ratio of the product of the photoisomerization quantum yield 
and the molar extinction coefficient (Eq. (9)). 

CZ,PSS

CE,PSS
≈

ΦEZεE,λ

ΦZEεZ,λ
(9)  

4.7. Determination of the photoisomerization quantum yield by in-situ 
NMR measurements 

In order to verify and validate the UV–vis approach described in 5.6 
for the measurement of ΦEZ the E → Z photoisomerization quantum 
yields, we used an independent approach based on NMR measurements 
of compounds 4a and 4d in DMSO‑d6 under in-situ light irradiation. The 
procedure used here is described by Ji et al., [63] and relies on equation 
(4) where the concentration of the starting E-isomer is chosen high 
enough to simplify the equation down to Eq. (10): 

−
dCE

dt
≈ Ia(λirr) x ΦEZ (10) 

The procedure therefore consists in three steps: First the incident 
light intensity in the NMR tube I0(λirr) has to be determined at the 
irradiation wavelength (375 nm); then the minimum concentration of 
the starting photo-isomer has to be determined in order for the expres-
sion to be independent from isomer concentration; finally, the zeroth 
order kinetic constant k0 = − dC

dt (mol•L− 1•s− 1) corresponding to the 
concentration variation of the photo-isomers can be measured in order 
to calculate the photoisomerization quantum yield from equation (10). 

The light intensity received by the sample was measured before and 
after the kinetic measurements on compounds 4a and 4b according to 
the procedure described in ref [63]. We measured the zeroth-order ki-
netic constant k0 of the o-nitrobenzaldehyde photoreaction in CDCl3 
(C = 90 mM) by acquiring one spectrum every 15 s during the first 4 min 
of illumination and inferred light intensities of I0(375 nm) = 165.5 ± 5 
µeinstein•L-1•s− 1 for the 375 nm LED (full power I = 1200 mA). The 
error margin was estimated based on the difference in the light intensity 
measured before and after the kinetic measurements on the photo- 
isomer samples. 

The minimum concentration of the starting photo-isomers for the 
validity of equation (10) was determined based on a series of kinetic 
measurements on compound 4a for increasing photo-isomer concen-
tration ranging from 5 to 80 mM. By this way a concentration of 60 mM 
was found sufficient to perform quantum yield measurements on our 
photoswitches. 

The zeroth order kinetic constants measurements of compounds 4a 
and 4b were performed by following the time evolution of the O-CH3 
proton signal integrals (at 3.94 and 3.89 ppm for the E-isomer and 3.62 
and 3.56 ppm for the Z-isomer) by acquiring one spectrum every 30 s 
during the first 14 min of illumination (375 nm) and performing a linear 
fit of the time evolution of the O-CH3 proton signal integrals 
(Figure S13). 

1H NMR monitoring for in situ irradiation NMR analysis was per-
formed at T = 293 K on a Bruker Avance III HD 300 MHz spectrometer 
equipped with a 5 mm BBO probe head. All NMR data were processed 
using TopSpin (Bruker) software. The kinetic analysis was performed by 
customized “pseudo 2D” experiments synchronized with the LED illu-
mination by the inclusion of TTL commands allowing the NMR spec-
trometer to trigger the irradiation. The NMR measurements were 
acquired with a 30◦ excitation pulse, an accumulation over eight scans, 
and an interscan delay of 2.74 s. 

As in our earlier studies, [41,64] in situ sample irradiation was per-
formed using a setup inspired by the work of Feldmeier et al., [65] by 
directly coupling the 375 nm LED to a 1000 μm multimode optical fiber. 
At the tip of the fiber, the jacket was removed, and the fiber was sand-
blasted over the length of the detection NMR coil to allow homogeneous 
radial irradiation of the sample. The fiber was then inserted into a co-
axial insert glasstube filled with D2O. This coaxial tube was then inserted 
in the 5 mm NMR tube containing the samples. 

4.8. Determination of Z-isomer absorption spectra and molar absorption 
coefficient 

The equipment used and the protocol followed are the same as those 
described in section 4.5. 

Similarly to a recent study, [64] by combining the UV–vis spectrum 
of each E-isomer in each solvent at GS and PSS and the rate of Z-isomer 
formed at PSS1 measured by NMR, the absorption spectrum of Z-isomers 
could be obtained according to equation (11): [47] 

AZ (λ) = AE (λ)+
APSS (λ) − AE(λ)

αZ
(11) 

It is nevertheless important to point out here that the use of in-situ 
irradiation in both NMR and UV/vis experiments allows direct photo- 
isomerization monitoring; this is essential to obtain the quantitative 
results presented here since any degradation of the photo-isomers 
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during the irradiation can be detected. 

4.9. Photothermal measurements 

In order to characterize the photothermal conversion efficiency η, 
200 µL of a solution of each compound 6a-d is placed in 96-well plate at 
different concentrations (5/10/20/40 µM) in DMSO. The absorption of 
these samples was previously measured with a microplates SAFAS 
Xeniux XML. The irradiation and photothermal measurement setup are a 
home-made setup composed of a continuous-wave 470 nm blue diode 
MDL-F-470 laser (2 W) connected to a 400 µm fiber of CNILasers (Full 
Name) whose power is modulated by a controller. The thermal camera is 
a Xi400 camera from Optris (IR camera Optris Xi 400 “spot finder” 
compact: 382 × 288 Pixel / 80 Hz, Objective: 18◦ x 14◦ objectiv / 
f = 20 mm). Finally, the protective enclosure is made with components 
from Thorlabs. 

Using this setup, the solutions were irradiated with the 470 nm laser 
for 400 s with an irradiance of 0.68 W.cm− 2. After extinction of the laser, 
a return to natural room temperature comes after 800 s. The tempera-
ture of the solution is recorded with a digital thermometer with an ac-
curacy of 0.1 ◦C every 0.5 s. The photothermal conversion efficiency was 
calculated following the method reported by Roper. The resistance to 
photothermal fatigue is studied by performing 5 cycles as described 
above (irradiation then return to room temperature) with an absorption 
measurement between each cycle. 

4.10. Determination of the photothermal conversion efficiency 

The photothermal conversion efficiency (η) was calculated as pre-
viously reported. [66–67] Briefly, η was determined by using the 
following equation (12): 

η =
hS(TMax − TSurr) − QDis

I
(
1 − 10− A470

) (12)  

where h is the heat transfer coefficient, and S (0.36 cm2) is the surface 
area of the container. TMax − TSurr is the temperature change of the 6a- 
d solution at the maximum steady-environmental temperature, I 
(0.245 W) is the power of the laser irradiating the surface area of the 
container, A470 is the absorbance of 6a-d solutions at 470 nm, and QDis is 
the heat dissipation from light absorbed by the DMSO and the container. 
The QDis (3.2 mW) was measured independently using the same method 
containing DMSO without organic compounds. 

The value of hS is derived according to the equation (13): 

τs =
mDMSOCDMSO

hS
(13)  

where mDMSO and CDMSO are the mass (0.22 g) and heat molar capacity 
(1912 J•◦C− 1•kg− 1) of DMSO used as solvent, respectively. τs, the time 
constant for heat transfer from the system, is obtained by drawing linear 
time data from the cooling period time against ln(θ). ln(θ), defined as the 
ratio of ΔT to ΔTmax, was calculated from the following equation (14): 

ln(θ) =
(T − Tmin)

ΔTmax
(14)  
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agent with strain-specific activity, Pharmaceuticals (Basel) 13 (7) (2020) 153, 
https://doi.org/10.3390/ph13070153. 

[40] R. Adhikary, C.A. Barnes, R.L. Trampel, S.J. Wallace, T.W. Kee, J.W. Petrich, 
Photoinduced trans -to- cis isomerization of cyclocurcumin, J. Phys. Chem. B 115 
(36) (2011) 10707–10714, https://doi.org/10.1021/jp200080s. 

[41] G. Angelini, A. Gansmüller, J. Pécourneau, C. Gasbarri, An insight into 
cyclocurcumin cis-trans isomerization: kinetics in solution and in the presence of 
silver nanoparticles, J. Mol. Liq. 333 (2021), 116000, https://doi.org/10.1016/j. 
molliq.2021.116000. 

[42] R.L. Martin, Natural transition orbitals, J. Chem. Phys. 118 (11) (2003) 
4775–4777, https://doi.org/10.1063/1.1558471. 

[43] X. Zhao, J. Luo, S. Yang, K. Han, New insight into the photoprotection mechanism 
of plant sunscreens: adiabatic relaxation competing with nonadiabatic relaxation 
in the cis → trans photoisomerization of methyl sinapate, J. Phys. Chem. Lett. 10 
(15) (2019) 4197–4202, https://doi.org/10.1021/acs.jpclett.9b01651. 
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