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ABSTRACT

The recent ban of some organic UV-ﬁlters – such as oxybenzone or octinoxate – considered toxic
for coral reef, has heightened the need for eco-friendly alternatives, especially those synthesized
using green approaches that reduce the carbon footprint. In this context, several thiobarbituric
acid derivatives were synthetized from bio-based p-hydroxybenzaldehydes (e.g. vanillin,
syringaldehyde) through a high-yielding sustainable Knoevenagel condensation, and their UVﬁltering activity, stability and antiradical properties were investigated. The results showed
promising UVA and blue light coverage over time, as well as competitive EC50 values in
comparison to commercial antioxidants (i.e. BHA and BHT). In order to evaluate the potential of
these molecules as substitutes to current petroleum-based UV-ﬁlters, the potential toxicity and
fate in environment of these new compounds were evaluated in silico. This screening did not
show a critical potential for toxicity, making them promising candidates for further in vitro and
in vivo assessment.

1. Introduction
To signiﬁcantly decrease the carbon footprint of humans
on nature, the development and use of bio-based compounds, over their petroleum-based counterparts, with
low ecological impact is not only in high demand but
also essential. In this context, agricultural waste comes
to mind as a formidable reservoir of natural building
blocks. Indeed, the valorization of undesired biomass
(e.g. lignin, lignans) allows one to obtain sustainable aromatic building blocks such as p-hydroxybenzaldehydes
(i.e. vanillin, syringaldehyde) (1,2). From these
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p-hydroxybenzaldehydes, a myriad of bio-based molecules can be synthesized with a wide variety of properties, such as antioxidant (3–5), anti-tyrosinase (6–8),
anti-UV (9–13), anticancer (14–16) or antimicrobial (17–
19) activities.
Recently, there have been many reports in the literature on the design of novel renewable p-hydroxycinnamic acids-based UV-ﬁlters and their sustainable
synthesis using the Knoevenagel and KnoevenagelDoebner condensation (3,10,20,21). These two reactions,
which have been known for decades, originally involved
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the use of pyridine as solvent and amine as catalyst (i.e.
aniline or piperidine (22)). Since then, several improvements based on green chemistry principles (23), were
carried out to reduce reaction time and limit/avoid the
use of toxic solvent or catalyst (24). For instance, the
reaction time was drastically shortened using microwave-activation (20, 25). Diverse procedures also report
the use of dimethyl sulfoxide (DMSO (26)) or dimethylformamide (DMF (27)) as alternative solvents; however
those remain hazardous for human health. Also, ionic
liquids have been shown to be good replacement to pyridine as solvents (28, 29), nevertheless their use at industrial scale is still limited (30). The use of ethanol is
described in a water–ethanol solvent mixture using
cobalt ferrite nanoparticles as catalyst (31). Other catalysts were explored to substitute aniline or piperidine,
including 3-aminopropylated silica gel (NAP) in water
(32), benign amines and ammonium salts (33). Natural
L-tyrosine showed good eﬃciency as a green catalyst
in the solvent-free Knoevenagel condensation (34).
Recently, green Knoevenagel condensation procedures
have been used to synthesize p-hydroxycinnamic acids
and p-hydroxycinnamic diacids. Here, pyridine and
aniline were substituted by ethanol and L-proline as
solvent and catalyst, respectively, both of which are
not only safe for human health but also eco-friendly (3,
21). In a previous study, we described a green Knoevenagel condensation in hot water to access p-hydroxycinnamyl Meldrum’s derivatives in the absence of catalyst (10).
Thiobarbituric derivatives have been reported to be
studied as chemo-sensors (35), urease inhibitors (36),
anticancer agents (37, 38), antivirals (39) or antioxidants
(40, 41). However, to the best of our knowledge, thiobarbituric derivatives have never been reported as potential
UV-ﬁlters. The development of new compounds involves
the investigation of their potential toxicity and also their
fate in the environment. In the context of compound
screening, in silico tools represent a great approach to
gain preliminary information without extensive animal
testing. In silico models mostly rely on the principle of
similarity, assuming that compounds with similar
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chemical structure are expected to exert similar biological activities (42, 43).
In the present work, we: (1) used the aforementioned
procedure to obtain p-hydroxycinnamyl thiobarbituric
acids with an improved greener pathway, i.e. in the
absence of heating (at room temperature) that avoids
energy expenditure (Scheme 1, 92–99% yield); (2)
explored their antioxidant and anti-UV properties; and
(3) assessed their potential toxicity and environmental
fate in silico.

2. Experimental
2.1. General
All reagents were purchased from Sigma–Aldrich, TCI,
Merck or VWR and used as received. Solvents were purchased from Thermo Fisher Scientiﬁc and VWR. Deuterated dimethylsulfoxide (DMSO-d6 <0.02%H2O) was
purchased from Euriso-top.

2.2. General synthetic procedure
Corresponding benzaldehydes (ca.15 mmol) and thiobarbituric acid (1 eq.) were mixed in a round-bottom
ﬂask in deionized H2O (0.15 mol/L) and stirred at room
temperature for 4 h. The resulting precipitate was
ﬁltered and freeze-dried overnight. Compounds were
recovered as yellow to orange powder in excellent
yields (92–99%).

2.3. NMR analyses
NMR spectra were recorded on a Bruker Fourier 300 (Billerica, MA, USA). 1H NMR spectra were recorded in DMSOd6 (residual peak at δ = 2.50 ppm) at 300 MHz. Chemical
shifts were reported in parts per million relative to the
solvent residual peak. Data are reported as follows: integration, chemical shift (δ ppm), multiplicity (s = singlet,
d = doublet and dd = doublet of doublets), coupling
constant (Hz) and assignment. 13C NMR spectra of

Scheme 1. General synthetic pathway to p-hydroxycinnamyl thiobarbituric derivatives.
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samples were recorded at 75 MHz in DMSO-d6 (residual
signal at δ = 39.52 ppm). Data are reported as follows:
chemical shift (δ ppm) and assignment. All 1H and 13C
NMR spectra are available in the supporting information
(Figures S1–10).

2.4. Melting points and thermal stability
Melting points were recorded on a Mettler Toledo MP50
Melting Point system (T initial = 150°C, heating 3°C /
minute up to 299°C with ME-18552 sample tubes) or
measured through Diﬀerential Scanning Calorimetry
(DSC). DSC was performed with a DSC Q20 from TA
Instruments (New Castle, DE, USA). Typically, ca. 8 mg
sample was placed in a sealed pan, ﬂushed with highly
pure nitrogen gas and passed through heat-cool-heat
cycles at 10°C.min−1 in a temperature range from −50°
C to 200°C. The thermal stability was measured by thermogravimetric analyses (TGA) on a TA Q500 from TA
Instruments (New Castle, DE, USA). Typically, ca. 2 mg
of each sample was equilibrated at 50°C for 30 min
and was ﬂushed with highly pure nitrogen gas. All the
experiments were performed with a heating rate of 10°
C.min−1 up to 500°C. The reported values Td5% and
Td50% represent the temperature at which 5% and 50%
of the mass is lost, respectively.

2.5. HRMS analyses
High-resolution mass spectrometry was performed on
an Agilent Technologies 1290 system, equipped with a
6545 Q-TOF mass spectrometer (Wilmington, DE, USA)
and a PDA UV detector. The source was equipped with
a JetStream ESI probe operating at atmospheric
pressure. HRMS spectra are reported in the supporting
information (Figures S11–15).

spectra are reported in Figures 1–2 and in the supporting information (Figures S16–20) respectively.

2.7. Antiradical activities
To determinate the radical scavenging activity of the phydroxycinnamyl thiobarbituric derivatives, we used the
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (44). The
analysis involved adding the candidate antiradical molecule, i.e. p-hydroxycinnamyl thiobarbituric derivative,
in ethanol at diﬀerent concentrations to homogeneous
DPPH solution (also in ethanol). The study was performed for 7 hrs 25 min under stirring with the following
concentration scale: 40, 20, 10, 5 and 2.5 nmol. Every
5 min, the absorbance was measured at 520 nm. At the
end, the percentage curves of %DPPH (blue) and %
reduced DPPH (green) were plotted in Regressi® software using an average of the last six points. The
amount needed to reduce the initial number of DPPH
free radicals by half (i.e. EC50) was provided by the crossing point of %DPPH (blue) and %reduced DPPH (green).
The lower the EC50 value, the higher the antioxidant
potential is. Antiradical measurement spectra are
reported in the supporting information (Figures S21–28).

2.8. In silico toxicology and environmental fate
2.8.1. Mutagenicity and carcinogenicity
We used three diﬀerent software tools to predict the
mutagenicity and carcinogenicity of our selection of
test compounds. The use of multiple models has
proven to increase the predictive power (45, 46). The
Toxicity Estimation Software Tool (47) (TEST) of the
United States Environmental Protection Agency (US
EPA) was employed for mutagenicity prediction. The
output value for the ‘Consensus Method’ was used for
the present study, which is the mean of the two

2.6. UV-ﬁltering property and photostability
The UV-Vis and photostability measurements of each phydroxycinnamyl thiobarbituric derivative were taken at
∼20 µM concentration (in DMSO) in a 1 cm path length
quartz cuvette, using a Cary 60 Spectrometer (Agilent
Technologies), both before irradiation (t0), and at
various times during 120 min irradiation (t120) with an
arc lamp (Fluorolog 3, Horiba). The irradiance at
maximal absorption (λmax) of the sample for each molecule was set so as to mimic one sun (1000 W/m2) equivalent at Earth’s surface, with an 8 nm full width half
maximum (FWHM). The t120 UV spectrum is then compared to the original one (t0), and the loss in absorbance
is calculated at the λmax. UV-Vis and photostability

Figure 1. UV-Vis spectra of thiobarbituric acid series recorded at
20 µM in DMSO.
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Figure 2. Long-term photostability of (A) CTBA, and (B) CafTBA. UV-Visible spectra of samples obtained in DMSO at varying duration of
irradiation with a xenon arc lamp. The downward arrows denote the observed decrease in absorbance over 120 min of irradiation. The
upward arrows shown in CafTBA indicates the growth of new absorbing feature following irradiation.

values obtained for the ‘Hierarchical Clustering’ and the
‘Nearest Neighbor’ methods. TEST gives a prediction in
the form of a numeric value between 0 and 1, in which
presumable non-mutagenicity ranges from 0 to 0.50,
while mutagenicity ranges from 0.51 to 1. In addition
to the TEST platform, we have also employed the
VEGA (48) platform, which utilizes four models for predicting mutagenicity and carcinogenicity, together
with one mutagenicity consensus model. The
diﬀerent models used for the endpoint mutagenicity
(ISS, SARpy, CAESAR, Mutagenicity Read-Across/KNN)
were built based on experimental data derived from
in vitro studies (e.g. the Ames Test in Salmonella typhimurium strains), while the carcinogenicity models (ISS,
ISSCAN-CGX, CAESAR, ANTARES) were derived using
data from in vivo studies in diﬀerent species, mainly
mice and rats. The VEGA models generate an output
with a ‘yes’ or ‘no’ prediction with regard to the
respective endpoint, plus information about the
reliability of the prediction (low, moderate, or high
reliability). In order to compare the outcomes with
the predictions generated by other models, the
wording of the VEGA predictions was translated into
a so-called mutagenicity or carcinogenicity score,
which is a numeric value between 0 and 1, where 0
stands for no toxic (i.e. non-mutagenic or non-carcinogenic) potential and 1 stands for strong toxicity potential. The classiﬁcation for the graded translation is given
in Table 1. For the mutagenicity consensus model, the
calculation is diﬀerent as a value is already provided
by VEGA, ranging from 0 to 1. In case the test compound is predicted as non-mutagenic, the given value
must be re-scaled to ﬁt to the graduation described
in Table 1. Therefore, non-mutagenicity values were

re-scaled using the following calculation:
score =

(1 − x) × 0.5
0.9

with x the value given by VEGA for the mutagenicity
consensus model.
In case the test compound is predicted as mutagenic,
the given value is re-scaled using the following calculation:
score = 1 −

(1 − x) × 0.5
0.9

with x is the value given by VEGA for the mutagenicity
consensus model.
The open source software LAZAR (49) includes
diﬀerent endpoints for the evaluation of the toxicity of
substances based on their structure. The three models
‘Rat,’ ‘Mouse,’ and ‘Rodents (multiple species/sites)’
were used for carcinogenicity prediction, and ‘Salmonella typhimurium’ was used for mutagenicity prediction.
The output of the LAZAR models occurs in the form of an
Table 1. Translation of the VEGA predictions into a
mutagenicity/carcinogenicity score.
Prediction
mutagenic/carcinogenic
mutagenic/carcinogenic
possible mutagenic/carcinogenic
mutagenic/carcinogenic
possible mutagenic/carcinogenic
(possible) mutagenic/carcinogenic
(possible) non-mutagenic/non-carcinogenic
possible non-mutagenic/non-carcinogenic
non-mutagenic/non-carcinogenic
possible non-mutagenic/non-carcinogenic
non-mutagenic/non-carcinogenic
non-mutagenic/non-carcinogenic

Reliability

Score

experimental data
good reliability
good reliability
moderate reliability
moderate reliability
low reliability
low reliability
moderate reliability
moderate reliability
good reliability
good reliability
experimental data

1
0.9
0.8
0.7
0.6
0.5
0.5
0.4
0.3
0.2
0.1
0
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‘active/non-active’ statement combined with a probability score. The predictions of the three LAZAR carcinogenicity models were combined and translated into a
single carcinogenicity score as follows: starting from a
virtual value of 0.5, a value of 0.133 was added to this
value for every model that predicted the respective compound to be ‘carcinogenic,’ while a value of 0.133 was
subtracted for every model yielding the prediction
‘non-carcinogenic.’ Thus, in the case that all three
models predicted a compound to be carcinogenic, the
ﬁnal value would be 0.9, and in the case that all three
models yielded the same prediction ‘non-carcinogenic’
for a given compound, the ﬁnal value would be 0.1.
For mutagenicity prediction, the given probability was
used to determine the score. A probability value
higher than 0.66 was considered equal to the ‘good
reliability’ of the VEGA predictions and is attributed the
score of 0.1 or 0.9 depending on the negative or positive
prediction. A probability value lower than 0.33 was considered equal to the ‘low reliability’ of the VEGA predictions and is attributed the score of 0.5. A probability
value comprised between 0.33 and 0.66 was considered
equal to the ‘moderate reliability’ of the VEGA predictions and is aﬀected the score of 0.3 or 0.7 depending
on the negative or positive prediction.
To obtain a single mutagenicity or carcinogenicity
score, the arithmetic mean of the diﬀerent generated
prediction scores was calculated and interpreted as
follows: a score higher than 0.66 means a positive prediction (mutagenic or carcinogenic) with good reliability;
a score lower than 0.33 means a negative prediction
(mutagenic or carcinogenic) with good reliability; a
score comprised between 0.33 and 0.66 is considered
equivocal: 0.33 < score ≤ 0.5 is regarded as negative prediction (mutagenic or carcinogenic) but with insuﬃcient
reliability, and 0.5 ≤ score < 0.66 is regarded as positive
prediction (mutagenic or carcinogenic) but with insuﬃcient reliability.

2.8.2. Endocrine toxicity
The VEGA platform was further used to investigate the
endocrine toxicity of the test compounds. In total, 5
models were employed: one that estimates receptor
binding aﬃnity (Estrogen Receptor Relative Binding
Aﬃnity model IRFMN) and four that predict receptormediated eﬀects (Estrogen Receptor-mediated eﬀect
IRFMN/CERAPP, Androgen Receptor-mediated eﬀect
IRFMN/COMPARA, Thyroid Receptor Alpha eﬀect NRMEA,
and Thyroid Receptor Beta eﬀect NRMEA). Each model
yields both a qualitative prediction (yes/no) and information about the reliability of the prediction (low, moderate, or high reliability).

2.8.3. Acute and short-term toxicity
The oral LD50 and no-observed-adverse-eﬀect levels
(NOAEL) from 90-day toxicity studies were chosen as
representative endpoints for acute and short-term toxicity. Estimation of oral LD50 in rat was provided by
TEST using the Nearest neighbor method, which is
based on a dataset comprising values from 7413 substances. The prediction of the NOAEL was made using
the module NOAEL – IRFMN/CORAL provided by the
VEGA platform. This model is based on a dataset comprising values from repeated-dose 90-days oral toxicity
studies in rodents with 140 substances.
2.8.4. Bioaccumulation
Bioaccumulation was evaluated using the bioconcentration factor (BCF), which is deﬁned as the ratio of the concentration of the test chemical in aquatic organisms to
its concentration in the ambient environment. The
VEGA platform provides 4 models for the prediction of
BCF (CAESAR, Meylan, KNN/Read-across, and ArnotGobas). For each model, a log value is given, plus
information about the reliability of the prediction (low,
moderate, or high). Additionally, BCF was evaluated
using the online tool ISIDA/Predictor (50) from the Laboratory of Chemoinformatics website provided by the
University of Strasbourg. ISIDA is a consensus regression
model based on 17 individual models. The outcome is
given as log value with a prediction conﬁdence estimate
(outside applicability domain (AD), average, good, and
optimal). According to the Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH)
regulation, a substance with a BCF higher than 2000
(or log BCF > 3.3) is considered bioaccumulative, while
a substance with a BCF higher than 5000 (or log BCF >
3.7) is considered very bioaccumulative.
2.8.5. Biodegradability
Biodegradability was evaluated using the IRFMN model
provided by the VEGA platform. Similar to mutagenicity
predictions, the outcome is given as qualitative prediction
(readily biodegradable/not readily biodegradable), plus
information about the reliability of the prediction (low,
moderate, or high reliability). In addition, we used the
online tool ISIDA/Predictor that provides a consensus
regression model based on 15 individual models. The
outcome is given as a statement (readily biodegradable/
not readily biodegradable) with a prediction conﬁdence
estimate (outside AD, average, good, and optimal).
2.8.6. Persistence
Persistence in sediment, soil, and water were evaluated
using the qualitative and quantitative IRFMN models
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provided by the VEGA platform. The qualitative model
gives a statement (not persistent or nP, close to persistence threshold or nP/P, close to very persistent
threshold or P/vP, very persistent or vP) with information
on the reliability of the prediction (low, moderate, or
high reliability), while the quantitative model gives an
estimate on the number of days of persistence in the
so-called matrix, also with information on the reliability
of the prediction. Additionally, we used the online tool
ISIDA/Predictor that provides a consensus model based
on 19, 15, and 20 individual models, respectively. The
outcome is given as a statement (persistent P or not persistent nP) with a prediction conﬁdence estimate
(outside AD, average, good, and optimal). In order to
compare the predictions from the three diﬀerent
models, the wording of the VEGA and ISIDA predictions
were translated into a so-called persistence score that is
a numeric value between 0 and 1, where 0 stands for not
persistent and 1 stands for persistent. The classiﬁcation
for the graded translation is given in Tables 2 and 3.
To ease the classiﬁcation of the VEGA predictions, the
four diﬀerent outcomes in the qualitative models were
grouped into two main classes: not persistent (nP and
nP/P) and persistent (P/vP and vP). The outcomes in
the quantitative models were assigned a score depending if they were higher or lower than the respective
threshold of 120 days for persistence in sediment and
soil or the threshold of 40 days for persistence in water.
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Similar to the mutagenicity/carcinogenicity score, the
arithmetic mean of the diﬀerent generated prediction
scores was calculated and interpreted as follows: a
score higher than 0.66 means a positive prediction (persistent) with good reliability; a score lower than 0.33
means a negative prediction (not persistent) with good
reliability; a score between 0.33 and 0.66 is considered
equivocal: 0.33 < score ≤ 0.5 is regarded a negative prediction (not persistent) but with insuﬃcient reliability,
and 0.5 ≤ score < 0.66 is regarded a positive prediction
(persistent), but with insuﬃcient reliability.

2.9. Experimental descriptions

Coumaryl thiobarbituric acid (CTBA): ﬁltration led
to a yellow orange powder (92%); m.p. 199°C; UV:
λmax (DMSO, nm) 414, ε (L.mol−1.cm−1) 32,200. 1H
NMR (300 MHz, 25°C, DMSO-d6) δ: 12.35 and 12.26 (2H,
2s, H-10 and H-10’), 10.98 (1H, s, H-8), 8.38 (2H, d, J =
9.0 Hz, H-5 and H-5’), 8.22 (1H, s, H-3), 6.89 (2H, d, J =
8.9 Hz, H-6 and H-6’). 13C NMR (75 MHz, 25°C, DMSOd6) δ: 178.2 (C-9), 163.8 (C-7), 162.5 and 160.1 (C-1 and
C-1’), 156.6 (C-3), 138.9 (C-5 and C-5’), 124.0 (C-4), 115.7
(C-6 and C-6’), 114.3 (C-2). TOF MS ES+: [M + H]+ for C11H9N2O3S: m/z 249.0334; found: m/z 249.0335.

Table 2. Translation of the VEGA predictions into a persistence
score.
VEGA prediction
persistent
P/vP or vP or >120 days or >40 days
P/vP or vP or >120 days or >40 days
P/vP or vP or >120 days or >40 days
nP or nP/P or <120 days or <40 days
nP or nP/P or <120 days or <40 days
nP or nP/P or <120 days or <40 days
non-persistent

Reliability

Score

experimental data
good reliability
moderate reliability
low reliability
low reliability
moderate reliability
good reliability
experimental data

1
0.9
0.7
0.5
0.5
0.3
0.1
0

Table 3. Translation of the ISIDA predictions into a persistence
score.
ISIDA prediction
persistent
persistent
persistent
persistent
persistent
non-persistent
non-persistent
non-persistent
non-persistent
non-persistent

Reliability

Score

experimental data
optimal reliability
good reliability
average reliability
outside AD
outside AD
average reliability
good reliability
optimal reliability
experimental data

1
0.9
0.766
0.633
0.5
0.5
0.366
0.233
0.1
0

Ferulyl thiobarbituric acid (FTBA): ﬁltration led to
an orange powder (99%); m.p. 151°C; UV: λmax (DMSO,
nm) 433, ε (L.mol−1.cm−1) 33,200. 1H NMR (300 MHz,
25°C, DMSO-d6) δ: 12.37 and 12.27 (2H, 2s, H-13 and H13’), 10.78 (1H, s, H-11), 8.50 (1H, d, J = 2.1 Hz, H-5),
8.24 (1H, s, H-3), 7.88 (1H, dd, J = 2.1 Hz and J = 8.6 Hz,
H-9), 6.92 (1H, d, J = 8.4 Hz, H-8), 3.83 (3H, s, H-10). 13C
NMR (75 MHz, 25°C, DMSO-d6) δ: 178.1 (C-12), 162.5
and 160.3 (C-1 and C-1’), 157.0 (C-3), 154.0 (C-7), 147.1
(C-6), 133.3 (C-9), 124.5 (C-4), 118.3 (C-5), 115.5 (C-8),
114.1 (C-2), 55.6 (C-10). TOF MS ES+: [M + H]+ for C12H11N2O4S: m/z 279.0440; found: m/z 279.0438.
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Caﬀeyl thiobarbituric acid (CafTBA): ﬁltration led
to an orange powder (93%); m.p. 169°C; UV: λmax
(DMSO, nm) 439, ε (L.mol−1.cm−1) 38,800. 1H NMR
(300 MHz, 25°C, DMSO-d6) δ: 12.33 and 12.25 (2H, 2s,
H-13 and H-13’), 8.29 (1H, d, J = 2.2 Hz, H-5), 8.13 (1H,
s, H-3), 7.67 (1H, dd, J = 2.2 Hz and J = 8.6 Hz, H-9),
6.87 (1H, d, J = 8.4 Hz, H-8). 13C NMR (75 MHz, 25°C,
DMSO-d6) δ: 178.2 (C-12), 162.6 (C-1), 160.1 (C-1’),
157.1 (C-3), 153.3 (C-7), 145.1 (C-6), 132.4 (C-9), 124.5
(C-4), 121.4 (C-5), 115.6 (C-8), 113.7 (C-2). TOF MS ES+:
[M + H]+ for C11H9N2O4S: m/z 265.0283; found: m/z
265.0280.

Sinapyl thiobarbituric acid (STBA): ﬁltration led
to an orange powder (95%); m.p. non-determined,
5% thermo-degradation: Td5% = 287°C; UV: λmax
(DMSO, nm) 445, ε (L.mol−1.cm−1) 37,800. 1H NMR
(300 MHz, 25°C, DMSO-d6) δ: 12.38 and 12.27 (2H, 2s,
H-11 and H-11’), 10.28 (1H, 1s, H-9), 8.28 (1H, s, H-3),
8.07 (2H, s, H-5 and H-5’), 3.84 (6H, s, H-8 and H-8’).
13
C NMR (75 MHz, 25°C, DMSO-d6) δ: 178.1 (C10),
162.6 and 160.3 (C-1 and C-1’), 157.4 (C-3), 147.2 (C-6
and C-6’), 143.4 (C-7), 123.0 (C-4), 114.3 (C-5 and C5’), 114.3 (C-2), 56.1 (C-8 and C-8’). TOF MS ES+: [M
+ H]+ for C13H13N2O5S: m/z 309.0545; found: m/z
309.0544.

4-methoxycoumaryl
thiobarbituric
acid
(MeCTBA): ﬁltration led to a yellow orange powder
(99%); m.p. 264–268°C; UV: λmax (DMSO, nm) 399, ε
(L.mol−1.cm−1) 30,200. 1H NMR (300 MHz, 25°C,
DMSO-d6) δ: 12.40 and 12.30 (2H, 2s, H-10 and H10’), 8.42 (2H, d, J = 9.0 Hz, H-5 and H-5’), 8.26 (1H, s,
H-3), 7.08 (2H, d, J = 8.8 Hz, H-6 and H-6’), 3.88 (3H, s,
H-8). 13C NMR (75 MHz, 25°C, DMSO-d6) δ: 178.3 (C9), 164.0 (C-7), 162.3 and 160.0 (C-1 and C-1’), 156.0
(C-3), 138.0 (C-5 and C-5’), 125.3 (C-4), 115.7 (C-2),
114.1 (C-6 and C-6’), 55.8 (C-8). TOF MS ES+: [M +
H]+ for C12H10N2O3S: m/z 263.0490; found: m/z
263.0490.

3. Results
3.1. Synthesis
Based on our previous ﬁndings on bio-based diethyl
sinapate and Meldrum’s p-hydroxycinnamic acids
based UV-ﬁlters (10, 12), we decided to extend this strategy by synthesizing potential UV-ﬁlters substituted with
thiobarbituric acid moieties, with the goal that the use of
nitrogen and sulfur atoms would shift the UV spectra
into the visible (blue) region of the electromagnetic
spectrum (380–500 nm) (51). To access these phenolicbased thiobarbituric derivatives through the greenest
possible synthetic procedure, we attempted to
conduct the Knoevenagel condensation in water
without adding any catalyst, to avoid the use of toxic
organic solvent while improving atom economy, as
already described in previous work (10, 52). Moreover,
the reaction was performed at room temperature to
reduce energy consumption. This straightforward room
temperature, catalyst- and organic solvent-free Knoevenagel condensation of p-hydroxybenzaldehydes and
thiobarbituric acid resulted in excellent yields (92–
99%). It is noteworthy to mention that the p- hydroxycinnamyl thiobarbituric derivatives readily precipitated
from the reaction medium, thus signiﬁcantly simplifying
their recovery and puriﬁcation through a classic
ﬁltration, while avoiding the use of energy- and
solvent-consuming silica gel chromatography. We add
that the synthesis of caﬀeyl thiobarbituric acid
(CafTBA) was ﬁrst performed under air but, contrary to
the other molecules, led to lower yield (70%), most
likely due to the presence of the two readily oxidizable
-OH groups on the aromatic ring (53) leading to
unwanted side reactions. To avoid this, the syntheses
were performed under N2 to limit this potential oxidation and this resulted in a 93% yield.
The structures of the p-hydroxycinnamic acids-based
thiobarbituric acid derivatives was conﬁrmed by 1H and
13
C NMR spectrometry as well as high resolution mass
spectrometry (see Supporting Information Figures S1–
S15).

3.2. UV-ﬁltering property and photostability
The UV-visible spectra of the p-hydroxycinnamyl thiobarbituric derivatives obtained in DMSO are reported
in Figure 1. All compounds exhibited a broadband
(from UV to visible region) and strong absorption
proﬁle having molar extinction coeﬃcients ranging
from ∼30,000 to ∼39,000 L.mol−1.cm−1 at the λmax (see
experimental description). The λmax of all the thiobarbituric derivatives were in the region of 400–500 nm,
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except the methoxy coumaryl thiobarbiturics which
peaked in the UVA (399 nm) region. This hypsochromic
shift of p-hydroxycinnamyl derivatives, resulting from
the use of a methyl protective group on the phenol,
was already highlighted in a previous study (9).
The photostability of these molecules were also
explored in DMSO. The results presented in Figure 2
and summarized in Table 4 revealed that all the p-hydroxycinnamyl thiobarbiturics, except the caﬀeyl derivative,
were photostable, revealing only minor (< 5%) reduction
in sample absorbance at λmax over two hours of
irradiation. Caﬀeyl thiobarbituric acid on the other
hand, showed a signiﬁcant reduction (41%) in the λmax
together with observable increase in the spectrum
both in the ∼300 and ∼525 nm regions, suggesting
that caﬀeyl thiobarbituric acid is unstable towards
long-term exposure to UV-visible radiation, which can
be explained by the presence of the two easily oxidizable hydroxyl groups on the aromatic ring, as previously
described (53). The high photostability of the other
derivatives studied herein is promising for the design
and development of new broadband sunscreens as
there are less eﬃcient UVA sunscreens on the market.
For example, oxybenzone, a commonly employed
broadband UV-ﬁlter is not only photo-unstable (54),
but also considered toxic to coral reef and hence
banned from sale and distribution in some Paciﬁc
Islands, such as Hawaii (55). This calls for development
of new broadband UV-ﬁlters, and the thiobarbiturics
reported herein could be of use.

3.3. In silico toxicology and environmental fate
As shown in Figure 3, most mutagenicity scores were
below 0.5, but above the threshold of 0.33. This indicates
that the test compounds are predicted to be non-mutagenic but the reliability of the predictions is not optimal.
However, FTBA showed a score below the threshold
indicating that this compound is predicted to be nonmutagenic with a good reliability. All carcinogenicity
scores were between the thresholds, thus no reliable
predictions could be made for these compounds
(Figure 3). Available experimental data on the

Table 4. UV-Vis properties of p-hydroxycinnamyl thiobarbituric
derivatives.
Compounds

λmax
(nm)

Loss in Absorbance at λmax
(%)

CTBA
FTBA
CafTBA
STBA
MeCTBA

414
433
439
445
399

0.1
0.1
41
4.6
0.2
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Figure 3. Schematic presentation of the results of the in silico
analysis, with regard to the endpoints mutagenicity and carcinogenicity. The test compounds are shown with their average prediction score. In addition, the prediction scores were divided in
three diﬀerent groups (indicated by dashed lines): the probable
mutagens/carcinogens with scores greater than 0.66, the probably non-mutagens/non-carcinogens with scores smaller than
0.33 and the remaining equivocal predictions with scores
between 0.33 and 0.66.

structurally related drug phenobarbital (PB) can help to
circumvent this equivocal prediction outcome. PB has
been used considerably in the twentieth century as
oral drug to treat epilepsy, convulsions and other neurological diseases (56), and is still included in the WHO
model list of essential medicines (57). In the monograph
published by the IARC, PB was concluded to be non-genotoxic, but to induce adenomas in the livers of mice (58).
Further studies showed that PB induces tumors through
the activation of the constitutive androstane receptor
(CAR) (59). Another study even showed a dual role of
PB being able to either promote or inhibit hepatocarcinogenesis depending on the biological context (60).
This speciﬁc CAR-mediated mode of action for carcinogenicity is considered not plausible for humans by
many researchers, and data from diﬀerent epidemiological studies conducted in humans who had been chronically exposed to PB also showed no clear evidence for an
increased liver tumor risk (59). Therefore, it can be
assumed that the test compounds are unlikely to
present carcinogenic properties in humans.
Regarding endocrine toxicity, none of the test compounds were predicted to exert eﬀects on estrogen or
thyroid receptors (all predictions with good reliability)
(Table S1). However, they were predicted active in
regards to the androgen receptor (AR), with low or moderate reliability. Those outcomes need to be nuanced as
PB (which is part of the dataset) is considered inactive
with respect to AR. Therefore, these predictions might
not be of biological relevance and need to be
conﬁrmed by experimental data. Only CafTBA was
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predicted to have binding aﬃnity for the estrogen
receptor (ER), but the reliability was low. Since PB is
experimentally inactive with respect to ER, this prediction does not raise concern.
Oral LD50 and NOAEL in rats were used as representative endpoints for acute and short-term toxicity (90-days
study). The estimated values for LD50 were between 600
and 3200 mg/kg bw, while the estimated NOAELs
ranged between 0.5 and 2 mg/kg bw per day (Table 5).
The predicted oral LD50 values (over 600 mg/kg bw in
average) do not indicate strong acute toxicity of the
compounds, and are above the experimentally determined LD50 of PB (162 mg/kg bw).
As presented in Table S2, all test compounds showed
a log BCF < 3.3 (with good reliability for ISIDA), indicating that they are not predicted to be bioaccumulative.
All test compounds were predicted to be readily biodegradable according to VEGA (low reliability), while
ISIDA predicted all compounds not readily biodegradable (average prediction conﬁdence). Therefore, a ﬁrm
conclusion cannot be drawn regarding the biodegradability of the test compounds.
All sediment and water persistence scores were
below 0.5 but above the threshold of 0.33, indicating
that the test compounds are predicted to be non-persistent in sediment and water but the reliability of the
predictions is not optimal (Figure 4). Soil persistence
scores were very close to the threshold of 0.33 for all
compounds except STBA. Thus, it is expected that
those compounds are not persistent in soil.

3.4. Antiradical activities
Antioxidants are necessary for protection against reactive oxygen species (ROS), naturally induced in the
body by biochemical reactions or from exogenous
stimulation such as UV irradiation (61). An interesting
feature for UV-ﬁlters would be to have both good photostability and antioxidant activity, so they could not only
protect against the cause (UVs) but also against the
resulting ROS and related skin problems resulting from
solar over exposition (i.e. photoaging, inﬂammation, carcinogenesis (62)). In this way, the antioxidant capacities
of the p-hydroxycinnamyl thiobarbituric derivatives

Table 5. Predicted oral LD50 and NOAEL in rats.
Substance
CTBA
FTBA
CafTBA
STBA
MeCTBA

LD50
(mg/kg bw)

NOAEL
(mg/kg bw per day)

3124
615
654
649
1560

0.95
1.20
2.15
1.51
0.53

Figure 4. Schematic presentation of the results of the in silico
analysis with regard to the endpoint persistence (sediment,
soil, and water). The test compounds are shown with their
average prediction score. In addition, the prediction scores
were divided in three diﬀerent groups (dashed lines): the probable persistent substances with scores greater than 0.66, the
probably non-persistent substances with scores smaller than
0.33 and the remaining equivocal predictions with scores
between 0.33 and 0.66.

were investigated as phenols – especially caﬀeyl and
sinapyl esters and analogues – are widely recognized
as good antioxidant agents thanks to their ability to
quench free radicals (3, 63). As an example, the antiradical analysis of CTBA is shown in Figure 5.
Results for all p-hydroxycinnamyl thiobarbituric
derivatives are given in Table 6 and are benchmarked
against two commercially available antioxidants, BHA
and BHT, and against the parent acid, i.e. thiobarbituric
acid (TBA). EC50 values for BHA, BHT and TBA are 4.2,
4.1 and 3.4 nmol, respectively. For p-hydroxycinnamyl
thiobarbituric derivatives, the caﬀeyl moiety (CafTBA)
exhibits the best antioxidant activity with an EC50 of
1.9 nmol. Ferulyl (FTBA) and sinapyl (STBA) derivatives
also showed promising potential with EC50 of 2.4 and
2.5 nmol, respectively. Finally, 4-methoxycoumaryl
(MeCTBA) and coumaryl (CTBA) derivatives exhibited
higher EC50 (4.1 and 5.8 nmol, respectively). In
summary, with regards to antioxidant activity, the phenolic moieties can be ranked as follows: caﬀeyl >
sinapyl > ferulyl > 4-methyl-coumaryl > coumaryl. It is
noteworthy to mention that three p-hydroxycinnamyl
thiobarbituric derivatives (i.e. CafTBA, FTBA and STBA)
showed better antioxidant activity compared to the
parent acid (TBA) and the two commercially available
antioxidants, BHA and BHT. It suggests a synergic
eﬀect between the phenolic and the thiobarbituric moieties to provide impressive antioxidant activities. In the
case of CTBA and MeCTBA, the EC50 values were a bit
higher than thiobarbituric acid, showing an expected
negative eﬀect of those phenolic moieties on the
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Figure 5. Determination of the antiradical activity of CTBA.

Table 6. Antiradical activities
thiobarbituric derivatives.
Compounds
CTBA
FTBA
CafTBA
STBA
MeCTBA
ThioBarbituric Acid (TBA)
ButylHydroxyAnisole (BHA)
ButylHydroxyToluene (BHT)

of

p-hydroxycinnamyl

EC50
(nmol)

Standard Error of Mean (SEM)

5.8
2.4
1.9
2.5
4.1
3.4
4.2
4.1

0.3
0.0
0.0
0.1
0.3
0.6
0.1
0.1

of use. Nonetheless, it should be pointed out that in
silico approaches, despite their usefulness in early compound development and prioritization, are not yet able
to replace biological testing in vitro and/or in vivo.
Thus, proper toxicological examination will still be
required for admission of the test compounds to the
market. Such studies are, however, beyond the scope
of this study.
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