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Abstract

Sinapinic acid is a widespread compound in vegetable material and is as such com-
mon in the human diet. Recently it has drawn attention because of its biological ac-
tivities. Sinapinic acid can be synthesized from syringaldehyde via the Knoevenagel-
Doebner condensation. However this reaction is limited by the formation of 4-vi-
nylsyringol after a second decarboxylation. To gain more detailed information about
this reaction and to improve control over the formation of sinapinic acid, the con-
centration time history of syringaldehyde and the reaction products of this reaction
have been monitored over time at different reaction temperatures. The formation of
4-vinylsyringol was found to be inhibited by performing the reaction at temperature
below 80°C. This allows the reaction to be optimized for the production of sinapinic
acid, with an optimal yield of 78% after 2.5 hours at 70°C.
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1. Introduction

In the last decade, there has been increasing interest in the effective use of lignocellu-
losic materials. Research that focuses on the recovery and/or the synthesis of chemicals
from biomass is a prerequisite to realize a sustainable chemical industry within a for-
ward-looking bio-based economy. Large-scale processes are being developed that use
all components in wood, Ze. cellulose, hemicellulose and lignin. In these multi-step
multi-product bio-refinery facilities, lignin could serve as a bio-based source of 4-hy-

droxybenzaldehydes [1].
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The Knoevenagel-Doebner reaction has always been an important and reliable me-
thod for the formation of carbon-carbon bonds and is frequently used in industry [2].
4-Hydroxybenzaldehydes can react with malonic acid in a Knoevenagel-Doebner reac-
tion [3] to give the corresponding a, f-unsaturated carboxylic acids known as hydrox-
ycinnamic acids. In nature, hydroxycinnamic acids can be found in the plant kingdom
as secondary metabolites. There are three common members of these so-called lig-
no-phytochemicals of which ferulic acid has been studied extensively, primarily due to
its anti-oxidant properties [4]. Ferulic acid is therefore used as a natural preservative in
foods, beverages, and cosmetics.

Aldabalde et al. [5] and Simpson et al. [6] proposed a mechanism for the Knoevenagel-
Doebner condensation of aromatic aldehydes and malonic acid using pyridine and pi-
peridine as organocatalysts. The mechanism was illustrated by the conversion of vanil-
lin into ferulic acid. During the reaction 2-methoxy-4-vinylphenol was observed as a
second product following an extra decarboxylation step.

Sinapinic acid is another member of the hydroxycinnamic acid family [7]. Its effec-
tiveness as anti-oxidant is considered to be superior over that of ferulic acid [8]. More-
over sinapinic acid shows anti-microbial, anti-inflammatory, anti-cancer and anti-an-
xiety activities. In this study, the transformation of syringaldehyde (1) to sinapinic acid
(2) with the Knoevenagel-Doebner reaction was performed in more detail. The forma-
tion of the corresponding vinylphenol, 4-vinylsyringol (3) can be confirmed, but this

formation reaction is temperature dependent.

2. Materials and Methods
2.1. Materials

The reactant syringaldehyde (1), and all other chemicals were purchased at 99% purity
from Sigma-Aldrich and were used as received without further purification. DMSO-ds

was purchased from Cambridge Isotope with 99 atom% D.

2.2. Methods

Instrumentation: "H-NMR spectroscopy measurements were performed on an Agilent
400-MHz NMR system in DMSO-d;. Data was acquired using Vnmr] 3 software.
Chemical shifts are reported in ppm relative to tetramethylsilane (TMS).

HPLC analysis was carried out using a Liquid Chromatographic system (Agilent
1100 series) equipped with a diode array detector (Agilent 1200 series) and an auto-
sampler injector with a 20 pL loop (Agilent 1100 serie G1316A). The system was
equipped with a Luna 5 pum C18 column (250 mm X 4.6 mm) using acetic acid:wa-
ter:methanol (0.01:50:50, v/v/v) as a mobile phase. The flow rate was 1.0 mL/min at a
temperature of 20°C. The Agilent Chem Station Software was used for data analysis.
The quantitative determination of components in the reaction mixtures was carried out
by the external standard method and based on peak areas.

LC-MS analysis was performed using a Liquid Chromatographic system (Agilent
1200 series) equipped with a Luna 3 pm C18 column (250 x 2.0 mm) and an ion trap
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(Agilent 6300 series).

2.3. Synthetic Procedure

Protocol for Knoevenagel-Doebner condensation: Malonic acid (1.0 g, 10 mmol) was
dissolved in pyridine (3.0 mL, 37 mmol). Syringaldehyde (1, 0.90 g, 5 mmol) and pipe-
ridine (0.20 mL, 2 mmol) were subsequently added. The reaction was heated to the de-
sired temperature and 50.0 uL samples were taken for reversed phase HPLC analysis.
The samples were immediately diluted in 7.5 mL methanol, filtered and analysed using
the method described above. The calculated percentage of peak area of the component
of interest is in relation to the total area of peaks.

After 3 hours, the reaction was stopped and pyridine was removed in vacuo. The re-
sidue was dissolved in a small amount of a saturated aqueous NaHCO;-solution and
acidified to a pH of 2 with 6 M HCI. The resulting precipitate was separated by filtra-
tion and washed with water. After recrystallization with a solution of water-ethanol
(v/v) (3:1), the crystals were separated by filtration and dried in a nitrogen atmosphere.

4-Vinylsyringol, was purified with column chromatography with ethyl acetate as eluent.

2.4. Products

The structures of syringaldehyde (1), sinapinic acid (2) were confirmed by 'H-NMR,
mass spectral data and by comparison with authentic samples available commercially.
The structure of 4-vinylsyringol (3) was elucidated with LC/MS and, after purification
with column chromatography, with 'H-NMR (see representative examples in Sup-
porting Information).

(E)-3-(4-hydroxy-3,5-dimethoxyphenyl)-2-propenoic acid (sinapinic acid, 2) (C,;H1,0s,
M = 224.21 g/mol) isolated as a white powder.

'H-NMR (400 MHz, DMSO) & (ppm) 12.10 (s, 1H), 8.87 (s, 1H), 7.47 (d, 1H), 6.96 (s,
2H), 6.39 (d, 1H), 3.78 (s, 6H). Mass spectrum recorded in negative ion mode, [M-H]"
m/z222.8.

2,5-dimethoxy-4-vinylphenol (4-vinylsyringol, 3) (C1H2O3, M = 180.20 g/mol) iso-
lated as a brown liquid.

'H-NMR (400 MHz, DMSO) J (ppm) 6.72 (s, 2H), 6.63 (d, 1H), 5.61 (dd, 1H), 5.35
(s, 1H), 5.18 (dd, 1H), 3.85 (s, 6H). Mass spectrum recorded in negative ion mode,
[M-H]" m/z178.8.

3. Results and Discussion

Aldabalde et al [6] previously reported the conversion of vanillin to ferulic acid using
the Knoevenagel-Doebner condensation. In their study, the reaction was performed in
refluxing pyridine (115°C) which served as solvent. Piperidine served as organocatalyst
in both the carbon-carbon bond formation and the consecutive decarboxylations. The
use of organocatalysts in organic synthesis is environmentally beneficial as stated by the
Green Chemistry principles [9]. Under these conditions 2-methoxy-4-vinylphenol is

the major product. For the Knoevenagel-Doebner condensation of syringaldehyde (1)
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Area syringaldehyde %

Area 4-vinylsyringol %

100

and malonic acid towards sinapinic acid (2), we therefore decreased the temperature in
the range of 50°C to 90°C to suppress the second decarboxylation which results in the
vinylphenolic product (3) (Figure 1). We moreover used smaller amounts of the orga-

nocatalyst piperidine to further limit the environmental impact (0.2 eq instead of 0.4 eq

used in the procedure of Aldabalde ef al).

From the results obtained, it is evident that the conversion rate of syringaldehyde is

increased with temperature (Figure 2(a)). This is also the case with the formation of
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Figure 1. Knoevenagel-Doebner condensation of syringaldehyde (1) with malonic acid toward sinapinic acid (2), fol-
lowed by a second decarboxylation leading to 4-vinylsyringol (3).
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Figure 2. Concentration-time profiles of syringaldehyde (a), sinapinic acid (b) and 4-vinylsyringol (c) at various tem-
peratures between 50°C and 90°C.
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sinapinic acid (2), but there seems to be an optimum between 70°C and 80°C (Figure
2(b)).

At temperatures above 70°C the formation of 4-vinylsyringol (3) as a second product
is observed (Figure 2(c)) following a second decarboxylation step. 4-Vinylsyringol and
sinapinic acid can be separated by HPLC and their structures have been confirmed with
"H-NMR and mass spectrometry. Furthermore, it should be noted that the formation of
4-vinylsyringol complicates the isolation of sinapinic acid using precipitation. Pure si-
napinic acid forms a free flowing powder, while a 4-vinylsyringol contamination
changes the morphology of the product into an oily, sticky material. The optimal con-
version for the production of sinapinic acid from syringaldehyde was 78% after 2.5
hours at 70°C.

4. Conclusion

This study supports the mechanism for the Knoevenagel-Doebner condensation be-
tween syringaldehyde and malonic acid as proposed by Aldabalde et a/ Additionally,
the formation of the vinylphenolic product via a second decarboxylation step was found
to be inhibited by performing the reaction at a temperature below 80°C. This allows the
Knoevenagel-Doebner reaction to be optimized for the production of sinapinic acid.
The optimal conversion for sinapinic acid was 78% after 2.5 hours at 70°C. In the
present protocol pyridine is only used as a solvent. Because of pyridines environmental
impact it would be worthwhile to diminish or eliminate its use and investigate alterna-

tives.
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Figure S1. Example of HPLC chromatogram where both sinapinic acid and 4-vinylsyringol are
separated. Area percentages were obtained from comparative integration of peaks. e.g. dicarboxylic
acid intermediate 3.9%, syringaldehyde 3.1%, sinapinic acid 69.3% and 4-vinylsyringol 21.5%.
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Figure S2. "H-NMR (DMSO-db) of isolated sinapinic acid. '"H NMR (400 MHz, DMSO) 6'12.10 (s, 1H), 8.88 (s, 1H), 7.47 (d, ] =
15.9 Hz, 1H), 6.97 (s, 2H), 6.40 (d, ] = 15.9 Hz, 1H), 3.78 (s, 6H).
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Figure S3. Mass spectra in negative ion mode identified peak as sinapinic acid (M = 224.21 g/mol) by the molecular ion [M-H]™ m/z
222.8.
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