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Naturally occurring hydroxycinnamic acids, namely ferulic, para-coumaric, caffeic, sinapic acids, and 3,4-

dimethoxycinnamic acid are present in significant quantities in the cell wall of plants. They can make up about a

third of the phenolic compounds in our diet, hence the interest in their potential biological activity and properties.

Methods of synthesis and properties of natural and synthetic hydroxycinnamic acid derivatives are reviewed in

detail.

hydroxycinnamic acids natural compounds antioxidant hydroxicinnamic acids synthesis

| 1. Introduction

Hydroxycinnamic acids (HCAs) are a class of phenolic compounds whose characteristic structural feature is

the

phenolic ring and a radical containing a carboxyl group (Figure 1). These compounds differ from each other by

substituents on the phenolic ring. Naturally occurring HCAs, namely ferulic, para-coumaric, caffeic, sinapic acids,

and 3,4-dimethoxycinnamic acid (3,4-DMCA) are present in significant quantities in the cell wall of plants. In plants,

these compounds are formed through the mevalonate-shikimate biosynthesis pathway, which allows plants to

synthesize essential amino acids from the primary metabolites phosphoenolpyruvate and erythrose-4-phosphat
Upon deamination of phenylalanine and tyrosine, trans-cinnamic and coumaric acids, respectively,
synthesized. The routes of synthesis and further conversions of HCAs are shown in Figure 1. Some of them ar

particular interest since they display various confirmed biological activities and are widespread in plants.
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Figure 1. Biosynthesis and structures of naturally occurring hydroxycinnamic acids and curcumin.

| 2. Foods of Plant Origin

HCAs are ubiquitous in foods of plant origin and can make up about a third of the phenolic compounds in our
diet®. The predominant HCA in most fruits is caffeic acid, accounting for more than 75% of the total amount of
HCA derivatives found in plums, apples, apricots, blueberries, and tomatoesl3. However, p-coumaric acid is
predominant in citrus fruits and pineapples!®. Generally, HCAs are present in the bound form and are rarely found
in a free form. Processing of the fruits and vegetables (freezing, sterilization, and fermentation) promotes the
formation of free HCAs in plant products. The most common water-soluble derivatives of HCAs are esters between
the carboxyl group of the phenolic acid and one of the alcohol groups of the organic compound, for example,
chlorogenic acids (esters of HCAs and quinic acid), and glucosides with a glycosidic bond with the hydroxyl group

of the HCA derivative (for example, p-coumaric acid O-glucoside).

Ferulic acid is one of the most abundant phenolic compounds in the cell wall of plants. Ferulic acid can be found in

all living species, from bacteria to humans. It can be absorbed in the small intestine and excreted in the urine. The
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content of ferulic acid in plants is considerable, varying from 5 g/kg in a wheat bran to 9 g/kg in the pulp of a sugar
beet and 50 g/kg in the kernel of a corn®. It is found mainly in seeds and leaves, both in free form and covalently
linked to lignin and other biopolymers. It is usually found in the form of esters, cross-linked with polysaccharides in
the cell wall, such as arabinoxylans in herbs, pectin in spinach and sugar beets, and xyloglucans in bamboo.
Crosslinking with proteins is also possible. Ferulic acid is usually found in the highest concentration in grains and
has also been found in plant foods such as burdock, eggplant, grapefruits, oranges, soybean, and bamboo
shootsl8. Caffeic acid was found but not quantified in significant amounts in foods such as cereals and cereal
products, arabica coffee, fruits, plants, oils, grapes, and teall. Sinapic acid is found in dietary plants such as rye,

citrus and berry fruits, vegetables, cereals, and oilseed crops!&l2i19],

The daily intake of caffeic and ferulic acids in humans is estimated to be 500-1000 mg from fruits, vegetables,
grains, bran, beer, and coffeelll. HCAs in a free form are absorbed by monocarboxylic acid transporters in the
mucous membrane of the gastrointestinal tract. The absorption efficiency largely depends on the affinity of the
compounds for monocarboxylic acid transporters, and when HCAs were administered to rats, it was shown that the
affinity scale grows in the order of caffeic acid < p-coumaric acid = ferulic acid2. The peak plasma content for

ferulic acid is reached 5-10 min after oral administration12123]

3,4-DMCA and its derivatives, which are components of black coffee, and especially green coffee beans, are

noteworthy[24I15I16I[17][18] These compounds are bioavailable and active in the body through the use of coffeel2
20],

In fact, the plant Coffea canephora var. robusta contains a higher level of 3,4-DMCA (X +SD: 0.433 + 0.15, in the
range of 0.237 to 0.691 g/kg) than Coffea arabica (X +SD: 0.059 + 0.03, in the range from 0.016 to 0.095 g/kg)2L.

3,4-DMCA is of particular interest because it appears in large quantities (~380 nM for 60 min) in human blood
plasma after coffee uptake, despite the low concentration in the coffee extract. Ferulic acid also appears in plasma
in a free form after coffee consumption. Interestingly, 3,4-DMCA constitutes only 3% of the ferulic acid content in
coffee extract, but its concentration reaches 2.4-times higher than that of the ferulic acid in blood plasma after
drinking coffeel®. The 3,4-DMCA in coffee extract is found as a conjugate with quinic acid, but after ingestion of
coffee, all 3,4-DMCA is found in free-form in plasma samples2. It has been shown that hydrolysis of 3,4-DMCA
derivatives by intestinal esterases occurs in the small intestine(22),

Finally, it is worth mentioning curcumin (diferuloylmethane), which is not formally a HCA derivative, but has
common structural features with them (Figure 1). Curcumin is a natural dye and is derived from the roots of the
Curcuma longa plant. A previous study has shown the ability of curcumin to overcome the blood-brain barrier,

which indicates its potential to be used for the prevention and treatment of various neurodegenerative diseases!23!.

3. Synthesis and Properties of Natural and Synthetic
Hydroxycinnamic Acid Derivatives
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There are three major routes for the preparation of the fundamental cinnamic acid scaffold: carboxyl group
formation, synthesis of a propenoic acid fragment or addition of an aromatic radical on the propenoic acid
moiety24l, The most common and straightforward methods for the synthesis of cinnamic acid itself is via the Perkin
reaction?® or Knoevenagel condensation[28! starting from benzaldehyde (Figure 2). Even though the latter
procedure can also be used for the synthesis of HCA derivatives, many other methods for constructing a cinnamoyl
moiety have been also developed (Figure 2), e.g., reaction of benzaldehydes with Meldrum’s acid in the presence
of catalytic amounts of 2-carbamoylhydrazine-1-sulfonic acid and carbamoylsulfamic acid2d, Wittig olefination
reaction of benzaldehydes(28l23 Heck coupling of aryl halides or benzoic anhydride with alkenes2 [56], and
straightforward synthesis from aromatic aldehydes, aliphatic carboxylic acids and boron tribromide using 4-
dimethylaminopyridine and pyridine as bases2. Here, we will focus only on synthetic methods for the preparation

of HCAs and their derivatives.
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Figure 2. The most common classic (in black) and novel (in blue) synthetic methods for the synthesis of cinnamic
acid moieties. Py, pyridine; Pip, piperidine; TEA, triethylamine; 4-DMAP, 4-dimethylaminopyridine; NMP, N-methyl-
2-pyrrolidone; [C6PY]CI, N-hexylpyridinium chloride.

In the past ten years, there has been a trend to replace the classic synthetic methodologies with novel and
preferably eco-friendly/green procedures involving mild reaction conditions, minimal waste and low energy
consumption. One successful eco-sustainable example is visible light photoredox catalysis (Figure 3), which
implements visible light as a clean and cheap energy source, and CBr, in alkaline aqueous solution providing the
carboxylic acid moiety. (E)-4-(2-nitrovinyl)phenol and CBr, as coupling partners were thus used for a highly
stereoselective synthesis of (E)-p-coumaric acid in high 83% vyield®2. New green chemistry approaches have
commonly employed water as the main solvent. Thiemann and coworkers described the Wittig reaction between 4-

hydroxybenzaldehyde and ethoxymethylidenetriphenylphosphorane in 10% aqueous sodium hydroxide (Figure 3),
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which enabled one-pot olefination-hydrolysis sequence reactions leading to p-coumaric acid in situ in 74% yield22,
The main methoxycinnamic acids were also synthesized, e.g., 3,4-dimethoxycinnamic acid (3,4-DCMA) was
obtained in excellent 96% vyield. Similarly, alkaline aqueous solution was used for the Heck coupling reaction
between 4-iodophenol and acrylic acid, in which p-coumaric acid was prepared in excellent 95% vyield in the
presence of potassium hydroxidel23l. A green chemistry approach employing edible fruits and vegetable, liqueurs,
and waste waters (buttermilk and residues of olive processing) as solvents with Meldrum’s acid and appropriate
aldehyde under ultrasound irradiation provided p-coumaric, caffeic and ferulic acids in excellent yieldsE4l. Another
modern strategy was to perform the reactions under solvent-free conditions. One such example was developed by
van Schijndel and coauthors using environmentally benign amines or ammonium salts which afforded a,f-
unsaturated acids from corresponding benzaldehydes and malonic acid via Knoevenagel condensation. Sinapic,
ferulic and p-coumaric acid were prepared in moderate to high yields from 3,5-dimethoxy-4-hydroxy-, 3-methoxy-4-
hydroxy- and 4-hydroxy-benzaldehydes, respectively; however, with higher temperatures (i.e., 140 °C), second
decarboxylation usually occurred®2. Recently, van Schijndel and coauthors published a similar procedure at 90 °C
that led to aforementioned HCAs in excellent yields (Figure 3) 28, Furthermore, to limit the decarboxylation of the
resulting HCAs, another approach employing microwave irradiation was presented in the literature. Microwave-
assisted Knoevenagel-Doebner condensation of various para-hydroxybenzaldehydes with malonic acid and
piperidine as a base in dimethylformamide (Figure 3) afforded p-coumaric, caffeic, ferulic and sinapic acids in 92,
85, 89, and 90% yield, respectivelyl. Furthermore, the addition of tetrabutylammonium bromide (TBAB) in
Knoevenagel reaction afforded quick, economic and eco-friendly microwave-assisted synthesis of p-coumaric acid
from 4-hydroxybenzaldehyde and malonic acid in 72% vyield using potassium carbonate as a base and distilled
water as a solvent(28l, p-Coumaric, 4-methoxycinnamic and 3,4-dimethoxycinnamic acids were also synthesized in
80, 85 and 92% yield in solvent-free conditions and microwave irradiation using polyphosphate ester as a reaction
mediator and catalysti22. Recent studies on HCA synthesis have also focused on the development of novel
catalysts for Knoevenagel-Doebner condensation or the Heck reaction (Figure 3), e.g., nanochannels of hexagonal
mesoporous carbon nitride with optimized pore sizes4d4 amphiphilic and hyperbranched polymer-functionalized
magnetic nanoparticles with palladium[2, and bismuth(lll) chloride3]. Using these catalysts, all major HCAs and
methoxycinnamic acids were synthesized (Figure 3). The reaction of aryl iodides in NaOH (aq) with copper as a
catalyst and I-(-)-quebrachitol as a ligand (Figure 3) afforded ferulic, isoferulic and 3- and 4-coumaric acids in high
yields®4l. Another interesting approach was combining microwave and ultrasound irradiation to accelerate the
Knoevenagel-Doebner reaction in aqueous media#2. The optimized green method provides the rapid synthesis of
HCAs with low energy consumption, minimal waste and without any organic solvents and expensive catalysts. One
recent synthetic methodology also employed a recyclable silicon-containing biphenyl-based template affording the
Pd-catalyzed para C-H functionalization of numerous phenolic compounds as starting materials (e.g. phenol and 2-
methoxyphenol were converted to p-coumaric acid and ferulic acid in both 4 steps and 47% yields, respectively)48l,
And last but not least, HCAs and derivatives can also be prepared via enzymatic reactions2Z48l49]  most

commonly performed by microbes, e.g., bacteria.
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Figure 3. Novel synthetic methods for the synthesis of HCA derivatives (reagents are presented in black, yields
and substituents in blue). I-Que, I-(-)-quebrachitol; LED, light emitting diode; MW, microwave irradiation; DMF,
dimethylformamide; SMUI, simultaneous microwaves-ultrasound irradiation; US, ultrasound; TBAB,
tetrabutylammonium bromide; PPE, polyphosphate ester; HMCN, hexagonal mesoporous carbon nitride;
Fe;O,@PCA/Pd(0)-b-PEG, hyperbranched poly(ethylene glycol)-block-poly(citric acid)-functionalized Fez0,4
magnetic palladium nanoparticles; EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide; DCC,
dicyclohexylcarbodiimide; BOP, benzotriazol-1-yloxy)tris(dimethylamino)phosphonium  hexafluorophosphate;
HATU, 1-(bis(dimethylamino)methylene)-1H-[1,2,3]triazolo[4 ,5-b]pyridine-1-ium 3-oxide hexafluorophosphate;
DIAD, diisopropyl azodicarboxylate.

Natural HCAs possess numerous biological activities that have been extensively reviewed in several
publicationsPUBLB2ESIBAESISEIEABE] |y the last 20 years, the chemistry-driven derivatization of HCAs has led to a
large number of semi-synthetic and synthetic HCA derivatives. In order to obtain specific biological effects, HCAs
were most commonly converted to corresponding esters or amides. For example, an ester of p-coumaric acid
(methyl (E)-(3-(4-hydroxyphenyl)acryloyl)-I-phenylalaninate) and two esters of caffeic acid (dibenzyl (E)-(3-(3,4-
dihydroxyphenyl)acryloyl)-lI-aspartate and methyl (E)-(3-(3,4-dihydroxyphenyl)acryloyl)-l-alaninat) were synthesized
by condensation of the corresponding cinnamic acids with amino acid esters using 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC), 1-hydroxybenzotriazole (HOBT), and triethylamine in methylene chloride
[85]. The first two HCA esters exhibited anti-atherosclerotic activity via inhibitory effects on acyl-CoA:cholesterol
acyltransferase involved in cellular cholesterol storage and transport, and inhibition of LDL-oxidation and high-
density lipoprotein particle size rearrangement®2, The same coupling method (for the synthesis of amides) or
alternative esterification utilizing diisopropyl azodicarboxylate and triphenylphosphine was used for preparation of a
series of caffeic, ferulic and p-coumaric acids amides with biogenic amines (serotonin, dopamine, tyramine,
vanillylamine) or esters with 3,4-dihydroxyphenethyl, 4-hydroxyphenethyl, and phenethyl alcohols®¥, Compounds
containing catechol, o-methoxyphenol or 5-hydroxyindole moieties exhibited potent 1,1-diphenyl-2-picrylhydrazyl

free radical scavenging activity (amides more potent than esters). Some HCA derivatives also showed potent and
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selective MAO-B (phenethyl (E)-3-(4-hydroxyphenyl)acrylate being the most potent one) or moderate BChE (e.g.,
3,4-dihydroxyphenethyl (E)-3-(4-hydroxyphenyl)acrylate) inhibitory activity®. The synthesis of phenethyl E-3-(4-
hydroxy-3-methoxyphenyl)acrylate and E-3-(4-hydroxy-3-methoxyphenyl)-N-phenethylacrylamide from ferulic acid
with phenethyl alcohol and phenethylamine, respectively, was performed via indirect reaction, including acetylation
for hydroxyl group protection, acid chloride formation, esterification/amidation, and deacetylation as a deprotection
reaction®l. Both compounds showed anticancer activity against P388 murine leukemia cells. Other coupling
reagents, ie., benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate(BOP), 1-
(bis(dimethylamino)methylene)-1H-[1,2,3]triazolo[4,5-b]pyridine-1-ium 3-oxide hexafluorophosphate (HATU), and
dicyclohexylcarbodiimide (DCC) have been used for the preparation of ferulicl82 and caffeic acid esters and
amides3, The nucleophilic hydroxyl groups were often protected via acetylation by acetic anhydride in the
presence of pyridine BLI64165] or other bases8l7, Other methods for the preparation of HCA esters and amides

have been used and were thoroughly reviewed by de Armas-Ricard and co-authors in 2019162!,

As previously described, esters and amides of coumaric, ferulic and caffeic acid possess numerous biological
activities, e.g., antioxidant28IEZIBAESIE8IEAT0]  gnticancer®2EL68]  gntibacterial28LZ2I73] - gntifungallZ4I7376]
antiviralR8IB47] - gnti-inflammatoryZ8IlZABY  and many other activities®8lB1B2l The most commonly described
health beneficial properties of HCAs and their derivatives is antioxidant activity due to the phenolic hydroxyl
group(s) on the main aromatic ring, which possess(es) the ability to react with free radicals and reactive oxygen
species forming a resonance-stabilized phenoxyl radical. Furthermore, propenoic side chain involvement in the
stabilization of a phenoxyl radical via a conjugated double bond also contributes to antioxidant properties of
HCAsBSIES! Their antioxidant potential is affected by substituents on the phenyl ring (e.g., methoxy group on

position 3 increases the antioxidant potency due to electron-donating properties).

The substitution on the aromatic ring has also a high impact on their physico-chemical properties. Among the main
cinnamic acid derivatives, higher solubility was observed for caffeic acid, followed by ferulic and trans-cinnamic
acids due to the extent of hydrogen bonding with water—a higher number of hydroxyl groups leads to increased
association interactions with water4. The hydroxy substituent also shows a significant impact on the acidity of
HCAs[Y. For coumaric acids, the pKa values for carboxylic acid group (pKa,) increases in the following order: orto
< meta < para (4.11, 4.49 and 4.70, respectively), whereas for phenolic group (pKa,) the m-coumaric acid is the
least acidic (pKa, = 10.39)[E3l, On the other hand, the apparent acid dissociation constants (PKagpp) of trans-

cinnamic, ferulic and caffeic acids were determined as 4.55, 4.61 and 4.77, respectively84],
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