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Brønsted Acid Catalyzed Tandem Defunctionalization of 

Biorenewable Ferulic acid and Derivates into Bio-catechol 

Jeroen Bomon,[a] Elias Van Den Broeck,[b] Mathias Bal,[a] Yuhe H. Liao,[c] Sergey Sergeyev,[a] 

Veronique Van Speybroeck,[b] Bert F. Sels,[c] and Bert U. W. Maes[a]* 

Abstract: An efficient conversion of biorenewable ferulic acid into 

bio-catechol has been developed. The transformation comprises two 

consecutive defunctionalizations of the substrate, i.e. C-O 

(demethylation) and C-C (de-2-carboxyvinylation) bond cleavage, 

occurring in one step. The process only requires heating of ferulic 

acid with HCl (or H2SO4) as catalyst in pressurized hot water 

(250 °C, 50 bar). The versatility is shown on a variety of other 

(biorenewable) substrates yielding up to 84% di- (catechol, 

resorcinol, hydroquinone) and trihydroxybenzenes (pyrogallol, 

hydroxyquinol), in most cases just requiring simple extraction as 

work-up. 

With the decline of petroleum feedstock and the necessity to 

reduce CO2 emission, society must innovate to discover new, 

more sustainable means to meet the needs of an ever 

expanding world population.
[1]

 The manufacture of products 

based upon (bio)renewable resources is one of the ways to 

address this.
[2]

 Particularly, (hemi)cellulose derived products 

have already been investigated intensively and found mature 

applications in industry.
[3]

 However, these bio-polymers do not 

contain aromatic moieties, requiring other parts of plant tissue to 

produce these key entities in chemical industry. BTX, obtained in 

oil refinery with 60 megatons·year
-1

,
[4]

 is the current arene 

source of the chemical industry. Fractions thereof are 

transformed into building blocks of higher oxidation state and 

used in the production of a variety of plastics, rubbers, and other 

materials.
[5]

 Biorenewables offer the potential to access 

intermediates toward these building blocks directly in the right 

oxidation state as a result of high functionality. 

 

One particularly interesting biorenewable aromatic compound is 

ferulic acid (1a), found in plant cell walls covalently linked to 

(hemi)cellulose and lignin.
[6]

 In most cases, it is obtained as a 

waste compound of the rice industry, by extraction from rice 

bran,
[7]

 and therefore readily available on a large scale. Rice 

bran derived 1a is used by Solvay to produce vanillin industrially 

(‘Rhovanil Natural’) by biocatalysis (i.e. fermentation).
[8]

 

Interestingly, 1a contains a 4-substituted catechol moiety as 

core structure. Catechol (2) is a major commodity chemical 

(20 ktons·year
-1

) petrochemically mainly produced through 

hydroxylation of phenol,
[5c]

 synthesized from benzene via the 

cumene Hock process. 2 is used in a wide range of applications 

(i.e. anticorrosion agent, antioxidant, chelating agent, detergent) 

and as a raw material for pharmaceuticals, pesticides, flavours, 

fragrances and polymer synthesis.
[5c]

 ‘Unlocking’ the catechol 

core from 1a may be a great opportunity but challenging, given a 

sequence of two defunctionalization steps, i.e. O- and C-

dealkylation, is required. Metabolic pathways in fermentative 

processes involving such cascade have been described, but 

complex reaction mixtures were obtained resulting in a difficult 

isolation of 2, with a yield less than 9% and low titer (Scheme 

1a).
[9]

 Bio-catechol manufacturing using such a biological 

approach may therefore not be favorable from a synthetic point 

of view.  

?

 

Scheme 1. Transformation of ferulic acid into bio-catechol and proposed key 

intermediates for O- and C-dealkylation. 

Given the industrial importance of catechol and absence of a 

one step process utilizing a biorenewable feedstock, a high 

yielding chemocatalytic pathway from ferulic acid (1a) involving 

practical isolation would be appealing (Scheme 1b). Use of 

ferulic acid as a substrate in chemical transformations is a 

serious synthetic challenge given its thermal instability – neat or 

in water – causing decarboxylation to 4-vinylguaiacol (3),
[10]

 an 

unstable and easily polymerizable styrene derivative.
[11]

 Studies 

on dealkylation of guaiacol derivatives are scarce since only two 

reports described the deallylation of eugenol into guaiacol, but 

unfortunately low yield (≈10%) and selectivity were obtained.
[12]

 

Application of these protocols on ferulic acid provided guaiacol 

below 5% yield (See SI, Section 3). Therefore another synthetic 

approach to efficiently transform 1a into catechol (2) has to be 
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searched for. We reasoned that addition of water onto the α,-

unsaturated acid moiety and protonation of the electron-rich 

arene unit of ferulic acid (1a) delivers an intermediate α 

(Scheme 1b), potentially allowing C-C bond cleavage through a 

retro vinylogical aldol reaction. To the best of our knowledge, 

such dealkylation reaction is unprecedented. In O-demethylation 

of guaiacols, protonation of the electron-rich arene is supposed 

to again play a key role (intermediate , Scheme 1b). Published 

O-demethylations of guaiacol (18) with aqueous strong acids 

support feasibility here.
[13-14]

 Interestingly, the proposed 

mechanism suggests O- rather than arene protonation as 

activation mode.
[13]

 The Michael addition, C-dealkylation and O-

demethylation theoretically all require only protons to act as 

electrophile and water as reactant and can therefore occur in a 

tandem fashion. These aspects make this novel route attractive 

from a green chemistry point of view.  

 

Preliminary experiments revealed that heating ferulic acid (1a) in 

water at 250 °C for 3 h with an initial back pressure of 50 bar N2 

led to complete decomposition (Table 1, Entry 1), in line with its 

known thermal instability at atmospheric pressure.
[10]

 This was 

also the case with addition of 20 mol% HOAc (Entry 2). 

Interestingly, catechol (2) formation was observed (Entries 3-6) 

when increasing the acid strength (H3PO4, H2SO4, HCl, HOTf). 

Unfortunately, a low yield (19-42%) and moderate selectivity 

were observed in all those cases. HCl was chosen for further 

optimization, given its abundance and low cost. Moreover, it is 

recommended based on a green acid selection guide.
[15]

 

Optimization revealed the yield of 2 was increased by 

decreasing the concentration of 1a (Entries 7-8) and increasing 

HCl loading (Entries 7, 12), with respectively 0.13 M and 

50 mol% as optimal parameters. This way, 2 was isolated in 

70% yield (Entry 7). Importantly, a high temperature is crucial for 

selectivity. Decreasing the temperature led to full decomposition 

of the substrate (Entries 7, 9-11), whereas increasing the 

temperature (e.g. to 275 °C) essentially gave the same yield 

after 2 h, even with half of the amount of acid (Entries 7, 13-14). 

For H2SO4, the highest yield of 2 (55%) was observed when 

using a stoichiometric amount of acid (Entries 15-16). The type 

of acid and amount are crucial to suppress undesired 

polymerizations, which could be confirmed via LC-MS. Full 

optimization can be found in the SI (Section 4).  

 

The optimal reaction conditions were applied on ferulic acid 

derivatives (Scheme 2). Caffeic acid (1b), isoferulic acid (1c), 

and 3,4-dimethoxycinnamic acid (1d) gave catechol (2) in a 

similar yield. Dimethoxycinnamic acid isomers (1e-h) delivered 

the expected dihydroxybenzene, i.e. 2, resorcinol (4) or 

hydroquinone (5), in 57-84% yield. No intermediates involving 

only O- or C-dealkylation were observed. Remarkably, using 

3,5-dimethoxycinnamic acid (1i) as substrate did not deliver 

resorcinol, which was also the case for 3,5-dihydroxycinnamic 

acid (1j). Interestingly, when a hydroxy group was introduced in 

the 4-position of 3,5-dimethoxycinnamic acid (1k), pyrogallol (6) 

was formed in 59% yield. These results show that an ortho or 

para relation between one of the methoxy or hydroxy groups and 

the propenoic acid moiety is crucial to allow C-dealkylation. 

 

Table 1. Selected optimization data of the acid catalyzed tandem O- and C-

dealkylation of ferulic acid (1a) into catechol (2). 

 
Entry Conc. 

(M) 
Acid 

(mol%) 
pKa Temp. 

(°C) 

2
[a]

 

(%) 

1 0.50 - - 250 0 

2 0.50 HOAc (20) 4.8 250 0 

3 0.50 H3PO4 (20) 2.2 250 19 

4 0.50 H2SO4 (20) -3.0 250 38 

5 0.50 HCl (20) -7.0 250 42 

6 0.50 HOTf (20) -15 250 35 

7 0.13 HCl (50) -7.0 250 69 (70
[b]

) 

8 1.00 HCl (50) -7.0 250 27 (27
[b]

) 

9 0.13 HCl (50) -7.0 230 25 (36
[b]

) 

10 0.13 HCl (50) -7.0 200 16 
[c]

 

11 0.13 HCl (50) -7.0 175 0 

12 0.13 HCl (25) -7.0 250 43 (49
[b]

) 

13 0.13 HCl (50) -7.0 275 58 (61
b]
) 

14 
[d] 

0.13 HCl (25) -7.0 275 65 (67
[b]

) 

15 0.13 H2SO4 (50) -3.0 250 41 (44
[b]

) 

16 0.13 H2SO4 (100) -3.0 250 49 (55
[b]

) 

Reaction conditions: amount (0.4-3.0 mmol) 1a in 3.0 mL H2O to achieve the 
given concentration.

 [a]
 
1
H NMR yield determined with dimethyl sulfone as int. 

std. For all entries, full conversion of 1a was observed. 
[b]

 Yield of isolated 
product. 

[c]
 Next to 2, 18 was obtained in 27% yield. 

[d] 
Reaction time: 2 h. 

 

Scheme 2. O- and C-dealkylation of hydroxylated and/or methoxylated 

cinnamic acid regioisomers. Isolated yields. 
[a] 

Reaction time = 4.5 h. 
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Next, we examined whether other guaiacol derivatives featuring 

different carbon chains than a propenoic acid on the aromatic 

ring can be cleaved off (Scheme 3). Esters of ferulic acid 

reduced the yield of catechol (2) with increasing chain length 

(methyl (8a), ethyl (8b) and propyl (8c) ester), linked to substrate 

solubility. Chlorogenic acid (9), involved in lignin’s 

biosynthesis,
[16]

 delivered 2 in 41% yield. Lacton esculetin (10), 

the main active ingredient of the traditional Chinese medicine 

Cortex Fraxini,
[17]

 gave hydroxyquinol (7) with a yield of 56%. 

Other propenyl containing substrates, i.e. coniferylalcohol (11), 

isoeugenol (12a), eugenol (12b) and ortho-eugenol (12c), also 

cleaved with the formation of 2 in yields ranging from 42 to 65%. 

Curcumin (13) is a registered food additive (E100) made up of 

two ferulic acid molecules in its biosynthesis.
[18]

 It contains an 

α,β- and an α,β,γ,δ-unsaturated carbonyl chain, each connected 

to a guaiacol unit. Interestingly, our standard conditions also 

allowed C-C bond cleavage affording 2. 4-Vinylguaiacol (3), the 

known product for thermal decomposition of 1a,
[10a]

 was also 

cleaved into 2. Therefore, transformation of 1a in 2 via 3 is also 

a possible reaction pathway. However, the significant difference 

in yield of 2 starting from 1a (70%) and 3 (40%) indicate that this 

cannot be the only pathway. Moreover, when the reaction was 

performed under 50 bar of a mixture of CO2:N2 (60:40) rather 

than N2, a similar yield of 2 (72%) was observed further 

supporting that decarboxylation is not an important process 

under our conditions. This points to addition of water onto the 

α,-unsaturated acid moiety forming intermediate α (Scheme 1b) 

hereby protecting it from decarboxylation into 3. It is worth 

mentioning that for all these substrates in Scheme 3 the 

optimized reaction conditions for the defunctionalization of ferulic 

acid were applied (Table 1, Entry 7) without any further 

optimization. Fine tuning of the reaction conditions for individual 

compounds will further improve the yields. This is exemplified by 

applying alternative conditions, involving 100 mol% H2SO4 

(Table 1, Entry 15) which sometimes gave a higher yield (8a, 9, 

12b, 12c, 13) (Scheme 3). For all substrates, except 9 and 10, 

simple work-up with extraction (no column chromatography) 

suffice, beneficial for the green credentials of the 

methodology.
[19]

 Considering temperature was crucial in the 

transformation of 1a into 2, we have selected four other 

substrates (3, 12a, 12b and 13) to evaluate this effect. At 

150 °C, under otherwise optimal reaction conditions, full 

decomposition of the substrate was observed in all cases, as 

noted for 1a (Table 1, Entry 11). No catechol (2) could be 

detected in the crude reaction mixtures. 

 

 

Scheme 3. O- and C-dealkylation of C-substituted catechol and guaiacol 

derived substrates. Isolated yields. 
[a]

 Column chromatography. 

4-Propylguaiacol (14) produced 4-propylcatechol (16) in 97%, 

while unsaturated derivatives eugenol (12b) and isoeugenol 

(12a) exclusively gave catechol (2) (Scheme 4). Dihydroferulic 

acid (15), featuring a propanoic acid, transformed into 

dihydrocaffeic acid (17) in 82% yield without showing any C-

defunctionalization, while unsaturated derivative ferulic acid (1a) 

exclusively gave 2 under the same conditions. Unsaturation in 

the side chain is thus primordial for the C-dealkylation.
[20-21]

 

 

 

Scheme 4. O-demethylation of C-substituted guaiacol derivatives.  

The proposed mechanism of the O- and C-dealkylation reaction 

of guaiacol derivatives is exemplified on ferulic acid (1a), 

isoeugenol (12a), and eugenol (12b) (Scheme 5). Treatment of 

substrate with acid in water leads to the formation of a benzylic 

alcohol A through addition of water to the alkene. The phenolic 

hydroxy group directs protonation on the carbon atom ipso to the 

alkyl chain. The obtained intermediate B then allows C-C bond 
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cleavage via a retro vinylogical aldol reaction, delivering 

guaiacol (18) and aldehyde 19 or 20. First principle static and 

dynamic molecular simulations support the proposed C-

dealkylation (See SI, Section 8). These calculations also 

revealed that this cleavage reaction is in competition with proton 

transfer of unstable intermediate B to the solvent, yielding C, 

which can reprotonate. The O-demethylation reaction of 18 is 

initiated by protonation of the arene into D. Subsequent addition 

of water gives hemiacetal E, which upon elimination of methanol 

provides 6-hydroxycylohexa-2,4-dien-1-one (F), in which 

aromaticity is restored via tautomerization to deliver 2. 

Intermediates D, E and F were confirmed by theoretical 

calculations (See SI, Section 8). These also indicated O-

demethylation via SN2 of water on D is not favored. Moreover, 

demethylation initiated via C-arene rather than O-protonation is 

uncommon.
[13]

 O- and C-dealkylations may also occur in the 

reverse order. 

 

Model substrates were selected to further support the 

mechanism experimentally (Scheme 6). This study was 

performed with different veratrole rather than with guaiacol 

derivatives. 3,4-Dimethoxycinnamic acid (1d) transformed into 

catechol (2, 72%) (Scheme 6A). Gratifyingly, methanol (87%) 

was also observed in the crude reaction mixture before 

extraction. Benzylic alcohol 21, also allowed cleavage into the 

same reaction products, supporting its potential role as 

intermediate formed by addition of water on the alkene moiety of 

1d (6B). However, it still remains unclear whether 21 is an 

intermediate in the C-dealkylation reaction mechanism as it can 

eliminate into 1d. Therefore 22 was selected, featuring geminal 

methyl groups at the β-carbon atom, blocking elimination (6C). 

This compound also cleaved into catechol and methanol, 

showing that the benzylic alcohol and not the alkene is indeed 

crucial in C-C cleavage. In none of the reactions 6A-C, the 

proposed aldehyde by-product 19 or 23 was observed in the 

crude reaction mixture. -oxopropenoic acids undergo 

decarboxylation at elevated temperature, leading to the 

formation of acetaldehyde and isobutyraldehyde which are 

volatile compounds, furthermore prone to polymerization.
[22]

 This 

is supported with the complete decomposition of acetals 27 

under the reaction conditions (6E), yielding ethanol as the only 

observable product. To prove the involvement of an aldehyde, 

another substrate was designed in which the carboxylic acid 

function was replaced by a methyl group (6D). Gratifyingly, 24 

delivered catechol (2), methanol and methyl isopropyl ketone 

(26) as reaction products. 26 is a rearrangement product of 

pivaldehyde (25), which was confirmed in an independent 

reaction (6F).
[23]

  

 

 

Scheme 5. Proposed mechanism for the O- and C-dealkylation of ferulic acid 

(1a), isoeugenol (12a) and eugenol (12b) into catechol (2). 

 

Realizing that a benzylic alcohol is primordial in the C-C bond 

cleavage process, we looked into the behavior of lignin model 

compound 28a,
[24]

 which contains lignin’s most abundant β-O-4 

bond (Scheme 7).
[2]

 Under the standard conditions, 33% 

catechol (2) could be detected which increased to 53% when 

halving the HCl loading. Interestingly, methanol was obtained as 

by-product from O-demethylation. Model compound 28b, 

containing a guaiacol and a syringol unit cleaved into 2 (28%) 

and pyrogallol (6) (36%). Literature reports on β-O-4 model 

compound cleavage with mineral acids leads to C-substituted 

guaiacol and syringol derivatives, without removing the whole 

carbon chain.
[25]

 These proceed via a benzylic cation 29 at α, 

inducing cleavage into C2 and C3 fragments. Use of H2SO4 in 

water at 150 °C for example yielded 23% 18, 12% ketone 30 

and 3% aldehyde 31,
[23d]

 while under our conditions at 250°C 

25% 2 and 69% methanol were formed. This remarkable 

difference observed is due to the protonation of the arene ring, 

allowing an alternative cleavage from 28. Similarly, O-

demethylation is induced by arene protonation, rationalizing why 

it is not observed in the literature procedures on lignin model 

compounds.
[25]

 Hot pressurized water is known for its special 

features, including increased acidity, presumably responsible to 

access B and D.
[26]
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Scheme 6. Supporting experiments for the mechanism in Scheme 5. 
1
H NMR 

yields of the crude reaction mixture, measured with suppression of the water 

signal and with dimethylsulfone as internal standard. 

 

 

Scheme 7. O- and C-dealkylation of β-O-4 lignin model compounds 28 with 

mineral acids. 
1
H NMR yields with dimethyl sulfone as int. std. 

[a]
 Yield of the 

isolated product: 42%. 

 

In conclusion, we have developed a novel tandem reaction for 

the O- and C-defunctionalization of ferulic acid into bio-catechol 

catalyzed by Brønsted acids in hot pressurized water. The 

versatility of the method is demonstrated by accessing various 

dihydroxy- and trihydroxybenzenes from other (natural) 

substrates, in most cases only requiring simple extraction of the 

reaction mixture as work-up. A benzylic alcohol (intermediate) 

proved to be crucial in the C-dealkylation reaction. The by-

product of C-dealkylation is the corresponding aldehyde, while 

for O-demethylation this is methanol. Considering the 

defunctionalization process involves several reactions, the yields 

obtained are good. When applying this method on lignin model 

compounds, featuring lignin’s most abundant β-O-4 bond, 

catechol and pyrogallol were also formed. 
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