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Synthesis of valuable benzenoid aromatics 
from bioderived feedstock

Shasha Zheng    1, Zhihong Wei    2, Bartosz Wozniak    1, Fabian Kallmeier1, 
Eszter Baráth    1, Haijun Jiao    1  , Sergey Tin    1   & Johannes G. de Vries    1 

Aromatic chemicals play indispensable roles in our daily lives, having 
broad applications in household goods, textiles, healthcare, electronics 
and automotive, but their production currently relies on fossil resources 
that have heavy environmental burdens. Synthesis of aromatic chemicals 
from bio-based resources would be a viable approach to improve their 
sustainability. However, very few methods are available for achieving 
this goal. Here we present a strategy to synthesize aromatics from 
5-hydroxymethylfurfural (HMF), an organic compound derived from 
sugars under mild conditions. HMF was first converted in two high-yielding 
steps into 2,5-dioxohexanal (DOH), a novel C6-compound containing 
three carbonyl groups. Subsequently, acid-catalysed intramolecular aldol 
condensation of DOH in the presence of secondary amines selectively 
produced a range of bio-based 4-dialkylamino substituted phenols and 
1,4-di-(dialkylamino)benzenes (Wurster’s blue analogues) in 15–88% yields. 
In the absence of amines, the industrially important hydroquinone was also 
synthesized from DOH under acidic conditions. Using a similar approach 
where 4,5-dioxohexanal was the intermediate, we were also able to prepare 
catechol, a compound with important industrial applications, from HMF. 
The proposed approach can pave the way for the production of sustainable 
aromatic chemicals and move their industrial applications closer to 
achieving a bioeconomy.

Benzenoid aromatics are ubiquitous in human society, with many appli-
cations in household goods, textiles, healthcare, electronics, automo-
tive and others. The importance of aromatics in industry is further 
manifested by the size of the benzene, toluene, xylenes (BTX) market, 
which was 95 million metric tons per year in 2012 and has been growing 
at an average of 3% per year1,2. The current production of benzenoid 
aromatics is still completely dependent on fossil oil, which is associated 
with a number of environmental problems, in particular the formation 
of the greenhouse gas CO2. Thus, there is a clear need for new meth-
odology that allows the production of aromatics based on renewable 
resources. Lignocellulose in the form of wood or agro-waste, as well as 
its constituents including cellulose, hemicellulose, the carbohydrates 

that form their building blocks and lignin can be considered as sustain-
able raw materials. In this Article, we report on a new methodology to 
produce aromatics from sugars.

Whereas many economic routes for the production of aliphatic 
chemicals from biomass have been developed over the past decades3–6, 
very few high-yielding methods are available for the sustainable pro-
duction of aromatics such as BTX, phenols and anilines from renewable 
resources7–9.

Catalytic pyrolysis of lignocellulosic biomass delivers a mixture 
of products around 23% of which is aromatics10. Aromatics could in 
principle also be produced from lignin11,12, but this requires a yet not 
commercially available clean source of lignin (organosolv); even then, 
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an overall aromatics yield below 20% (Fig. 1b)10,28–30. In 2018, Deuss 
and co-workers reported the selective formation of 1,2,4-benzenetriol 
directly from HMF (Fig. 1c)31. At high temperature (400 °C), an aque-
ous HMF solution produced 1,2,4-benzenetriol at 54% yield under 
high pressure (>120 bar) in the presence of ZnCl2 as catalyst31. This 
is a clear improvement from a previously reported methodology32. 
In 2020, a similar method to produce aromatics from HMF at 300 °C 
was reported, catalysed by excess acid (>1,000 equivalents of acetic 
acid (HOAc))33. Besides 51% of 1,2,4-benzenetriol, 4% of hydroquinone 
was also observed33. Despite the good selectivity, this method suffers 
from harsh conditions (high temperature and a large excess of HOAc). 
In addition, the obtained 1,2,4-benzentriol was found to be unstable 
under air (dimerization) and thus far has not been put to any com-
mercial applications34.

Here we describe the development of a new pathway to bio-based 
aromatics from HMF via 2,5-dioxohexanal (DOH) as intermediate. In 
the presence of trifluoroacetic acid (TFA), DOH reacted with second-
ary amines and produced a series of 4-substituted phenols tolerating 
various functional groups in high selectivity. When TFA was replaced by 
HOAc, DOH reacted with two molecules of amine and formed a couple 
of 1,4-di-(dialkylamino)-substituted benzenes, commonly identified as 
Wurster’s blue analogues. In the absence of amine, DOH was converted 
to hydroquinone, an important bulk chemical that has application in 
photography and as polymerization inhibitor, as anti-oxidant and raw 
material for dyes, pigments, agrochemicals and pharmaceuticals35,36. 
Similarly, aldol condensation of 4,5-dioxohexanal (DOA) under acidic 

yields of pure products are still rather low13. Aromatization of renew-
able hydrocarbons such as biogas14 or alcohols15 is another possibility, 
but here, the main obstacle is the rapid deactivation of the catalyst 
through coking. Methyl ketones such as acetone can be trimerized to 
1,3,5-trisubstituted benzenes via an aldol-based cyclotrimerization 
reaction16–18. Perhaps the most successful approach towards renew-
able aromatics has been via Diels–Alder (DA) reactions on alkylfurans 
derived from 5-hydroxymethylfurfural (HMF) or furfural (Fig. 1a)19,20. 
With all six carbons originating from glucose or fructose, HMF is con-
sidered to be an outstanding candidate among the platform chem-
icals21. A range of aromatic compounds have been synthesized via 
the DA approach, such as, p-xylene22,23, toluene23, benzene23, phthalic 
anhydride24 and m-xylylenediamine25. However, DA reactions are 
highly dependent on the alkyl substituents in the furan ring, hence 
the yields of p-xylene are quite good, whereas the yields of toluene 
from 2-methylfuran and benzene from furan are much lower23. Since 
p-xylene is mainly used as a precursor for terephthalic acid, the initial 
reduction of the side chains followed by the later oxidation seems 
rather wasteful; however, the DA reaction either does not work or works 
very poorly on oxygenated variants of 2,5-dimethylfuran26. Besides, the 
electron-deficient nature of dienophiles required in the DA reactions 
limits the scope of accessible aromatic products.

Bio-based aromatics have also been prepared through catalytic 
pyrolysis of HMF derivatives, including furan, 2-methylfuran and 
2,5-dimethylfuran10,27–30. However, this method produces a bio-oil 
containing BTX and other alkylated benzenes and naphthalenes with 
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Fig. 1 | Synthesis of bio-based aromatics from HMF. a, DA/dehydration reaction. b, Catalytic pyrolysis. c, Deuss’ method. d, This work. The coloured balls signify 
different substituents.The dotted boxes signify the essence of this paper.
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Fig. 2 | Optimization of the reaction conditions. a, Reaction of DOH and 1a.  
b, Solvent. Reaction conditions: DOH (0.1 mmol), 1a (2.0 equiv), solvent (0.5 ml), 
r.t., overnight. c, Additives. Reaction conditions: DOH (0.1 mmol), 1a (2.0 equiv),  
THF (0.5 ml), additives (1.0 equiv), r.t., overnight. a66 °C; b1,4-dioxane (0.5 ml), 
101 °C. d, Amount of 1a with HOAc (1.0 equiv) as catalyst. Reaction conditions: 
1st step: 1a, THF (0.2 ml), HOAc (1.0 equiv), r.t., 5 min; 2nd step: DOH (0.1 mmol), 
THF (0.3 ml), 66 °C, overnight. e, Amount of HOAc. Reaction conditions: 1st 

step: 1a (6.0 equiv), THF (0.2 ml), HOAc, r.t., 5 min; 2nd step: DOH (0.1 mmol), 
THF (0.3 ml), 66 °C, overnight. f, Amount of 1a with TFA (1.0 equiv) as catalyst. 
Reaction conditions: DOH (0.1 mmol), THF (0.5 ml), 1a, TFA (1.0 equiv), 
66 °C, overnight. g, Comparison of reaction in THF and 1,4-dioxane. Reaction 
conditions: DOH (0.1 mmol), solvent (0.5 ml), 1a (6.0 equiv), TFA (1.0 equiv), 
66 °C (101 °C using 1,4-dioxane as solvent), overnight.
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condition led to the formation of catechol, a synthetic precursor in 
the fine chemical industry37. Bio-based catechol can also be prepared 
by microbial conversion of d-glucose followed by chemical decar-
boxylation at 190–310 °C at 24–43% yield38. Synthesis of benzenoid 
aromatics by intramolecular aldol condensation of a C6 fragment is 
unprecedented.

Results
Following the procedures reported recently by our group39,40, DOH 
was synthesized from HMF via 1-hydroxy-2,5-hexanedione (HHD) 
as intermediate through Ir-catalysed hydrogenation followed by 
Cu(I)-catalysed oxidation in 70% and 93% isolated yields, respectively. 
It is worth noting that HHD had already been synthesized from HMF 
at 98% yield41.

The proposed pathway to form aromatics from DOH is shown in 
Fig. 1d: aldol condensation and concomitant cyclization of DOH leads 
to intermediate I, which would immediately undergo dehydration to 
intermediate II. Subsequently, keto-enol tautomerization would result 
in the formation of hydroquinone (Fig. 1d).

4-Substituted phenols and 1,4-di-(dialkylamino)- 
benzenes from DOH
Our attempts to cyclize DOH started by screening a range of organic 
and inorganic bases to effect the intramolecular aldol condensation 
(Supplementary Table 1). l-Proline (Supplementary Table 2) and thio-
urea catalysts (Supplementary Table 3) were also tested. In all trials, 
neither the desired hydroquinone nor cyclic intermediate I (Fig. 1d) was 
observed. Excitingly, when pyrrolidine 1a was added to the solution of 
DOH in tetrahydrofuran (THF) at room temperature (Supplementary 
Table 2, entry 32–33), 1,4-dipyrrolidinylbenzene (2a) was observed in 
18% yield along with 2% of 4-pyrrolidinylphenol (3a).

Encouraged by this result, we evaluated various parameters to 
improve the yield and selectivity towards 2a and 3a (Fig. 2a). Among 
all the tested solvents, 1,4-dioxane provided the same yields of 2a and 
3a as THF (Fig. 2b). When the solvent was replaced by toluene, ether 
(Et2O), methyl tert-butylether (MTBE), deuterochloroform (CDCl3) or 
pyridine, the yield of 2a dropped to 3–17% and 3a was produced at only 
1–2% yield. Using dimethylformamide (DMF) or dimethylsulfoxide 
(DMSO) as solvent, the yield of 3a increased to 9 and 5%, respectively, 

Fig. 3 | Simplified reaction network. The network includes the computed Gibbs free energy (ΔG, in kcal mol−1).

http://www.nature.com/natsustain


Nature Sustainability | Volume 6 | November 2023 | 1436–1445 1440

Article https://doi.org/10.1038/s41893-023-01190-w

while that of 2a decreased to 8 and 11%, respectively. No desired product 
was observed with H2O and acetone as reaction medium. We then tested 
the effects of additives on the reaction of DOH and two equivalents of 
1a in THF (Fig. 2c). The total aromatic yield was reduced when either 
acid or base was added. Interestingly, addition of one equivalent of 
HOAc to the solution of DOH and two equivalents of 1a in THF at 66 °C 
improved the yield of 3a and 2a to 9 and 21%, respectively. However, the 
reaction without any additives at 66 °C did not raise the yield compared 
with the reaction at room temperature, suggesting that hot HOAc had 
a positive effect on the reaction. It is interesting to note that addition 
of one equivalent of TFA altered the selectivity towards 3a.

Inspired by the fact that ammonium salts are known to enhance 
aldol-type reactions, we modified the reaction procedure and opti-
mized ratios between 1a and HOAc (Fig. 2d,e). A mixture of 1a and 
HOAc in THF was added to the solution of DOH in THF at 66 °C. After 
overnight reaction, gas chromatographic (GC) analysis shows higher 
selectivity towards 2a and a very low yield of 3a (5–10%, Fig. 2d). The 
yield of 2a increased from 7 to 31% when the amount of 1a was increased 
from one and a half to four equivalents and slightly improved further 
to 33% with six equivalents of 1a. Meanwhile, the overall aromatic yield 
was increased from 17 to 41%. The varying amounts of HOAc from half 
to four equivalents slightly promoted the yield of 2a from 28 to 37% 

a

c c

b

a

Fig. 4 | Substrate scope for the synthesis of bio-based aromatics. 
Reaction conditions: DOH (1.0 mmol), amine (6.0 equiv), TFA (1.0 equiv), 
1,4-dioxane (5 ml), 101 °C, overnight, isolated yield. aDOH (1.0 mmol), amine 

(6.0 equiv), HOAc (2.0 equiv), THF (5 ml), 67 °C, overnight. bNMR yield using 
1,4-dinitrobenzene as standard reference. cDOH (0.5 mmol), HOAc (2.0 equiv), 
1,4-dioxane (2.5 ml), 101 °C, overnight.

http://www.nature.com/natsustain


Nature Sustainability | Volume 6 | November 2023 | 1436–1445 1441

Article https://doi.org/10.1038/s41893-023-01190-w

and 3a from 4 to 18% (Fig. 2e). The total aromatics reached its highest 
yield (54%) using four equivalents of HOAc. Increasing the amount of 
HOAc further decreased the total aromatic yields and the selectivity 
towards 2a. The replacement of THF by 1,4-dioxane and an increase 
in temperature to 101 °C had no obvious effects on the overall yields 
(49%) but slightly decreased the selectivity to 2a (35%; Supplementary 
Table 6, entry 16).

As the result in Fig. 2c suggested that TFA altered the selectivity 
of this reaction to 3a, we then optimized the reaction conditions by 
adjusting the amount of 1a and TFA (Fig. 2f,g). Increasing the amount of 
1a from one to six equivalents slowly improved the yields of 2a and 3a, 
where the proportion of 3a to 2a declined drastically (Fig. 2f). Using six 
equivalents of 1a in THF at 66 °C with one equivalent of TFA maximized 
the yield of 3a to 41% along with a 25% yield of 2a, providing a 66% total 
aromatic yield. Switching THF to 1,4-dioxane as reaction medium and 
increasing the temperature from 66 °C to 101 °C slightly improved 
the overall aromatic yield (66 to 72%) and dramatically increased the 
selectivity to 3a (Fig. 2g). When the reaction was performed at 190 °C 
using diethylene glycol diethyl ether as solvent, an 84% yield of aromat-
ics was produced, consisting of 69% of 3a and 15% of 2a (Supplemen-
tary Table 7, entry 20). Decreasing the amount of TFA to 50 mol% and 
25 mol% resulted in an aromatics yield of 70% and 69%, respectively 
(Supplementary Table 7, entries 22 and 25).

On the basis of our results and the known aldol condensation 
chemistry, we propose a plausible reaction mechanism and com-
puted the reaction energies. All computational details are given in 
Supplementary Information and the simplified results are shown in 
Fig. 3. In our computations, we used DOH and 1a as starting materi-
als. Since several acids were found active for the reaction and 1a was 
used in excess, we used pyrrolidin-1-ium ion (1aH+) as acid. Our results 
show that the formation of 2a and 3a is highly exergonic by 17.9 and 
21.3 kcal mol−1 (Supplementary Information 6), and thus favoured 
thermodynamically.

The first step is the nucleophilic addition of 1a to the aldehyde 
group in DOH under acidic conditions producing intermediate III, 
which was confirmed by gas chromatography–mass spectrometry 
(GC–MS) analysis (Supplementary Information 9) and this step is exer-
gonic by 3.0 kcal mol−1 (Supplementary Information 7). The second 
step is the nucleophilic addition of a second molecule of 1a to either 
the 5-keto group or the iminium group in intermediate III, resulting 
in the formation of intermediates IV or IV-iso, respectively. We found 
that IV-iso is more stable than IV by 12.6 kcal mol−1 (Supplementary 
Information 8). We also observed isomer IV-iso for the piperidine 
derivate in the GC–MS analysis (Supplementary Information 9). The 
detection of intermediates III and IV supports the computed exergonic 
reaction steps. Dehydration of intermediate IV produces terminal 
olefin intermediate V and internal olefin intermediate V-iso and the 
latter is more stable than the former by 9.2 kcal mol−1. We noted that 
intermediates III, IV and V have gauche-chair conformations due to 
the intramolecular electrostatic interaction of the termini, and their 
chain-like conformers are less stable by 6.2, 9.9 and 4.9 kcal mol−1, 
respectively (Supplementary Information 7 and 8). This interaction 
also explains the catalytic function of the cyclic amine: the cationic 
intermediate favours this interaction, which would be much higher 
in energy in a simple base-catalysed aldol condensation because of 
the unfavourable cis conformation of the ketoaldehyde. The superior 
behaviour of TFA can be ascribed to its ability to enhance the forma-
tion of intermediates III, IV and V, as well as the cyclization of V due 
to its strong acidity.

The V-gauche-chair has the appropriate conformation for the 
C-C coupling and ring closure to produce intermediate VI-chair. 
Due to intramolecular electrostatic interaction of the termini and 
the resulting very short C-C distance of 2.423 Å, it is not possible to 
locate the transition state for the C-C coupling and ring closure. This 
step, forming VI-chair, is exergonic by 12.7 kcal mol−1 and favourable 

thermodynamically (Supplementary Information 9). This shows that 
the intermediate V-gauche-chair, once formed, can be easily trans-
formed to the VI-chair intermediate without any barrier. Under acidic 
conditions, the VI-chair intermediate releases one molecule of 1a and 
produces intermediate VII and this step is exergonic by 3.3 kcal mol−1. 
Subsequent deprotonation of VII by 1a leads to intermediate VIII and 
this step is endergonic by 3.6 kcal mol−1.

Intermediate VIII can undergo two different transformations 
(Supplementary Information 10). One is keto-enol tautomeriza-
tion leading to the desired mono-substituted phenol 3a. This step is 
exergonic by 14.3 kcal mol−1. The other one is an acid-catalysed reac-
tion with 1a resulting in intermediate IX and this step is exergonic by 
12.2 kcal mol−1. The subsequent deprotonation of intermediate IX by 1a 
forms the desired disubstituted product 2a and this step is exergonic 
by 5.5 kcal mol−1. Use of strong acid (TFA) enhances the tautomerization 
and results in high selectivity to 3a.

Figure 3 shows that V-gauche-chair represents the highest energy 
point on the potential energy surface (Supplementary Fig. 3) and the 
apparent Gibbs free energy barrier is 8.8 kcal mol−1. It is clear from 
these calculations that pyrrolidine (1a) plays a double role as both 
reactant and catalyst.

Table 1 | Optimization of reaction conditions for the 
conversion of DOH to hydroquinonea

Entry Acid Solvent T (°C) t (h) Yield (%)

1 BF3 ∙ 2H2O H2O 100 5 2

2 HCOOH H2O 100 26 1

3 TFA H2O 100 26 5

4 HCl H2O 100 24 2

5b HOTf H2O 100 22 0

6 TFA d6-DMSO 120 1 <1

7 TFA Dioxane 100 24 2

8 TFA 1-butanol 120 3 1

9 TFA Isobutanol 100 3 0

10 TFA Cyclohexane 80 1.5 <1

11 TFA Toluene 120 1 5

12c TFA PhCF3 100 5 6

13d TFA Mesitylene 165 1 11

14d TFA Xylene 140 1 19

15e TFA Xylene 140 1 32

16c TFA DCE 85 5 3

17c TFA Monoglyme 85 19 1

18d TFA 1,2-diethoxyethane 125 5 1

19 TFA Xylene 100 24 <1

20f,g TFA H2O 150 1 h 9

21f,h TFA H2O 200 1 h 19

22f,i TFA H2O 250 1 h 27

23f,j TFA H2O 265 1 h 32
aReaction conditions: DOH (0.2 mmol), acid (2.0 equiv), solvent (0.4 ml), 100 °C, yield was 
measured by 1H NMR using 1,4-dinitrobenzene as reference. bDOH (0.02 M), HOTf (0.2 equiv). 
cDOH (0.1 M). dDOH (0.2 M). eTFA (20.0 equiv), xylene (20 ml). fDOH (0.1 mmol), H2O (2 ml). gN2 
(30 bar). hN2 (16 bar). iN2 (40 bar). jN2 (56 bar).
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To explore the synthetic application of this approach to bio-based 
aromatics, we subjected a series of secondary amines to the optimized 
conditions (Fig. 4). The reaction between DOH and cyclic amines pro-
duced a range of bio-based phenols with 4-dialkylamino substitu-
ents tolerating various functional groups, including a hydroxyl group  
(3c, 3l, 3m), an ester (3j, 3o) and a nitrile (3k). In general, the reaction 
of DOH with pyrrolidines produced higher yields of aromatics than the 
reaction with piperidines. In both the reactions with 5-membered and 
6-membered cyclic amines, substituents in the 3-position led to higher 
overall aromatic yields (3c, 3d, 3e, 3i, 3l, 3m) whereas 2-subsitution 
led to decreased yields (3b) and 4-substitution had little effect  
(3g, 3j, 3n). We attributed these results to the steric effects of the 
amines on the nucleophilic addition of DOH. Compounds 3q and 3r, 
containing a crucial N-phenyl-piperazinyl moiety that has been used 
in drug molecules (Supplementary Fig. 2)42,43, were also synthesized 
through this approach. Remarkably, it was also possible to prepare 
1,4-dipyrrolidinylbenzenes (2a–d) in high selectivity from DOH and 
pyrrolidines simply by switching the acid catalyst to 2.0 equivalents of 
HOAc. These compounds may find application as fluorescence quench-
ers and liquid crystals as Wurster’s blue analogues44,45.

To improve the sustainability of this approach, we examined the 
recycling of solvent, excess amine and acid used. We performed the 
reaction of 1.0 mmol DOH and 1a in 1,4-dioxane with 1.0 equivalent of 
TFA and adjusted the purification procedure by employing Kugelrohr 
distillation and reverse-phased column chromatography to isolate 
compound 2a and 3a (Supplementary Fig. 1). Meanwhile, 79% of the 
remaining pyrrolidine (1a), 99% of TFA and all of the1,4-dioxane were 
recycled. The recycled mixture was used directly for the next run by 
adding 1.0 equivalent of DOH and 2.0 equivalents of 1a.

Synthesis of hydroquinone from DOH
Hydroquinone is widely used as a photographic developer, as a polym-
erization inhibitor, as an anti-oxidant and as a skin-lightening agent35,36. 
The industrial production of hydroquinone still largely relies on fossil 
resources, mainly through oxidation of aniline, hydroxylation of phenol 
and hydroxyperoxidation of p-di-isopropylbenzene. Considering its 
irreplaceable role in industry, we continued our endeavour towards 
the production of hydroquinone from renewable DOH under acidic 
conditions (Table 1). After 26 h of reaction at 100 °C, 5% hydroquinone 
was detected in the aqueous solution of DOH and 2.0 equivalents of TFA 
(entry 3). We then investigated solvent effects on the reaction. In gen-
eral, non-polar solvents gave improved yields of hydroquinone (5–19%, 
entries 11–14), except cyclohexane (entry 12), perhaps due to its low 
boiling point. We attributed the relatively low yields of hydroquinone 
to the poor solubility of DOH and hydroquinone in non-polar solvents 
and undesired intermolecular reactions. Reducing the concentration 
of DOH in xylene to 0.01 M improved the yield of hydroquinone to 32% 
(entry 15). However, further dilution produced lower yields of hydro-
quinone, even with prolonged reaction times (Supplementary Table 
9). High-temperature reactions in an autoclave using H2O as solvent 
were then investigated (an elevated pressure of N2 was used to make 
sure all components stay in solution rather than in the gas phase), which 
showed a positive correlation between the yields of hydroquinone 

and temperature (entries 20–23). Interestingly, d4-hydroquinone was 
obtained when D2O replaced H2O as solvent (8%; Supplementary Infor-
mation S-34–35).

Synthesis of catechol from HMF following the 
same strategy
To investigate the applicability of this new aldol-cyclization strategy 
for the syntheses of bio-based aromatics, we prepared DOA, a DOH ana-
logue, through ozonolysis of 2-methyl-2-cyclopenten-1-one (MCO)46. 
MCO is naturally existing in Panax ginseng and cigarette smoke47  
and is also accessible from HMF as reported (Supplementary Informa-
tion 5)48–50. Similar to DOH, DOA was successfully converted to catechol 
under acidic condition using water as solvent at 100 °C (Supplementary 
Table 11). Among all the tested acids, 2.0 equivalents of HCl gave the best 
yield (18%, entry 2). A comparable yield of catechol was also observed 
when 2.0 equivalents of p-toluene sulfonic acid was used instead of HCl 
(16%, entry 1). When HCl was substituted by TFA, the yield dropped to 
6% (entry 3). Replacement of H2O by 1,4-dioxane or 1,2-diethoxyethane 
as solvent reduced the yield to 2–3% (entry 14–15). Optimization of 
the concentration of DOA and the amount of HCl resulted in 34% yield 
of catechol when the solution of DOA in H2O (0.05 M) was heated at 
100 °C for 24 h in the presence of 2.0 equivalents HCl (Supplementary  
Table 12, entry 7). The practical application of this approach was then 
evaluated (Fig. 5). After ozonolysis of MCO followed by reductive 
work-up, the obtained crude DOA was dissolved in H2O and stirred at 
100 °C for 24 h in the presence of 2.0 equivalents of HCl (Fig. 5). After 
flash column chromatography, this two-step reaction afforded catechol 
in 42% isolated yield.

Discussion
HMF, which is already produced at ton-scale on the basis of either sug-
ars or cellulose, could be converted into the C6 tricarbonyl synthon 
DOH via an iridium-catalysed hydrogenation to HHD, followed by a 
highly selective copper-catalysed oxidation in 65% overall yield. This 
can be further improved to 91% by using the methodology of Fu and 
co-workers41 for the hydrogenation step. Although DOH seems perfectly 
set up for a base-catalysed intramolecular aldol condensation reac-
tion, this reaction failed due to the unfavourable cisoid 6-membered 
transition state, which is too high in free energy. However, DOH reacted 
with secondary amines at 101 °C, catalysed by 1.0 equivalent of TFA to 
produce a range of bioderived 4-dialkylamino substituted phenols 
tolerating various functional groups. Substitution of TFA by HOAc 
resulted in the production of a number of 1,4-dipyrrolidinylbenzenes 
from the reaction of DOH and pyrrolidine derivatives. Excess reagents 
as well as solvents can be recovered and reused.

The reason that the aldol condensation works in the presence 
of the secondary amine lies in the formation of the cationic iminium 
intermediate, which is formed from the reaction of the secondary 
amine with the aldehyde group of DOH, which makes the cisoid cyclic 
transition state much more favourable. Although the need for the 
presence of secondary amines is a limitation of the method, it was 
nevertheless possible to achieve TFA-catalysed ring closure of DOH 
to hydroquinone at 32% yield using either H2O or xylene as solvent.  

Total yield from Natural product

Fig. 5 | Synthesis of catechol from HMF. HMF can be converted into 2-methyl-cyclopent-2-en-1-one (MCO) in a multistep sequence48–50. Ozonolysis of MCO results in 
4,5-dioxo-hexanal (DOH), which could be cyclized under acidic conditions to catechol.
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When H2O was used as solvent, the yield of hydroquinone showed a 
positive correlation with the temperature (100–265 °C). This result 
implies that this reaction can possibly be optimized further by applying 
highly stable heterogeneous acids at even higher temperatures. It was 
also possible to utilize the intramolecular aldol-condensation strategy 
to produce catechol from HMF via DOA as intermediate.

Our study clearly shows the potential of sugar-based DOH as sus-
tainable starting point for the production of bio-based aromatics. 
Further improvements of the methodology seem to be possible via 
reduction of the number of steps. Indeed, it has already been shown 
that it is possible to produce a 55% yield of HHD in a single step from 
fructose in a combined dehydration–hydrogenation reaction using 
Amberlyst-15 and Pd/C as catalysts51,52.

This new methodology opens the door to the sustainable produc-
tion of para-disubstituted benzenoid aromatic compounds based on 
renewable resources.

Methods
All methods used are described in the electronic Supplementary 
Information.

Materials
HMF was purchased from AVA-Biochem and used directly without 
further purification. All other commercially available reagents were 
purchased from Sigma-Aldrich, Strem, TCI and ABCR. Solvents used 
in reactions were obtained from Acros Organics, or a solvent purifica-
tion system (MBraun SPS). All solvents used for work-up or column 
chromatography were purchased from Walter.

Synthesis of DOH from HMF. To a 300 ml Hastelloy autoclave was 
added 5-HMF (2.5 g, 20.0 mmol), 100 ml phosphate-buffered saline 
solution (pH 2.49), Ir catalyst (8.0 mg, 0.075 mol%; see Supplemen-
tary Information 2 for the structure) and a magnetic stirring bar. The 
autoclave was flushed with N2 three times, H2 twice and pressurized 
with 30 bar H2. The reaction was stirred at 140 °C for 1 h (temperature 
achieved after 30 min). The reaction was allowed to cool down to room 
temperature and the solvent was removed by evaporation. The crude 
product was purified through column chromatography (silica gel) 
using ethyl acetate/cyclohexane (1/1 to 3/1) as eluent to give a yellow 
solid. Further recrystallization with CH2Cl2 and pentane under −20 °C 
gave the desired HHD (1.8 g, 70%) as yellow needles. To a 1 l Schlenk 
flask was added HHD (10.0 mmol, 1.3 g), MS 4 Å (powdered, 2 g)  
and a magnetic stirring bar. The flask was evacuated for 0.5 h and then 
flushed with O2 three times. To the flask equipped with an O2 balloon 
was added dry MeOH (80 ml), Cu(CH3CN)4PF6 (5 mol%, 186 mg) and 
pyridine (10 mol%, 81 µl). The reaction was stirred at room tempera-
ture for 100 min. The reaction mixture was filtered and diluted with 
200 ml dichloromethane (DCM). Subsequently, this mixture was 
washed with 20 ml NaEDTA solution (1% in H2O) followed by 10 ml 
NaEDTA solution (1% in H2O, prepared by neutralizing 1 g of EDTA 
in 100 ml H2O with sodium hydroxide). Then the blue-green aque-
ous solution was counter-extracted using DCM (2 × 50 ml) and the 
combined organic layers were dried over anhydrous sodium sulfate. 
Removal of the solvent through evaporation afforded 1.2 g (93%) of 
a yellowish oil.

Reaction of DOH with pyrrolidine catalysed by TFA in 1,4-dioxane. 
To a 35 ml pressure tube was added DOH (1.0 mmol, 128 mg), a mag-
netic stirring bar and 1,4-dioxane (3 ml). To the solution was added the 
mixture of amine (6.0 equivalents) and TFA (1.0 equivalent, 80 µl) in 
1,4-dioxane (2 ml). The reaction was stirred at 101 °C overnight. After 
cooling down to room temperature and removal of the solvent by 
evaporation, the reaction mixture was purified by column chromatog-
raphy (SiO2). Elution with EtOAc/cyclohexane (2/23) gave 35 mg (13%) 
of 1,4-di(pyrrolidin-1-yl)benzene (2a) as a white solid. Further elution 

with EtOAc/cyclohexane (3/17) gave 95 mg (58%) of 4-(pyrrolidin-1-yl)
phenol (3a) as yellow crystals.

Reaction of DOH with pyrrolidine catalysed by HOAc in THF. To a 
4 ml vial was added pyrrolidine (6.0 equivalents, 480 µl), a magnetic 
stirring bar, THF (2 ml) and HOAc (2.0 equivalents, 120 µl). After stir-
ring at room temperature for 5 min, the mixture was added to the 
solution of DOH (1.0 mmol, 128 mg) in THF (3 ml) in a 35 ml pressure 
tube at 66 °C. The reaction was stirred at 66 °C overnight. After cool-
ing down to room temperature, the solvent was evaporated. Column 
chromatography (SiO2; EtOAc/cyclohexane, 2/23) afforded the desired 
1,4-di(pyrrolidin-1-yl)benzene (2a) as a white solid at 42% yield (90 mg). 
Further elution with EtOAc/cyclohexane (3:17) gave 18 mg (11%) of 
4-(pyrrolidin-1-yl)phenol (3a) as yellow crystals.

Synthesis of hydroquinone. To a 35 ml pressure tube was added 
DOH (2.0 mmol, 256 mg), xylene (10 ml) and a magnetic stirring bar. 
To the solution was added TFA (2.0 equivalents, 306 µl) and the reac-
tion was stirred at 140 °C for 30 min. After cooling down to room 
temperature, the solvent was evaporated. Column chromatography 
(SiO2; EA/cyclohexane, 1/4) afforded hydroquinone as a white solid 
(26 mg, 12% yield).

Synthesis of catechol. To a 25 ml Schlenk flask was added MCO 
(1.0 mmol, 98 µl), a magnetic stirring bar, DCM (2.5 ml) and a trace 
amount of Sudan III. A glass pipette (ozone inlet) was inserted into the 
Schlenk flask and a tube was connected as a gas outlet. The mixture 
was cooled down to −78 °C and ozone (generated by an Erwin Sander 
ozonisator 301.7, flow rate of inlet compressed air was 150 l h−1) was 
bubbled through the reaction. The reaction was stirred at −78 °C 
for 5 min until the red reaction solution turned blue. Compressed 
air was bubbled into the reaction mixture until the solution turned 
yellow, followed by addition of dimethyl sulfide (200 µl). After stir-
ring at room temperature for 2 h, the reaction mixture was diluted 
with DCM and washed with brine twice. The organic layer was dried 
over Na2SO4 and concentrated to around 1 ml. The obtained DOA 
solution was used directly for the next step. To a 50 ml Schlenk 
flask was added a magnetic stirring bar, degassed H2O (20 ml) and 
HCl (37%, 2 equivalents, 200 µl) under Ar. The above solution of 
DOA was added into the stirred aqueous solution. The reaction was 
stirred at 100 °C for 24 h. After cooling down to room tempera-
ture and removal of all volatiles in vacuo, column chromatography  
(SiO2; EA/cyclohexane, 1/4) afforded catechol as a white solid (46 mg, 
42% yield for two steps).

All other synthetic procedures as well as spectra of products can 
be found in Supplementary Information.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this 
paper and its Supplementary Information.
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Software and code
Policy information about availability of computer code

Data collection We used commercial equipment only: Bruker TopSpin 3.6.2; GC-MS 5975C. All calculations were carried out by using the 
Gaussian 16 program

Data analysis We used commercially available programs only: MestraReNova 14.2.1-27684; Chemdraw 18.2.0.48, Origin 2022, GC-MS 5975C analysis

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data relevant to this research are present in the paper and/or supplementary information.
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the 
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for 
sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this information has not 
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based 
analysis.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Describe how sample size was determined, detailing any statistical methods used to predetermine sample size OR if no sample-size calculation 
was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data exclusions Describe any data exclusions. If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the 
rationale behind them, indicating whether exclusion criteria were pre-established. 

Replication Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this 
OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.

Randomization Describe how samples/organisms/participants were allocated into experimental groups. If allocation was not random, describe how covariates 
were controlled OR if this is not relevant to your study, explain why.

Blinding Describe whether the investigators were blinded to group allocation during data collection and/or analysis. If blinding was not possible, 
describe why OR explain why blinding was not relevant to your study.

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional, 
quantitative experimental, mixed-methods case study). 

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic 
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For 
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to 
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a 
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and 
what criteria were used to decide that no further sampling was needed.
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Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, 

computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and 
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample 
cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the 
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description The study was aimed at the chemical synthesis of benzenoid aromatic compounds from renewable resources.

Research sample Not applicable

Sampling strategy Not applicable

Data collection Data were collected by performing chemical reactions and isolating the products of these reactions and characterising the products 
by spectroscopic means (NMR, MS)

Timing and spatial scale Not applicable

Data exclusions No data were excluded

Reproducibility Most experiments were first performed on small scale and then repeated on larger scale. 

Randomization Not applicable

Blinding Not applicable

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the 
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or 
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for 
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable, 
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were 
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, 
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex. 
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall 
numbers in this Reporting Summary. Please state if this information has not been collected.  Report sex-based analyses where 
performed, justify reasons for lack of sex-based analysis.
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Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 

photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)
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Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot 
number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the 
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).
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Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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