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Introduction 

Phenols and their derivatives can be found in many bioactive compounds and natural 
products and are common motifs in different synthetic materials, e.g. polymers. 
Electron-rich arenes are also valuable building blocks for the synthesis of useful 
compounds in both academia and the chemical industry. This makes them an interesting 
and valuable research topic for an organic chemist. As a result, different methods for the 
synthesis of aryl oxygen products can be developed.  

The hydroxylation of the arenes is a thoroughly investigated area of chemistry, due to 
the need for new bioactive substances bearing oxygenated phenol units. Methods using 
transition-metals are still used in combination with rigid experimental conditions, which 
makes these experimental methods wasteful and inconvenient to use for the chemical 
industry. A more sustainable, transition-metal-free and industrially friendly approach is 
to use electricity to perform such reactions. We have studied electrochemical 
transformations in continuous-flow to synthesise substituted phenols from arenes.  
The continuous-flow approach eliminates some limitations which exist when using  
batch electrochemistry. The formed phenols are good starting materials for further 
derivatisation. Among many prospects, alkylation is a common strategy to modify 
phenols. Two different methods are used: the alkylation of the hydroxyl group  
(O-alkylation) and the alkylation of the aromatic core (C-alkylation). There are different 
methods known for the selective C-alkylation of the aryl oxygen compound, but the 
majority of them are indirect and require transition-metal catalysis. However, the direct 
C-alkylation of phenols and naphthols, which does not require any transition-metals,  
is rather unexplored.  

This doctoral thesis gives an overview of the synthesis of different phenols and their 
derivatization by using either traditional synthesis methods or the electrochemical 
approach. The methods described in the thesis are effective and simple ways to 
synthesise and dearomatize aryl oxygen compounds (Publications I-III). A green and 
efficient method for the synthesis of electron-rich arenes based on electrochemical 
oxidation in continuous-flow was explored (Publication III). A direct C-alkylation reaction 
was investigated for the selective modification of phenols and their derivatives via 
dearomatization (Publications I-II). Along with the mentioned published articles,  
the results of this research have also been presented at international conferences in 
Estonia, Thailand and Greece.  
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Abbreviations 

Ac acetyl 

aq. aqueous 

Ar aryl 

BHT butylated hydroxytoluene (dibutylhydroxytoluene) 

Bn benzyl 

cat catalyst 

cod cyclooctadiene 

CPME cyclopentyl methyl ether 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCE 1,2-dichloroethane 

DCM dichloromethane 

DIPEA N,N-diisopropylethylamine 

DIY do it yourself 

DMF dimethylformamide 

e.g. exampli gratia (Latin); for example 

e.r. enantiomeric ratio 

ee enantiomeric excess 

EM electron-mediator 

Et ethyl 

et al. et alia (Latin); and others 

EWG electron withdrawing group 

GC-FID gas chromatography-flame ionization detector 

GC-MS gas chromatography-mass spectrometry 

HFIP hexafluoroisopropanol 

IBX o-iodoxybenzoic acid 

i-Pr isopropyl 

M.S. molecular sieves  

Me methyl 

Ms mesyl 

MTBE methyl tert-butyl ether 

nBu normal butyl 

nd not determined 

NMR nuclear magnetic resonance 

nPr normal propyl 

Ph phenyl 

PIDA (diacetoxyiodo)benzene 

PIFA (bis(trifluoroacetoxy)iodo)benzene 

pKa acid dissociation constant at logarithmic scale 

r.t. room temperature 

SCE saturated calomel electrode (reference electrode) 
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SET single electron transfer 

SIBX stabilised IBX. SIBX is composed of IBX (49%), benzoic acid (22%) 
and isophthalic acid (29%) 

TBS tert-butyldimethylsilyl 

tBu tert-butyl 

TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 

TFA trifluoroacetic acid 

TFAA trifluoroacetic anhydride 

THF tetrahydrofuran 

Ts tosyl  

X halogen 
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1 Literature Overview 

1.1 Introduction to Electrochemistry 

Everyone understands the word “electrochemistry” differently, but for ordinary chemists 
it is mainly connected with physical and analytical chemistry rather than with organic 
chemistry. However, this situation is starting to change. Since the beginning of the last 
decade, electrochemistry has also gained grater interest among synthetic chemists.[1–9] 
The reasons for using electrochemistry in organic synthesis vary, but mainly there is a 
need for sustainable and environmentally friendly synthetic methods. Electrochemical 
processes are atom-efficient and make it possible to selectively carry out oxidation or 
reduction reactions under mild reaction conditions. They can replace the use of harsh 
and toxic chemicals, because the electrons act as traceless and green reactants in such 
reactions. This makes electrochemical synthesis cleaner and less harmful to the 
environment.[10–12] In electrochemical transformations, free radicals or radical ions are 
generated and these reactive species react further, affording new reaction pathways.[2] 
Despite all of the opportunities it offers, special equipment and know-how is required 
for electrochemical synthesis. 

1.1.1 Principles of Electrochemistry 
A typical undivided electrochemical setup consists of a reaction vessel and two 
electrodes (anode and cathode), which are connected to a constant current power 
supply (Figure 1, A). An undivided cell system is easy to set up and operate. It is used 
when a starting compound or a reaction product does not react on the counter electrode. 
On the other hand, a divided cell system should be used when the desired and counter 
reactions are incompatible and must be separated. A divided cell setup consists of two 
different cell chambers, each containing an electrode that is connected to the power 
supply. The chambers are connected with each other by a salt bridge or a membrane that 
is suitable for ion transport (Figure 1, B). Because of the salt bridge or the membrane, no 
substrate or reagent can move between the chambers and the reactions can be carried 
out separately without problems.[13] 
 

 

Figure 1. Electrochemical setups: anode (pink), cathode (blue). A. – undivided cell; B. – divided cell.  
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Generally, the targeted reaction takes place only on one electrode: on the anode for 
oxidation, or on the cathode for reduction. The electrode where the reaction of interest 
occurs is called “the working electrode”, and the other electrode, used to complete the 
circuit, is called “the counter electrode”. For the electrochemical reaction to occur,  
the potential between the anode and the cathode has to be greater than the RedOx 
potential of a substrate. The potential shows how much energy is required to move 
electrons from the anode (+) to the cathode (-). When the potential is too low,  
no reaction occurs, whereas too high a potential causes side reactions, such as 
overoxidation/reduction, which might lead to polymerisation and deposition of organic 
material on the electrode surfaces. As two parallel reactions take place on both 
electrodes, it is important to understand what happens on the counter electrode, 
because the counter reaction might limit the process.[13] When an anode is the working 
electrode, solvent degradation with hydrogen gas evolution usually happens at the 
cathode.[14] Sacrificial metals with low oxidation potential (e.g. Mg, Zn or Al) are used as 
anode material when the reaction of interest occurs at the cathode.[15] 

To carry out an electrochemical reaction, we can choose between two approaches, 
either using constant current (the galvanostatic mode) or constant potential (the 
potentiostatic mode). In the galvanostatic mode, we know how many electrons are 
stoichiometrically required by the reaction, and high conversions can be achieved. 
Furthermore, there is no need for a reference electrode making a reaction setup simpler. 
On the other hand, we cannot control the potential (voltages), which can lead to 
undesired products as the potential in a system can rise above the optimum conditions 
for the designed synthesis. When this happens, it is a good idea to use the constant 
potential mode as higher selectivity can be achieved, but this requires a reference 
electrode for accuracy and for reproducibility. However, achieving the full conversion is 
harder, due to the decreasing amount of the starting material, which will lower the 
current over time.[6,13] 

Besides the mode used in the reaction, the electrochemical reaction type must be 
determined. There are two types: direct or indirect electrolysis (Figure 2). In direct 
electrolysis, the reaction takes place on the electrode’s surface, as electrons cannot pass 
through the reaction mixture. The simplest example of direct electrolysis is solvent 
degradation at the counter electrode. A new product forms on the working electrode 
from radicals or reactive intermediates that are produced in the electrochemical 
reaction.[13,16] In the case of challenging substrates, an electron-mediator can be used for 
indirect electrolysis, which upon oxidation or reduction on the electrode reacts further 
with the starting material. This is similar to traditional synthesis methods, where catalysts 
are used to facilitate reactions.[13,17,18] N-oxyl compounds (e.g. TEMPO) are the most used 
electrochemical mediators. They are typically used for hydrogen atom abstraction, such 
as the oxidation of various alcohols to carbonyl compounds or the oxidation of amines 
to nitriles.[19,20] 
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Figure 2. A. – direct oxidation; B. – indirect oxidation. Anode (+): pink, cathode (-): blue. EM – electron-
mediator, EM+ – activated electron-mediator, A – reagent, B – product. 

1.1.2 Electrochemistry in Continuous-flow  
Despite the advantages of electrochemistry, it has some limitations when applied to 
heterogeneous processes, such as insufficient mixing, hot spot formation and organic 
matter deposition. All of these problems hinder the use of electrochemical synthesis.  
To overcome these setbacks, the reactions can be carried out in a continuous-flow setup. 
In the flow setup, the reactant solution is continuously pumped through a narrow 
channel between the two electrodes, where the reaction takes place (Figure 3).[21,22] 

 

 

Figure 3. Schematic representation of an electrochemical continuous-flow setup. 

Flow microreactors have high surface-to-volume ratios that make it possible to 
notably reduce the reaction time (from the typical overnight reaction time in batch to  
5 minutes in flow). Shorter reaction times help to avoid the degradation of sensitive 
products and the loss of selectivity. The small interelectrode gap (up to 1 mm) and Taylor 
flow provide efficient mass and heat transfer.[23,24] Taylor flow is a phenomenon in which 
gas bubbles form upon hydrogen reduction and liquid segments alternate. This prevents 
the microchannels from clogging and boosts mixing efficiency. On the other hand,  
the formed bubbles act as insulators in the channels and prevent the reaction  
from occurring in the bubble region, requiring more energy for the process.[25]  
The continuous-flow approach builds a bridge between academia and industry, as it is 
not feasible to enlarge the electrodes and reaction vessels that batch electrochemical 
reactions require. That is why continuous-flow reactors are used in industry.[26,27] 

The first example of using a microreactor in organic electrolysis was presented by 
Amatore and Brown in 1996. They investigated the oxidation of anthracene with dioxygen 
in acetonitrile and obtained anthraquinone with up to 90% yield (Scheme 1A).[28] In 1999, 
Löwe and Ehrfeld used an undivided cell reactor, where the electrodes were separated 
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by polyamide foil (75 μm thick) and the reactor was operated in continuous-flow mode. 
They investigated the anodic oxidation of 4-methoxytoluene in methanol with a 
supporting electrolyte (potassium fluoride). This resulted in 4-methoxybenzaldehyde 
with excellent yield (up to 98%) (Scheme 1B).[29] Since these successful examples, the use 
of flow electroreactors has increased dramatically. But the majority of reactors are still 
DIY (do-it-yourself) reactors (Figure 4).[30–36] 

 

Scheme 1. A: Oxidation of anthracene on platinum. B: Oxidation of methoxytoluene on glassy carbon. 

 

Figure 4. Examples of DIY microreactors. A: Reprinted from Science, 368, 1352-1357 (2020), with 
permission from AAAS. B: Reprinted from Angew. Chem. Int. Ed. 2019, 58, 9811-9815 with 
permission from John Wiley and Sons. C: Adapted with permission from J. Am. Chem. Soc. 2019, 
141, 43, 17198-17206. Copyright (2019) American Chemical Society. D: Reprinted from Angew. 
Chem. Int. Ed. 2019, 58, 6650-6653 with permission from John Wiley and Sons. E: our in-house 
microreactor developed by the Noël group.  
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1.2 Synthesis of Aryl Oxygen Compounds 

Phenol is an aromatic compound, which consists of a phenyl group that is bonded with a 
hydroxy group. It is a mildly acidic (pKa= 9.95 in water) white crystalline solid first 
discovered by the German chemist Johan Rudolf Glauber in 1650. However, it took 
almost two centuries before Friedlieb Ferdinand Runge isolated the impure form of 
phenol from coal tar, in 1834. Pure phenol was isolated by the French chemist Auguste 
Laurent in 1841.[37] Since the discovery of phenol, the demand for its production has 
continued to rise. Two different strategies have been used in industry to obtain phenol: 
1) chlorination or sulphonation of benzene, and 2) the oxidation of a cumene 
intermediate (Hock) process (Scheme 2). Nowadays, the Hock process accounts for more 
than 90% of total phenol production. Nevertheless, industrial phenol synthesis has 
several drawbacks, such as high energy consumption, low phenol yield (up to 5% from 
initial benzene quantity) and dependence on the acetone market.[38,39]  

 

 

Scheme 2. Hock process. 

In the last few decades, new environmentally friendly approaches have been 
proposed using a direct hydroxylation of benzene with oxidizing agents, such as 
atmospheric or pure oxygen gas, hydrogen peroxide and nitrogen (I) oxide.[40] 
Hydroxylation of arenes usually proceeds in the presence of a metal catalyst and an 
oxidant. Palladium is the most common and successful transition-metal catalyst among 
those used for this transformation.[41] Two approaches are applied for the synthesis:  
1) direct hydroxylation with molecular oxygen, hydrogen peroxide and oxone. Phenols or 
their derivatives are obtained directly from the oxidation reaction; 2) Indirect hydroxylation 
with trifluoroacetic acid/anhydride. Phenols or their derivatives are obtained through the 
hydrolysis of TFA ester, which forms in the oxidation step.[42]  

1.2.1 Direct Hydroxylation of Arenes 
Das and Guin reported a direct hydroxylation of arenes 1 with a palladium catalyst and 
molecular oxygen in 2018 (Scheme 3).[43] They used molecular oxygen as a green oxidant 
and as an oxygen source. For the selective reaction, recyclable directing groups, 
sulfoximines, were used for the selective hydroxylation at the ortho-position. They were 
able to avoid chemical oxidants, such as oxone, peroxides and hypervalent iodine, and 
directing co-catalysts for the hydroxylation. Electron-rich groups in the phenyl ring gave 
higher yields, whereas electron-deficient substituent groups, such as halogens, gave 
lower yields (27%). The best results were achieved when a nitro group was in the 
directing group structure (77% yield). 
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Scheme 3. Arene hydroxylation with molecular oxygen and a palladium catalyst. 

A research group from Spain and the United States demonstrated that, by using 
hydrogen peroxide with a copper-catalyst/ligand L1 system, it was possible to hydroxylate 
benzophenones, acetophenones and benzaldehydes 3 with moderate to good yields  
(30-85%) (Scheme 4).[44] Different metal catalysts (copper, nickel, iron and manganese) 
were tested. Of various copper catalysts (e.g. copper(I) acetate, copper(II) acetate, 
copper(II) chloride and copper(II) nitrate), the highest yields were achieved with 
tetrakis(acetonitrile)copper(I) hexafluorophosphate. Unfortunately, the other metal 
catalysts produced low or no reaction. Solvents, such as tetrahydrofuran, dichloromethane 
and acetonitrile, gave moderate yields, while acetone gave high yields. Molecular 
oxygen, tert-butyl hydroperoxide, cumyl hydroperoxide and hydrogen peroxide were 
tested as oxidants. The molecular oxygen required an elevated temperature (50 °C) to 
give moderate yields, while the reaction with hydrogen peroxide resulted in high yields 
at room temperature. tert-Butyl and cumyl hydroperoxides did not produce any results. 
With benzophenone, they were able to carry out a gram-scale reaction with a good 
overall yield of 64%. 

 

Scheme 4. Copper-catalysed hydroxylation with hydrogen peroxide. 

1.2.2 Indirect Hydroxylation of Arenes 
The Fang research group recently demonstrated the para-selective hydroxylation of  
alkyl aryl ethers 5 in the presence of a ruthenium catalyst. Hypervalent iodine (PIFA)  
was used as an oxidant and trifluoroacetic anhydride was used as a solvent and an  
oxygen source (Scheme 5).[45] The solvent was key for the reaction to work efficiently. 
1,2-Dichloroethane, trifluoroacetic acid and trifluoroacetic anhydride were used for 
solvent screening. Dichloroethane gave a low yield (7%) and mixtures of TFA/TFAA 
resulted in moderate yields (13% and 23%). The best results were achieved with pure 
trifluoroacetic anhydride. The effectiveness of TFAA might have been due to the 
relatively low acidity, which stabilises the products, leading to a higher yield. The highest 
yields were achieved with electron-donating groups (alkyl or alkoxy groups); meanwhile, 
electron-withdrawing groups gave low or no yield.  
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Scheme 5. para-Selective hydroxylation of alkyl aryl ethers with ruthenium-catalyst. 

Usually, the hydroxylation of arenes requires a metal catalyst to proceed, but a 
transition-metal-free hydroxylation of chromones 7 was carried out successfully by the 
Muthukrishnan group with hypervalent iodine as an oxidant (Scheme 6).[46] A chromone 
core is a common motif in the structure of natural products that have a wide range of 
biological activities (e.g. antitumor, antibacterial and anti-inflammatory), which makes 
the synthesis of different chromones valuable. Of different oxidants, such as potassium 
persulfate, Selectfluor® and di-tert-butyl peroxide, the best results were achieved with 
hypervalent iodine, especially with PIDA. For the solvent system, it was found that a 1:1 
TFA/water mixture gave higher yields than pure trifluoroacetic acid (28%) or an acetic 
acid/water solvent system (< 5%). High temperatures were required (120 °C) for 
extended periods (up to 12 h) for the reaction to proceed. The reaction conditions were 
suitable both for short and long alkyl chain and spirochromanone substituents. They also 
demonstrated the hydroxylation of 2-alkoxy acetophenones, but the yields were low to 
moderate (15-55%). Unfortunately, reactions with xanthone, coumarin and nitrogen 
heterocycles did not proceed.  

 

 

Scheme 6. Transition-metal-free indirect arene hydroxylation. 

Many indirect hydroxylation methods are based on the electrochemical oxidation of 
arenes. In 1975, two different research groups independently reported the electrochemical 
hydroxylation of arenes with trifluoroacetic acid as an oxygen source. In both cases,  
the reactions were carried out in divided cell systems and direct electrolysis was applied. 
The Nyberg group performed the reaction in pure trifluoroacetic acid, while Miller et al. 
used it as a co-solvent, together with dichloromethane. The used starting materials were 
limited to electron-poor and neutral arenes 9 and only a few examples were established 
with low to moderate yields 10.[47,48] Twenty years later similar reactions were carried 
out by a Japanese group, which resulted in better yields.[49] In all cases, platinum 
electrodes were used for hydroxylation (Scheme 7). 
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Scheme 7. First examples of electrochemical arene hydroxylation with trifluoroacetic acid. 

Recently, the Guo group from China demonstrated the para-selective hydroxylation 
of N-arylamides under batch and continuous-flow conditions (Scheme 8).[50] The reactions 
were performed at room temperature and did not require any catalysts, oxidants, acidic 
solvents or electrolytes. For the electrochemical reaction, combinations of different 
electrodes (nickel, platinum, carbon rod and reticulated vitreous carbon) were tested. 
While the nickel and platinum anodes gave moderate yields (51% and 81%), the reticulated 
vitreous carbon anode did not produce any results. The best results were achieved with 
the carbon rod electrodes. The solvent system also played an important role. When 
trifluoroacetic acid was replaced with acetic acid, only traces of product were observed. 
It turned out that trifluoroacetic acid was indispensable, as the reaction did not proceed 
without it. Although the best results were obtained with N-(quinoline-8-y)arylamides,  
it did not matter whether the electron-withdrawing or electron-donating groups were 
applied (yields 61-89%). However, the reactions with N-phenylamides gave lower  
yields (32-60%). The scale-up reactions were completed in continuous-flow and batch 
setups. In the experiments, it appeared that yields were noticeably higher with the 
continuous-flow setup (65% vs 88%). Moreover, they were able to reduce trifluoroacetic 
acid amount from 7 to 3 equivalents and the scaled-up experiments proceeded 
successfully.  

 

 

Scheme 8. Electrochemical para-selective hydroxylation of N-arylamides. 

In the last few years, two articles on electrochemically indirect arene hydroxylation 
were published by the Lutz Ackermann group. In both cases, ruthenium-catalysts 
together with the TFA/TFAA solvent system were used in an undivided cell setup (Scheme 
9). Moreover, similar or even the same starting materials were used in both reaction 
scopes. As the reactions were indirect, additives or electron-mediators were applied.  
For the reaction A, Et3N∙TFA salt was used as an electrolyte to conduct the current,  
and the TFA/TFAA solvent mixture helped solubilise the starting materials.[51] In addition, 
the reaction was carried out at room temperature. With good to excellent yields (50-93%), 
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they were able to hydroxylate substituted benzamides and ketones 13. Additionally, they 
demonstrated a successful 10 mmol scale-up experiment with lowered catalyst loading 
and high yield (83%). For reaction B, iodobenzene was used as an electron-mediator, as 
it was the only mediator that provided the desired hydroxylation.[52] As a test, a reticulated 
vitreous carbon anode was used instead of platinum anode, which resulted in a low yield 
of 24%. Similarly to reaction A, a scale-up reaction was successfully achieved with 84% 
yield.  

 

 

Scheme 9. Electrochemical indirect hydroxylation of substituted arenes by the Ackermann group. 
GF- graphite felt. 

To understand the ruthenium-catalysed indirect electrochemical transformation, 
mechanistic studies were carried out. A plausible catalytic cycle is initiated by the C-H 
activation of amide or ketone by ruthenium(II) carboxylate (Scheme 10). The formed 
ruthenium(II) complex 15 is mediated for indirect oxidation by the hypervalent iodine(III) 
reagent, which is formed by anodic oxidation from iodobenzene. The formed 
intermediate, ruthenium(IV) complex 16, undergoes rapid reductive elimination to give 
trifluoroacetic ester 17. In the last step, the regeneration of the active catalyst takes 
place. On the counter electrode, hydrogen gas is released. An aqueous workup is 
required to release free hydroxylated product 14. 
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Scheme 10. Plausible mechanism of indirect electrochemical ruthenium-catalysed hydroxylation of 
arene. 

1.3 Derivatisation and Applications of Phenols and Naphthols 

The annual growth of the phenol market has been 5.2% and it will reach €25.8 billion by 
2023. Phenol derivatives are required in the manufacturing of pharmaceuticals, dyes, 
polymers, plastics, agrochemicals and everyday products.[53] Naphthol is a bicyclic 
aromatic compound that bears a hydroxyl group and is a homologue of phenol. 
Moreover, they are more reactive than phenols. Naphthols have a wide spectrum of 
biological activities (e.g. antiviral[54], anti-cancer[55], anti-malarial[56] and antibacterial[57]) 
(Figure 5).[58]  

 

 

Figure 5. Biologically active substituted naphthol derivatives. 

This makes the development of new methods for the synthesis of various aryl oxygen 
substances highly desired. Phenols and naphthols are electron-rich molecules that  
may be considered nucleophiles. Due to tautomerization, phenols and naphthols have 
nucleophilic centres located both on oxygen and carbon atoms (Scheme 11).[59] 
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Scheme 11. Keto-enol tautomerization of phenol and electrophilic substitution. Pink: carbon 
nucleophilic sites; blue: oxygen nucleophilic site. E – electrophile.  

In reactions with electrophiles, either O-alkylated or C-alkylated products can 
potentially form. There is a high probability of the formation of a mixture of alkylated 
products if a non-selective synthetic approach is applied. Therefore, it is important to 
develop simple and direct methods to selectively derivatize phenols. The most 
investigated aryl oxygen derivatisation is O-alkylation, Williamson reaction,[60,61] which 
gives aromatic ethers in excellent yields and selectivity. The aromaticity of phenol makes 
the enol tautomer of phenol more stable than the keto tautomer. In order to facilitate 
keto tautomer formation, directing auxiliaries are used (e.g. an additional hydroxyl 
group, arene rings attached to phenol, and the formation of phenolate or substituents in 
ortho- and/or para-position).[62] For example, C-alkylation occurs under the right reaction 
conditions with ortho-substituted phenols, which leads to the formation of dearomatized 
product bearing a chiral centre at the carbon atom. Dearomatization is a phenomenon 
in which an arene ring undergoes a substitution reaction and permanently loses its 
aromaticity.[63] Investigation of phenol dearomatization is growing and various 
approaches are being studied (e.g. oxygenation, hydrogenation, halogenation, arylation, 
alkylation and cycloaddition). Different organic, inorganic and enzymatic reagents and 
catalysts are used to carry out such transformations.[64–69] Furthermore, a dearomative 
approach provides access to more complex, value-added and synthetically useful 
intermediates from cheap and readily accessible sources.[64] 

1.3.1 Dearomatization of Aryl Alcohols by Oxidation 
One of the strategies to dearomatize aryl alcohols is oxidation. Oxidative dearomatization 
of substituted phenols with nucleophilic additives (e.g. alcohols) is regioselective and 
provides cyclohexa-2,4-dienones (Scheme 12).[70,71] The reaction can be viewed as an 
oxidative nucleophilic substitution, where two electrons are pushed away from the 
aromatic core (carbocation forms) and are replaced with an oxygen- or carbon-based 
nucleophilic reaction partner. As a result of this reaction, the substitution takes place at 
the ortho-position and a chiral carbon centre is formed.[72] 
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Scheme 12. Oxidative dearomatization of substituted phenol with nucleophile. 

Of the many options, hypervalent iodine compounds are the most frequently used 
reagents for the oxidation of naphthols to ortho- or para-naphthoquinones (Scheme 13).[73] 
The Harvey research group has shown that by using o-iodoxybenzoic acid (IBX) and 
(bis(trifluoroacetoxy)iodo)benzene (PIFA), it was possible to selectively oxidize α-naphthol 
18 with good yields (up to 68%), while the IBX gave ortho-naphthoquinone 19 and PIFA 
para-naphthoquinone 20 (Scheme 13A).[74] Similarly, Pettus and co-workers obtained 
ortho-naphthoquinone 19 exclusively in good yields while using IBX for the oxidation of 
β-naphthol 21 (Scheme 13B).[75] With alkylated α-naphthols, the Quideau research group 
has developed a selective way to dearomatize 2-methyl-1-naphthol 23 using SIBX  
(a stabilised, non-explosive version of IBX; SIBX is composed of IBX (49%), benzoic acid 
(22%) and isophthalic acid (29%)) as an oxidant. Methyl-substituted ortho-naphthoquinone 
24 was produced with a quantitative yield (Scheme 13C).[76] 
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Scheme 13. Hypervalent iodine-mediated oxidative dearomatization of α- and β-naphthols. 

1.3.2 Metal-Catalysed Dearomatization of Naphthols  
Besides oxidation, transition-metal catalysis is commonly used to dearomatize 
naphthols. Palladium catalysts are the most popular of the transition metals.[77] In 2013, 
You et al. demonstrated the dearomatization of substituted β-naphthol 25 with cinnamyl 
carbonate using a palladium catalyst [Pd(C3H5)Cl]2 and Trost ligand (L2) (Scheme 14A).[78] 
In high yield and enantioselectivity, β-naphthalenone 26 was obtained. Seven years later, 
Zeng and co-workers used an approach similar to the You research group’s. They used a 
Trost ligand (L3) and palladium catalyst [Pd2(dba)3], but alkoxyallenes were used as an 
alkylating agent (Scheme 14B).[79] They were able to dearomatize β-naphthol 25 with high 
yields, up to 95%. 
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Scheme 14. Dearomatization of substituted β-naphthols with palladium-catalysts and Trost 
ligands. 

Dearomatization reactions with α-naphthol are less common than those with other 
aromatic compounds, such as indoles and β-naphthols.[80] The You research group 
showed arylative dearomatization with phenyl bromide. As an active complex, a palladium 
catalyst and Q-Phos ligand (L4) were used (Scheme 15).[81] All of the optimization 
reactions were carried out with substituted β-naphthol. The reaction scope included 
different substituted β-naphthols and aryl halides. With α-naphthols, two different 
substrates were tested. With second-position methylated α-naphthol, no dearomatization 
product was found and only Friedel-Crafts-type products were isolated. However, when 
fourth-position methylated α-naphthol 28 was tested, the dearomatized product 29 was 
selectively obtained with good yield (81%). 
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Scheme 15. Selective dearomatization of substituted α-naphthol. 

One effective alternative to palladium catalysis is using sustainable and low-cost nickel 
catalysts. You et al. demonstrated in 2020 that by using Ni(cod)2 and commercially 
available diphosphine ligand L5, they were able to dearomatize β-naphthols 30 with 
allylic alcohol (α-vinylbenzyl alcohol). Different phosphine ligands were tried. 
1,4-Bis(diphenylphosphino)butane and 1,1’-bis(diphenylphosphino)ferrocene gave 
moderate yields (39% and 60% respectively), but diphenylphosphine ether L5 gave a yield 
of 82%. Since the yield was not sufficient, different solvents were tested. As diethyl ether, 
trifluoroacetic acid, 1,4-dioxane and acetonitrile gave moderate or low yields and 
dichloromethane no yield at all, toluene was tested. Toluene gave high yields and  
it turned out that the type of molecular sieves had an influence on the yield too.  
With 3 Å M.S., the yield was lower than with 4 Å M.S. (82% vs 90%). Moreover, they 
tested different allylic alcohols, but none of the alcohols gave higher yields than  
α-vinylbenzyl alcohol. Through this reaction, β-naphthalenones 31 were obtained with 
good yields (Scheme 16). The method also worked excellently with methylated  
β-naphthol at 5 mmol scale, giving the product in 98% yield.[82] 

 

 

Scheme 16. Dearomatization of β-naphthols with a nickel catalyst and allylic alcohol. 

Gold(I) catalysis is very popular for the dearomatization of naphthols.[83–87]  
The electrophilic activation of π-systems (e.g. alkenes, allenes and alkynes) is easily 
achieved with gold catalysts.[88–90] Diverse chemical processes are provided by the 
addition of a nucleophile to a cationic gold complex. Furthermore, gold catalysts are 
stable and tolerate air and moisture.[91] In 2016, Zhang and You used a commercially 
available gold(I) catalyst (Ph3PAuCl) to dearomatize α-naphthols 32 intramolecularly.  
To make the catalyst work, different silver salts as chloride scavengers were tested.  
The best results were achieved with silver mesylate (5 mol%). The mesylate counter 
anion eased the 5-endo-dig cyclization by deprotonation, which led to the formation of 
spirocarbocyclic products 33 (Scheme 17A). Moreover, they demonstrated one asymmetric 
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example by using a catalytic amount of (4-CF3C6H4)3PAuCl and chiral silver phosphate.  
A spirocarbocylic product 33 was isolated with 85% of yield and ee 90%.[92] A few years 
later, the Bandini group demonstrated that by using the same catalyst and silver 
trifluoroacetate they were able to site-selectively synthesise β-naphthalenones 34 with 
allenamides (yields up to 95%) (Scheme 17B). Anhydrous reaction conditions were 
required for the reaction to succeed.[93] 

 

 

Scheme 17. Gold(I)-catalysed dearomatization of naphthols. 

1.3.3 Dearomatization of Naphthols by Other Methods 
Transition-metal usage for naphthol dearomatization has been thoroughly investigated. 
However, reactions without any catalyst are unusual. The Shao research group 
demonstrated that by using oxy-allyl cations as electrophilic reagents they were able to 
dearomatize substituted α-naphthols 36 with high yields (up to 87%) (Scheme 18). 
Different bases (Na2CO3, K2CO3, K2HPO4 and Et3N) were screened, and the highest yields 
were obtained with sodium carbonate. The solvent played an important role in alkylation 
selectivity and dearomatization so, as non-fluorinated alcohols gave no reaction, 
fluorinated solvents were tested. Of the fluorinated solvents, the highest yield was 
achieved with fluorinated isopropanol (HFIP).[94] 
 

 

Scheme 18. Dearomatization with an oxy-allyl alkylator. 
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Later, the same group demonstrated an asymmetric allylic substitution of α-naphthol 
38 with an allenamide and chiral phosphoric acid catalyst (I) without a transition-metal 
catalyst. Reactions were carried out at -20 °C in toluene under anhydrous conditions. 
Fifteen different substituted naphthols 38 underwent dearomatization with high yields 
(up to 97%) and enantioselectivities (Scheme 19). A gram-scale reaction gave an excellent 
97% yield and an e.r. of 95:5.[95] 

 

 

Scheme 19. Substituted α-naphthol dearomatization with chiral phosphoric acid. 

The Fráter group reported a direct asymmetric alkylation of substituted α- and  
β-naphthol that did not rely on a transition-metal catalyst (Scheme 20). They showed 
that, by using an alkyl halide (prenyl chloride) as an electrophile and an α-isosparteine as 
a chiral additive in conjunction with n-butyllithium, it was possible to achieve low ee  
(up to 38%) and moderate yield (up to 54%) for dearomatized alkylated naphthols 40 and 
42.[96] 

 

 

Scheme 20. Asymmetric naphthol derivatization with nBuLi and α-isosparteine. 
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2 Motivation and Aims of the Present Work 

The need for new environmentally friendly approaches to obtain appropriately 
substituted oxygenated aromatic compounds is obvious. Electrochemistry is one of the 
new promising approaches for that purpose. Performing reactions in continuous-flow 
mode makes it possible to overcome limitations usually associated with electrochemical 
transformations, and allows to conveniently scale-up processes, closing the gap between 
academia and industry. The products obtained electrochemically can be further 
transformed to the necessary complex compounds. The direct and selective C-alkylation 
of phenols, which does not require transition-metal reagents or catalysts, is one of the 
possible directions of phenol modification. This approach is at present rather 
undeveloped and requires new investigations and further study. 
 

The specific aims of the study were: 

 to explore the conditions for the electrochemical hydroxylation of electron-
rich arenes in continuous-flow mode; 

 to prove the reliability of the electrochemical continuous-flow approach for 
the preparative synthesis of oxygenated phenols; 

 to develop a direct and selective method for alkylative dearomatization of 
different substituted phenols and naphthols without using any transition-
metal catalysts in aqueous and non-aqueous conditions.  
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3 Results and Discussion 

3.1 Electrochemical Hydroxylation of Electron-Rich Arenes in 
Continuous-Flow (Publication III and Unpublished Results) 

The hydroxylation of arenes is usually achieved with transition-metal catalysts under 
harsh conditions, which are neither environmentally friendly nor easy to carry out.[97–99] 
Alternatively, there are some electrochemical examples using trifluoroacetic acid for the 
indirect hydroxylation of aromatic systems.[47–49] But all of those early examples used 
trifluoracetic acid as a solvent or co-solvent and the yields were low or not isolated at all. 
Moreover, they used an unfavourable divided cell system equipped with expensive 
platinum electrodes for electrolysis, leaving an opportunity for further investigation and 
improvement. 

3.1.1 Optimization for Arene Hydroxylation 
For the hydroxylation of electron-rich arenes, a reaction setup has to be accessible. We 
used a DIY undivided-cell microreactor designed by the Noël research group (Figure 4E, 
page 14).[30] The microreactor was equipped with a graphite anode and a stainless steel 
cathode. This is different from the previous literature examples, where more 
complicated systems were used.[47–49] The reactions were performed under galvanostatic 
conditions, which allowed us to avoid using a reference electrode. Anisole 43 was chosen 
as the model substrate to carry out indirect hydroxylation. Through thorough research 
we identified the optimum reaction conditions (Table 1). We chose acetonitrile as our 
initial solvent, because radical reactions are typically carried out in it. However,  
in acetonitrile, TFA ester formed with rather low yield (31%), although the conversion 
was high, which probably indicated the decomposition of the desired product (Table 1, 
entry 1). Among different solvents (Table 1, entries 1, 7-12) (e.g. dichloromethane, 
hexafluoroisopropanol, dimethylformamide, tetrahydrofuran, methyl tert-butyl ether 
and methanol), the highest GC-FID conversion was achieved with HFIP, but unfortunately 
no desired product formed. The next best results were achieved with tetrahydrofuran 
(Table 1, entry 8). However, with THF we saw a moderate deposition of organic material 
on the electrode surface, which worked as an insulator and hindered the reaction. As the 
conversion was not complete, we tried to push the reaction by applying higher electrical 
current, which surprisingly led to decreased yield. This was due to the fact that the 
desired product was more electron-rich than the starting material, which means that the 
product tended to overoxidize under the electrochemical conditions, when the 
concertation of the starting material became low. In some of the cases, overoxidized 
products were detected along with arene-arene coupling products.[7,100] 

Being an oxygen source for the hydroxylation, trifluoroacetic acid also acted as a 
proton source for the cathodic half-reaction, while amines were needed for the proton 
transfer (Table 1, entries 1, 3 and 21-22). Acid was used in excess in order to keep the 
amines protonated. Protonation is required to avoid the oxidation of amine and insure 
the high conductivity of the system. When we used base in excess compared to acid,  
the oxidative polymerization of amine took place, which caused deposition on the 
electrodes and hindered the desired reaction. The optimal ratio of acid to base was two 
to one (Table 1, entry 22).  
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Table 1. Reaction condition optimisation with anisole. 

 

Entry 
TFA, 

(equiv.) 
Base, 

(equiv.) 
Solvent 

Time 
(min) 

Anode Cathode 
Conv. 
(%)b 

Yield 
(%)c 

1 3 
Bu3N 

(2 equiv.) 
CH3CN 
(0.1 M) 

5 graphite s. steel 71 31 

2 3 - 
CH3CN 
(0.1 M) 

5 graphite s. steel 0 0 

3 3 
collidine (2 

equiv.) 
CH3CN 
(0.1 M) 

5 graphite s. steel 72 20 

4 1.5 
Bu3N 

(2 equiv.) 
CH3CN 
(0.1 M) 

5 graphite s. steel 0 0 

5 3 
Bu3N 

(1 equiv.) 
CH3CN 
(0.1 M) 

5 graphite s. steel 78 11 

6 3 
Bu3N 

(4 equiv.) 
CH3CN 
(0.1 M) 

5 graphite s. steel 0 0 

7 3 
Bu3N 

(2 equiv.) 
stab. DCM 

(0.1 M) 
5 graphite s. steel 72 45 

8 3 
Bu3N 

(2 equiv.) 
stab. THF 
(0.1 M) 

5 graphite s. steel 83 68 

9 3 
Bu3N 

(2 equiv.) 
DMF 

(0.1 M) 
5 graphite s. steel 79 45 

10 3 
Bu3N 

(2 equiv.) 
MeOH 
(0.1 M) 

5 graphite s. steel 74 4 

11 3 
Bu3N 

(2 equiv.) 
HFIP 

(0.1 M) 
5 graphite s. steel 100 0 

12 3 
Bu3N 

(2 equiv.) 
MTBE 

(0.1 M) 
5 graphite s. steel 53 44 

13 3 
Bu3N 

(2 equiv.) 
stab. THF 
(0.1 M) 

5 s. steel s. steel 43 12 

14 3 
Bu3N 

(2 equiv.) 
stab. THF 
(0.1 M) 

5 graphite graphite 85 48 

15 3 
Bu3N 

(2 equiv.) 
stab. THF 
(0.1 M) 

5 graphite copper 83 65 

16 3 
Bu3N 

(2 equiv.) 
stab. THF 
(0.1 M) 

5 graphite nickel 80 64 

17 3 
Bu3N 

(2 equiv.) 
stab. THF 
(0.05 M) 

2.5 graphite s. steel 83 68 

18 3 
Bu3N 

(2 equiv.) 
stab. THF 
(0.025 M) 

1.25 graphite s. steel 90 74 

19 3 
Bu3N 

(2 equiv.) 
non-stab. THF 

(0.025 M) 
1.25 graphite s. steel 85 60 

20 6 
Bu3N 

(3 equiv.) 
non-stab. THF 

(0.025 M) 
1.25 graphite s. steel 78 65 
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21 6 
Et3N 

(3 equiv.) 
non-stab. THF 

(0.025 M) 
1.25 graphite s. steel 70 50 

22 6 
DIPEA 

(3 equiv.) 
non-stab. THF 

(0.025 M) 
1.25 graphite s. steel 88 71 

23d 6 
DIPEA 

(3 equiv.) 
non-stab. THF 

(0.025 M) 
1.25 graphite s. steel 0 0 

24e 6 
DIPEA 

(3 equiv.) 
non-stab. THF 

(0.025 M) 
600 graphite s. steel 5f 5 

25g 6 
DIPEA 

(3 equiv.) 
non-stab. THF 

(0.025 M) 
600 graphite s. steel 33f 29 

aDuring the screening, the solution was pumped through the undivided-cell microreactor at a fixed 
flow rate at room temperature. The current varied from 60 to 140 mA, which corresponds to 
1.8-5.0 mA cm-2. After the reaction had reached steady state (10 minutes), the corresponding 
potential was noted and a sample (0.1 ml) was collected in a vial, complemented with EtOAc  
(1 mL) and analysed using GC-FID. The * shows the position(s) of other isomer(s). bConversion 
determined by GC-FID with decane as an internal standard. cYield determined by GC-FID with 
decane as an internal standard. dNo electricity was applied. eBatch reaction conditions: 3.3 mA cm-2, 
3.9 F, 0.25 mmol scale. fConversion determined by 19F-Q-NMR with benzotrifluoride as an internal 
standard. gBatch reaction conditions: 3.3 mA cm-2, 11.8 F, 0.25 mmol scale. 

 
Different electrode combinations were tested to determine the best results (Table 1, 

entries 8 and 13-16). For example, graphite was tested both as an anode and a cathode 
(Table 1, entry 14). In theory, that should have allowed us to change the polarity of 
electrodes back and forth, and therefore eliminate deposited material from the 
electrode surface.[16,101] Unfortunately, graphite as a cathode was not efficient, giving 
only a low yield (48%). Moreover, copper and nickel cathodes were tested, but moderate 
deposition on the surface of the electrodes took place. As different combinations of 
electrodes did not give better results, other ways to eliminate deposition were 
investigated. We decided to lower the concentration of solution and increase the flow 
rate. Those changes helped to flush out any deposition on the electrode surfaces and 
achieve a steady state, which is required to scale-up the whole reaction. It should be 
emphasized that the reactor productivity remained the same, because dilution and the 
faster flow rate were applied simultaneously.  

Unfortunately, when we tried to investigate the substrate scope using the established 
conditions, we discovered that other electron-rich arenes gave rather low yields. 
Therefore, we went back to the reaction optimization once again. The second time we 
used stabilizer-free THF (Table 1, entries 19-22). The difference between stabilized and 
stabilizer-free tetrahydrofuran is butylated hydroxytoluene (BHT). BHT is a stabilizer that 
is usually used in commercial ether solvents. BHT prevents the radical-mediated 
oxidation of the solvent and therefore prolongs the solvent shelf life. In our 
electrochemical reactions, different radicals formed; hence, the inclusion of BHT 
probably reduced the reaction occurrence. Therefore, we used freshly distilled 
tetrahydrofuran (distilled with lithium aluminium hydride on the same day) or fresh 
commercially available stabilizer-free tetrahydrofuran (not opened longer than a few 
days). The solvent change made the reaction more sensitive to the base, and therefore 
we had to change it. In our initial trials, tributylamine was used. Since tributylamine gave 
a moderate yield (65%), two different amines were tested (Table 1, entries 21 and 22). 
Triethylamine resulted in a lower yield (50%) and the best results were achieved with 
diisopropylethylamine (DIPEA) (a yield of 71%). For the reaction to be successful,  
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the DIPEA had to be fresh (it remained fresh up to four months after distillation or after 
opening a new bottle). 

To prove the electrochemical nature of the process, the reaction was carried out without 
electricity (Table 1, entry 23). As postulated, no reaction took place without electricity. 
Moreover, to demonstrate the usefulness and reliability of the continuous-flow reaction 
setup, the batch reactions were carried out with model substrate anisole 43 (Table 1, 
entries 24 and 25) under similar conditions. The batch electrolysis was conducted at 
constant current and at room temperature, but a longer reaction time (10 hours in batch 
vs 1.5 minutes in flow) was required. At first (Table 1, entry 24), the same amount of 
electricity (3.9 F) was applied as in the continuous-flow setup, but the yield was low (5%). 
To achieve higher yields, more electricity was applied (11.8 F), but the yield was just 29%. 
The lower yields can be explained by the prolonged reaction time, as a longer time leads 
to over-oxidation of electron-rich products and it leads to decomposition on the 
electrodes. We also calculated the Faraday-efficiency of the reaction and found that in 
continuous-flow it was much higher (FEflow = 49%) than in the batch reaction (FEbatch = 5%), 
which means that the use of electricity was more sustainable in the continuous-flow 
setup. The productivity of the continuous-flow setup was 0.64 mmol h-1 with 71% yield 
(0.9 mmol h-1 with 100% theoretical yield). This proves that the developed 
transformation in continuous-flow has many benefits, such as higher efficiency, higher 
yields and significantly shorter reaction time. 

3.1.2 Scope of the Reactions 
With the optimized reaction conditions in hand, we started testing different electron-rich 
arenes. Some of them were synthesised via esterification, Williamson etherification or 
by protection reactions (Figure 6), while others were purchased from commercially 
available sources.  
 

 

Figure 6. Synthesised starting materials. 

Successful scope examples are shown in Scheme 21. The reaction sequence consisted 
of two parts: 1) electrochemical synthesis, which yielded TFA ester, and 2) hydrolysis of 
TFA ester formed in the previous step to release hydroxylated arene. Usually a mixture 
of ortho- and para-isomers of the hydroxylated product was detected. From the successful 
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reactions, all of the isomers were chromatographically separable. With some products, 
e.g. cresol 55, it was wise not to separate isomers, as we would have risked losing the 
product due to the low boiling point. We showed that the functionalities that might be 
sensitive to side reactions under radical reactions withstood the electrochemical conditions 
nicely (e.g. benzyl 56, butenyl 57 and propargyl 58). Besides the O-alkylated phenols, 
different electron-rich arenes containing additional electron-withdrawing groups were 
tested. The substances containing electron-withdrawing groups (59-62) required higher 
currents, but eventually the best results were achieved. Carbonyl and carboxyl groups 
endured the basic aqueous workup and repelled the hydrolysis and aldol condensation. 
Sadly, the products containing a nitrogen atom gave low to moderate yields (63 20% and 
64 43%). With 4-methoxybenzonitrile 63, the conversion and yield were low regardless 
of the applied current. And when protected 4-methoxyaniline was used as a starting 
material, the isolated hydroxylation product 64 had methyl migrated from the para- to 
the meta-position. Most probably, the relocation happened during the basic work-up, 
when the methyl group from one oxygen atom migrated to another. Besides the  
above-mentioned, other electron-rich arenes that did not contain alkoxy groups in the 
structure were tested (18, 65-68). The yields were satisfactory (20%-54%). Naphthalene 
reacted under the standard conditions effortlessly and 1-naphthol 18 was isolated with 
good yield (54%). Therefore, the naphthalene was chosen for the 10 mmol scale-up 
reaction to demonstrate the versatility and reliability of the continuous-flow process.  
The scale-up reaction did not need any additional optimization other than prolonged 
collection time to work successfully. The yield of 1-naphthol 18 was comparable to the 
reaction scope result (50% for the scale-up reaction and 54% for the standard 
conditions). The electrolysis with mesitylene 65 and biphenyl 66 proceeded similarly to 
other electron-rich arenes and the products were isolated with good yields (40% 65 and 
53% 66). The regioselectivity of biphenyl 66 to the para-position was high (80:20).  
With phenanthrene 67, multiple problems occurred during the isolation process. At first, 
the preliminary results were promising. After the first column chromatography, when we 
checked the thin layer chromatography plate, the product was pure and isolated as a 
single isomer (only one spot was seen). In the proton NMR of the isolated product, we 
saw impurities in amounts that made us the question the purity of our isolated product. 
This made us redo the TLC analysis from the NMR sample and, to our surprise, five other 
spots occurred. At this point, we thought that the deuterated chloroform had caused the 
decomposition of the desired product. Because of that we avoided chlorinated solvents 
in our second attempt. Moreover, as we could not be sure what else might ruin the 
product, several precautionary measures were implemented: we reduced the contact 
with visible light by using aluminium foil and darkening the room, and avoided heating, 
which means the solvent evaporation was done under vacuum at room temperature. 
Despite all of these measures, the isolated yield was moderate (38%). Finally, we turned 
our attention to 1,4-di-tert-butylbenzene 68. Under standard conditions, it provided very 
low yields, but when the reaction was performed at a lower flow rate, we managed to 
isolate the desired product with 20% yield. Probably the low yield was caused by the 
steric hindrance from two tert-butyl groups.  
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Scheme 21. Successful scope results of arene hydroxylation. aReaction conditions: arene (1 mmol), 
TFA (6 equiv.), DIPEA (3 equiv.), non-stabilized fresh THF (0.025 M), graphite anode/stainless steel 
cathode, 1.8-5.4 mA cm-2, room temperature, residence time 1.25 min, collected for 66.6 min. 
Workup with saturated NaHCO3. The ratio of different isomers is shown in brackets. The overall 
isolated yield is given for the chromatographically separated isomers of compounds 2-4, 6 and 8. 
The * shows the position(s) of other isomer(s). b10 mmol scale reaction collected for 66 h 6 min. 
cResidence time 2.5 min, collected for 133.2 min. 



35 

From our experimental results, we found that the working oxidation potential window 
of the starting material is 1.6 – 2.1 V vs SCE[102] and our model substrate anisole 43 has 
oxidation potential at 1.8 V vs SCE, which is in the middle of the working window. All of 
the tested compounds did not work as expected; either they did not fit into the window 
or for other reasons. Those substances can be divided into four groups (Figure 7). In the 
first group (Figure 7, A), the oxidation potentials of the compounds were low, which led 
to overoxidation and aryl-aryl coupling in some cases, and resulted in deposition on the 
electrode surface. Dimethoxybenzene 69 (1.50 V vs SCE) gave coupling products with 
15% yield in GS-MS. Trimethoxybenzene 70 acted similarly to dimethoxybenzene 69. 
Although, the GS-MS results were promising for 4-methoxyphenol 55-para (1.17 V vs SCE), 
unfortunately a low yield (20%) was determined by 19F NMR of the crude mixture and we 
decided not to proceed with the experiment. We hoped that 2-methoxyphenol 55-ortho 
would give better results because of its higher oxidation potential (1.41 V vs SCE), but 
the 19F NMR yield was even lower. 

In the second group (Figure 7, B), a mixture of isomers or low GC-MS yields were 
found. Because many isomers formed with low yields in this group, it was clear that the 
isolation would be tedious, and therefore reaction mixtures were not hydrolysed.  
With acetonaphthones (71 and 72), different isomers with low yields were detected in 
GC-MS. Similar results were achieved with substituted naphthalenes (73 and 74).  
The veratraldehyde 75 gave a very low yield in GC-MS and therefore the reaction was 
not continued. With bromoanisoles (76 and 77), one or two isomers were detected, 
unfortunately with low GC-MS yields. The nitrogen-containing substances 79 and 80 
yielded many isomers with low yields.  

The third group (Figure 7, C) of tested starting materials produced side products or 
deposition on the electrode surfaces. p-Xylene 81 and 4-methylanisole 82 had C-H 
activation, and oxidation took place at the benzylic position. That might be interesting 
for further investigation. Allyl- and prenyl-substituted oxybenzenes 83 and 84 probably 
had oxidation on the double bond, which resulted in deposition. Moreover, they did not 
react like other substituted alkoxybenzenes (Scheme 21, 57 and 58), which demonstrates 
how narrow and selective the reaction window is. Xanthene 85 oxidized to ketone and 
fluorenone 86 was reduced to alcohol. Lastly, some aromatic heterocyclic products were 
tested. With carbazole 87 and indole 88 (1.16 V vs SCE), the potential rose exponentially 
over time, which means that deposition took place, and after a few minutes we had to 
stop the reaction.  

The last group (Figure 7, D) contained substances that had high oxidation potential 
and did not give any reaction. Benzene 89 and its halogenated derivatives 90 
(2.50-2.61V vs SCE) did not react and no phenol was detected. Unfortunately, not all 
substances containing electron-withdrawing group reacted. No matter what current was 
applied, phenyl acetate 91 and methyl benzoate 92 (-2.34 V vs SCE) did not give any 
reaction. For a non-aromatic compound, adamantane 93 was tried, but it also did not 
react. Moreover, we tried aromatic heterocyclic isatin 94 and its methylated form 95.  
As the isatin 94 did not give any product, we thought that by protecting the amide 
nitrogen with a methyl group, we would see some positive results. Sadly, no hydrogen 
was formed in the reaction with methylated isatin 95, and therefore we assumed that an 
unfavourable reaction had taken place. 
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Figure 7. Starting materials that gave low reactivity, side reactions or did not react at all. 
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While the previous examples can be grouped according to similar behaviour, 
anthracene requires special mention (Scheme 22). The electrochemical oxidation of 
anthracene provided a corresponding single isomer of TFA ester 96 with the highest 
recorded 19F NMR yield (85%) of the tested starting materials. While the formed TFA 
ester was stable under the electrochemical conditions, anthrol 97, which formed upon 
hydrolysis, tautomerized to a more stable form. Anthrone 98 was partially oxidized by 
atmospheric oxygen under basic conditions to anthraquinone 99.[103] Anthrone 98 and 
anthraquinone 99 reacted further with each other to afford a dimeric product, 
bianthrone 100.[104,105] Mixtures of different and inseparable compounds were the results 
of these transformations. Unfortunately, the isolation attempts did not give any results 
and we lost our desired product. 
 

 

Scheme 22. Oxidative dimerization of anthrone. 

To explain the reaction mechanism, we propose that the electrochemical 
transformation is initiated by a single electron transfer (SET) oxidation of an electron-rich 
arene on the surface of the anode, in our case on graphite (Scheme 23). Being a strong 
electrophile, the formed radical cation A is trapped by trifluoroacetic acid, which leads 
to the formation of neutral radical B upon deprotonation. Furthermore, the neutral 
radical undergoes the second oxidation, giving cation C. In the last step, the aromatic 
system is restored upon deprotonation. Simultaneously with the anodic reaction,  
a hydrogen reduction takes place on the cathode. Finally, the TFA ester is hydrolysed by 
an aqueous base during the work-up procedure after the electrochemical transformation, 
and the corresponding hydroxylated arene is isolated.  
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Scheme 23. Proposed mechanism. 

3.1.3 Summary of Electrochemical Hydroxylation of Electron-rich Arenes in 
Continuous-Flow 
We demonstrated an easy and convenient way to hydroxylate electron-rich arenes using 
electrochemical transformation in combination with continuous-flow. We were able to 
hydroxylate molecules only in 1.25 minute resistance time. The suitable oxidation 
potential window was 1.6-2.1 V vs SCE. The developed method is also scalable to a 
synthetically useful range, which helps to bridge the gap between academia and industry. 
Hydroxylated arenes were obtained with good yields (up to 68%) without the use of toxic 
oxidants or metal catalysts, demonstrating the sustainability of this method. 

3.2 Dearomatization of Phenols and Naphthols (Publications I and II, 
Unpublished Results) 

The selective dearomatization of phenols and naphthols in the presence of a transition-
metal catalyst is a popular and well investigated area, although dearomatization 
reactions without a transition-metal catalyst remain rather overlooked. In our group,  
we investigated dearomatization of phenols and naphthols in aqueous and non-aqueous 
solutions without any oxidative agents or transition-metal catalysts.  
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3.2.1 Optimization of the Dearomatization Reaction 
In 1963, Kornblum, Seltzer and Haberfield investigated the alkylation of naphthoxide 
with benzyl bromide in aqueous and non-aqueous media. They demonstrated that the 
solvent played an important role in reaction selectivity. According to their research, 
C-alkylated naphthol was the main formed product when the reaction was carried out 
under aqueous conditions, with only a low yield of O-alkylated naphthol. On the other 
hand, when the reaction was carried out in a non-aqueous solvent, O-alkylated naphthol 
was obtained as the main product.[106] Therefore, our initial idea was to investigate the 
selective dearomatization in aqueous conditions with phenols as the starting material 
(Scheme 24a-f). We chose commercially available benzyl bromide as the alkylating agent 
and lithium hydroxide was used as a base. First, unsubstituted phenol 101a was tested 
(Scheme 24a). Although some starting material was recovered, alkylation proceeded 
well. More results are presented in Publication I. The reactions with phenols showed us 
that substituted phenol afforded higher C-alkylation yields. The C-alkylation took place 
either at the ortho- or para-position. As phenols have two ortho-positions, the C-alkylation 
selectivity can be lower due to the possibility of either single or double alkylation. All of 
these results were considered when investigating the alkylation of naphthols. We focused 
on the alkylation of α-naphthols, because there were no good methods to alkylate these 
compounds.  

With the established reaction conditions for phenols, we broadened our scope to 
naphthols (Scheme 24g-i). We started with 2-methyl-1-naphthol 107a (Scheme 24g, A) 
and the yield was surprisingly high compared to the previous results with phenols. 
C-Alkylation took place at the second position providing a dearomatized product (109a, 
21%) and at the fourth position providing alkylated α-naphthol (110a, 49%), and some 
dialkylated product formed (6%), while O-alkylation almost did not occur (108a 2%). We 
postulated that the reaction would be regioselective towards the second position, 
providing dearomatized product, so more optimization reactions were carried out. A 
more concentrated reaction mixture (Scheme 24g, B) gave higher selectivity towards the 
second position 109a (39%), although some alkylation still took place at the fourth 
position 110a (22%). Knowing from the reactions with phenols (Publication I, Table 1,  
entry 3 and 5) that a substituent at the fourth position helps direct C-alkylation to the 
second position, disubstituted naphthol 107b was tested (Scheme 24h, A). The selectivity 
was higher and the dearomatized product 109b formed with 60% yield. However, this  
reaction also yielded the second dearomatized product 112b (17%). Lastly, when  
4-mehtyl-1-naphthol 107c was tested, dearomatization took place only at the fourth 
position with low yield (112c 14%), and the second position alkylation 109c was the main 
product (Scheme 24i). These observations demonstrated that the reaction conditions were 
regioselective towards the second position regardless of whether there was substituent at 
the second position or not. Moreover, at the same conditions used for phenols,  
the O-alkylation of naphthols was suppressed. Besides lithium hydroxide, lithium-L-lactate 
was tested as a base (Scheme 24g, C; Scheme 24h, B). Unfortunately, the dearomatization 
yields were lower (18% vs 39% and 51% vs 60%). Moreover, we tested organic base DBU in 
aqueous conditions (Scheme 24g, D), but mainly O-alkylation took place (108a 48%), and 
quite a significant amount of the starting material (27%) was recovered.  

We found that by using lithium hydroxide as a base and benzyl bromide as an 
alkylating agent it was possible to regioselectively alkylate α-naphthols (107a-107c) in 
aqueous conditions. As the yields were not satisfactory, we turned our attention to the 
reactions in non-aqueous media (Scheme 25).  
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Scheme 24. Dearomatization of phenols and naphthols in aqueous conditions. Reaction conditions 
for phenols: phenol (1 mmol), BnBr (1.2 mmol, 1.2 equiv.), 0.5 M LiOH in water (2 mL), room 
temperature, 20 h. Reaction conditions for naphthols: naphthol (0.5 mmol), BnBr (0.6 mmol, 
1.2 equiv.), base, room temperature, 20 h. b0.5 M LiOH (1 mL). c2 M LiOH (0.5 mL). dH2O (1 mL), 
HFIP (0.3 mL), lithium-L-lactate (1 equiv). eH2O (1 mL), DBU (1.1 equiv). The yields are given for the 
chromatographically isolated products. 
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For the base we chose commercially available n-butyllithium, as it contains  
lithium cation, which is important for lithium naphtholate formation. First, we tried 
tetrahydrofuran as a solvent, together with α-naphthol 107a (Scheme 25a, A). 
Unfortunately, mainly O-alkylation product 108a formed (51%) with some dearomatized 
C-alkylation product 109a (16%). In the next step, we tried cyclopentyl methyl ether, 
which is a greener alternative to THF.[107] We tested two approaches with 
2-methyl-1-naphthol 107a (Scheme 25a, B and C). We started the reaction in hexane, 
because n-BuLi is sold as a hexane solution, but we had problems with solubility, as our 
naphthol 107a was not fully soluble in hexane (Scheme 25a, B). Before adding the 
alkylating agent to the reaction mixture, CPME was added. Dearomatized product 109a 
formed with good yield (50%), but still quite a big amount of the starting material 
remained unreacted (22%) and ether 108a was isolated with low yield (4%). In order to 
improve the selectivity and the yield, a second attempt was carried out with a solvent 
exchange (Scheme 25a, C). The reaction mixture was mixed together similarly to the first 
attempt but, before adding CPME, the hexane was evaporated away with argon. This 
inconvenient method provided dearomatized product 109a selectively with higher yield 
(65%). Since more substituted α-naphthol 107b gave high yields in an aqueous solution, 
it was also tested in a non-aqueous solution with CPME (Scheme 25b). Dearomatized 
product 109b was received with a high yield (85%). To broaden the scope, β-naphthols 
107d and 107e were tested (Scheme 25c-d). Similarly to α-naphthols, the more 
substituted β-naphthol was more reactive, as the C-alkylation yields were 62% for 109d 
and 73% for 109e. To our surprise, the yields were lower with β-naphthols than with  
α-naphthols. The trend is the opposite of the previous literature examples.[79,81] Lastly, 
one resorcinol 107f was tested (Scheme 25e). Although C-alkylation took place and 
dearomatization products 111f and 112f formed, the yields were much lower (16% and 
8%, respectively) compared to other naphthols. Therefore, we did not proceed with any 
extra reactions. As the yields of dearomatization with butyllithium in non-aqueous 
conditions were high, but the procedure was inconvenient, we started using n-BuLi in 
toluene. Using toluene helped with two problems: solubility, as our starting materials 
were soluble in toluene, and it allowed us to avoid blowing the solvent away before 
adding cyclopentyl methyl ether. As the reaction was now carried out in toluene and not 
in pure cyclopentyl methyl ether, we had to optimize the reaction conditions once again 
(Table 2). First, we did not add any additive, hoping that n-BuLi in toluene itself would be 
efficient for our transformation (Table 2, entry 1). However, no desired product formed, 
while some starting material was recovered (10%) along with different aromatic 
compounds. It became clear that some additive was needed. As the CPME previously 
worked, we added two equivalents of it to the reaction mixture (Table 2, entry 2).  
The reaction results were very good, and we obtained the dearomatization product 109a 
with the highest yield so far (73%). Then, we switched to the more substituted 
α-naphthol 107b, but surprisingly it gave a slightly lower yield (68%) (Table 2, entry 4). 
Previously, when the reaction was carried out with a solvent switch, the yield of 109b 
was 85% and it was higher than with less substituted α-naphthol 109a (65%) (Scheme 
24g, C). We hoped to see a similar trend with the new conditions, but sadly that was not 
the case. An even bigger surprise was that β-naphthol 107d gave a low yield of 37% (Table 
2, entry 5), and the yield drop was drastic compared to the reactions in hexane (from 
73% to 37%). As the yield of β-naphthol 107d was low, we tested a higher reaction 
concentration, which was beneficial for the reactions in water (Scheme 24g, B).  



42 

 
Scheme 25. Substituted naphthol alkylation with benzyl bromide in non-aqueous media. Reaction 
conditions: naphthol (0.5 mmol) in hexane, n-BuLi in hexane (2 equiv.), solvent exchange, BnBr 
(0.6 mmol, 1.2 equiv.), 80 °C, 20 h. aTemperature 70 °C. bNaphthol (0.5 mmol) in diethyl ether. All 
yields were isolated chromatographically. 

 
We added more benzyl bromide and less butyllithium and the improvement was 

remarkable. The desired product 109d was isolated in 90% yield (Table 2, entry 6). As the 
results with β-naphthol 107d were excellent, we tried more concentrated conditions with 
α-naphthol 107a (Table 2, entry 3). Unfortunately, this did not provide any advantage,  
but lowered the alkylation product 109a yield (54%) instead. Moreover, the yield was 
slightly higher (45%) with more substituted β-naphthol 107e than with less substituted 
β-naphthol 107d (37%) (Table 2, entry 7) in the same conditions, but still much lower 
than in the reaction in hexane (73%) (Scheme 25d). 

Besides cyclopentyl methyl ether, another ether was tested as an additive: methyl 
tert-butyl ether (Table 2, entries 8-9). The reactions with MTBE were successful in that 
they gave only C-alkylated products. Alternative reaction conditions were examined 
because of the low boiling temperature of MTBE (65 °C). With less substituted α-naphthol 
107a, the yield of dearomatized product 109a was 76% (Table 2, entry 8), which was 
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slightly higher than with the CPME (73%, Table 2, entry 2). Similarly to CPME, more 
substituted α-naphthol 107b gave a lower yield (56%) than the less substituted 
compound 107a (Table 2, entry 9). Furthermore, different alcohols were tested as additives 
(Table 2, entries 10-15). Methanol gave the lowest yield (37%), while isopropanol and 
(S)-butanol gave higher yields (57% and 56%, respectively). Thus, it seemed that the 
bigger the alcohol molecule the higher the yield of C-alkylation product, but unfortunately 
tert-butanol gave a lower yield (44%). We also tried chiral L-menthol as an additive 
(Table 2, entries 14-15) and the dearomatized product yields were high: 70% for 107a 
and 76% for 107b. In the case of α-naphthol 107b, it was the highest recorded yield with 
toluene.  

Table 2. The effect of different additives on C-alkylation. 

 
Entrya Temp. (°C) Naphthol BnBr (equiv.) Additive (equiv.) Yield (%)b 

1 80 107a 1.2 - - 

2 80 107a 1.2 CPME (2) 73 

3c 90 107a 2 CPME (2) 54 

4 80 107b 1.2 CPME (2) 68 

5 80 107d 1.2 CPME (2) 37 

6c 90 107d 2 CPME (2) 90 

7 80 107e 1.2 CPME (2) 45 

8 65 107a 1.2 MTBE (4) 76 

9 65 107b 1.2 MTBE (4) 56 

10 80 107a 1.2 methanol (1) 37 

11d 80 107a 1.2 i-propanol (1) 57 

12e 80 107a 1.2 (S)-butanol (2) 56 

13 80 107a 1.2 t-butanol (2) 44 

14 80 107a 1.2 L-menthol (2) 70 

15 80 107b 1.2 L-menthol (2) 76 
aReaction conditions: naphthol (0.5 mmol) in toluene (0.6 mL), n-BuLi in toluene (2 equiv.), additive 
and BnBr were added, 80 °C, 20 h. bIsolated yield. cin toluene (0.3 mL), n-BuLi in toluene (1.1 equiv.). 
dtoluene (1 mL). etoluene (0.4 mL). 
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Unfortunately, we did not find any enantiomeric excess of the chiral dearomatized 
product when L-menthol was used as an additive. From the optimization, we saw that 
the reaction was sensitive to the substrate structure, as well as to additives. 

The amount of alkylating halide also played an important role, as when in an alkylating 
agent was used in great excess the yield of α-naphthol decreased (Table 2, entry 3), 
whereas the outcome was the opposite with β-naphthol, yielding 90% of the dearomatized 
product (Table 2, entry 6). Moreover, the bulkiness of an additive was important, as a 
small molecule, such as methanol, gave a lower yield than bulkier L-menthol. 

3.2.2 Scope of the Reactions  
With the optimal conditions in hand, we broadened our scope by using other alkylic 
halides (Scheme 26). From Lovchik et al. we knew that it was possible to selectively 
C-alkylate naphthols with prenyl chloride.[96] However, in the preliminary experiments 
with prenyl bromide under the established conditions, the yield of C-alkylated product 
114 was only 4%. As we had an excess amount of n-BuLi in our mixture, we assumed it 
had reacted with the alkyl halide and therefore the yield of dearomatized product 
decreased. Next, we lowered the n-BuLi amount from 2 to 1.2 equivalents and the 
temperature (to room temperature), because prenyl bromide is more reactive than 
benzyl bromide. The dearomatized product 114 was obtained with a high yield (84%). 
Unfortunately, lowering the n-BuLi amount also lowered the yield of the dearomatized 
product 109a in the reaction of 107a with benzyl bromide from 73% to 67% (Scheme 26; 
Table 2, entry 2). We also carried out reactions with more substituted α-naphthol 107b 
and β-naphthol 107d using prenyl bromide and, in both cases, the yields were lower than 
with less substituted α-naphthol 107a (78% for 115 and 46% for 116). Then, we turned 
our attention to different substituted benzyl bromides. The reaction yields with 
α-naphthol 107a and 4-methylbenzyl bromide were higher than with benzyl bromide, 
rising from 67% to 76%. And similarly to the previous results, the more substituted 
α-naphthol 107b gave a slightly lower yield (118, 69%). We also tried 4-bromobenzyl 
bromide with 107a and the yield (68%) was comparable to another substituted benzyl 
bromide. The lowest yields were obtained with 4-nitrobenzyl bromide (120, 12%) and 
9-(chloromethyl)anthracene (121, 25%). Unfortunately, other commonly used 
electrophiles, such as methyl iodide and methyl tosylate, gave no C-alkylation products. 
With methyl tosylate, O-alkylation took place with 52% yield.  
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Scheme 26. Dearomatization of naphthols 107a, 107b and 107d with different active halides. 
Reaction conditions: naphthol (0.5 mmol) in toluene (0.6 mL), n-BuLi in toluene (1.2 equiv.), CPME 
(2 equiv.), alkyl halide (1.2 equiv.), 80 °C, 20 h. aBnBr (2 equiv.), 90 °C. b40 °C. cr.t. 

We tried other approaches to dearomatize naphthols, such as the electrochemical 
oxidation of β-naphthol 107d in continuous-flow (Scheme 27). With the conditions 
established for hydroxylate electron-rich arenes in Chapter 3.1.2 (Scope of the Reactions), 
we were able to dearomatize β-naphthol by hydroxylating it at the first position, with the 
low yield (123, 11%). To the best of our knowledge, this is the first example of such a 
transformation and it is a subject for future investigation. We have also tried to achieve 
asymmetric induction in dearomatization reactions with alkylating agents. For this purpose, 
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several salts, e.g. LaCl3, La(i-PrO)3 and CeCl3, together with chiral additives, e.g. L-menthol 
and (S)-butanol, were tested. To our disappointment, all of the products were racemic, 
and the lanthanide salts offered a lower yield for C-alkylation. 

 

 

Scheme 27. Electrochemical dearomatization of β-naphthol 107d. 

3.2.3 Summary of Dearomatization of Naphthols 
α- And β-naphthols dearomatize without any transition-metal catalyst with high yields 
(up to 90%). Under the obtained optimized reaction conditions, C-alkylation takes place 
exclusively with high selectivity at position 2. We determined that some additives may 
improve yields, but they were case specific rather than general. The best additives were 
ethers, such as cyclopentyl methyl ether and methyl tert-butyl ether. Bulky alcohols, such 
as L-menthol, were also good additives. 
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4 Conclusions 

We developed an environmentally friendly method for the synthesis of oxygen-containing 
aromatic compounds and easy approaches to dearomatize them.  

 
 A sustainable electrochemical method to synthesise hydroxylated arenes was 

developed. The reactions were carried out in at DIY continuous-flow reactor. 
Synthesised electron-rich hydroxylated arenes were isolated with yields up 
to 68%. 
 

  A preparative scale synthesis of α-naphthol 18 in a 50% yield from naphthalene 
was carried out in 10 mmol scale. This result was comparable with that 
obtained in 1 mmol scale (yields of 50 vs 54%). This experiment showed us 
that the continuous-flow approach can be used for the reaction at a bigger 
scale, which makes it attractive for industry. 
 

 The oxidation potential window for the developed electrochemical reaction 
is 1.6-2.1 V vs SCE. 

 
 We demonstrated an easy and efficient method for a selective C-alkylation 

of phenols and α- and β-naphthols without any transition-metal catalysts. 
The dearomatized products were isolated with high yields (up to 90%). 

 
 The importance of different donating additives for alkylation reactions was 

demonstrated. 
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5 Experimental 

Methyl 4-methoxybenzoate 44.[108] p-Anisic acid (2 g, 13.15 mmol, 1 equiv.) was 
dissolved in methanol (66 mL) and H2SO4 (0.70 mL). The mixture was 
refluxed for 4 hours and then cooled down to room temperature.  
The reaction mixture was concentrated in vacuo and saturated NaHCO3 
(aq.) (10 mL) was added to the flask. Then the reaction mixture was 

extracted with dichloromethane (4x10 mL). Organic layers were washed with brine  
(10 mL). The crude mixture was dried over Na2SO4 overnight and filtrated. Solvents were 
evaporated in vacuo to give 44 (2.11 g, 96.7%) as a white solid. 1H NMR (400 MHz, CDCl3) 
δ 8.01 – 7.97 (m, 2H), 6.93 – 6.89 (m, 2H), 3.88 (s, 3H), 3.85 (s, 3H). The NMR data were 
in agreement with the literature data.[109] 
 
Phenyl acetate 45. To phenol (2 g, 21.25 mmol, 1 equiv.), dichloromethane (100 mL), 

K2CO3 (5.9 g, 42.50 mmol, 2 equiv.) and acetic anhydride (2.5 mL) were 
added. The reaction mixture was stirred at room temperature for 24 hours. 
The reaction mixture was washed with water (3x50 mL) and dried over 
MgSO4 and filtrated. The solvents were evaporated in vacuo to give 45  

(2.65 g, 92%) as a colourless liquid. 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.34 (m, 2H),  
7.26 – 7.19 (m, 1H), 7.10 – 7.06 (m, 2H), 2.29 (s, 3H). The NMR data were in agreement 
with the literature data.[110] 
 
4-Methoxyphenyl acetate 46. To 4-methoxyphenol (2 g, 16.11 mmol, 1 equiv.), 

dichloromethane (100 mL), K2CO3 (4.45 g, 32.22 mmol, 2 equiv.) and 
acetic anhydride (1.83 mL) were added. The reaction mixture was 
stirred at room temperature for 24 hours. The reaction mixture was 
washed with water (3x50 mL), dried over MgSO4 and filtrated.  

The solvents were evaporated in vacuo to give 46 (2.66 g, 99%) as a colourless liquid.  

1H NMR (400 MHz, CDCl3) δ 7.04 – 6.98 (m, 2H), 6.92 – 6.86 (m, 2H), 3.77 (s, 3H),  
2.26 (s, 3H). 13C NMR (101 MHz, CDCl3) δ = 169.8, 157.2, 144.1, 122.3, 114.3, 55.4, 20.9. 
 
[(3-Methylbut-2-en-1-yl)oxy]benzene 49. A mixture of phenol (1 g, 10.63 mmol,  

1.5 equiv.), prenyl bromide (819 μL, 7.08 mmol, 1 equiv.) and K2CO3 
(1.96 g, 14.17 mmol, 2 equiv.) in acetone (30 mL) was heated to reflux. 
Upon completion, stirring for 12 hours, the reaction mixture was cooled 
to room temperature, filtered and the solvent was removed in vacuo. 

The crude product was purified by column chromatography on silica gel (10-25% of  
DCM in PE) to give 49 (919 mg, 80%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3)  
δ 7.33 – 7.25 (m, 2H), 6.99 – 6.90 (m, 3H), 5.52 (ddt, J = 6.7, 5.3, 1.4 Hz, 1H),  
4.52 (d, J = 6.8 Hz, 2H), 1.81 (d, J = 1.5 Hz, 3H), 1.76 (d, J = 1.3 Hz, 3H). The NMR data 
were in agreement with the literature data.[111] 
 
1-Methoxy-2-methylnaphthalene 52. A mixture of 2-methyl-1-naphthol (1 g, 6.32 mmol, 

1.5 equiv.), methyl iodide (537 μL, 8.63 mmol, 2 equiv.) and K2CO3 (1.16 g, 
8.43 mmol, 2 equiv.) in acetone (30 mL) was heated to reflux. Upon 
completion, stirring for 12 hours, the reaction mixture was cooled to room 
temperature, filtered and the solvent was removed in vacuo. The crude 
product was purified by column chromatography on silica gel (10-25% of 
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DCM in PE) to give 52 (919 mg, 80%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3) δ 8.11 
(d, J = 7.7 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.59 – 7.40 (m, 3H), 7.32 (d, J = 8.4 Hz, 1H),  
3.93 (s, 3H), 2.48 (s, 3H). The NMR data were in agreement with the literature data.[112]  
 
N-(4-methoxyphenyl)acetamide 53. To methoxy aniline (2 g, 16.24 mmol, 1 equiv.), 

dichloromethane (100 mL) and acetic anhydride (2 mL) were added.  
The reaction mixture was stirred at room temperature for 24 hours.  
The reaction mixture was washed with saturated NaHCO3 (aq.) (3x20 mL). 
The organic layer was dried with a phase separator and the solvents 
were evaporated in vacuo. The crude product was purified by column 

chromatography on silica gel (5-30% of DCM in EtOAc) to give 53 (1.39 g, 52%) as a white 
solid. 1H NMR (400 MHz, MeOD) δ 7.44 – 7.39 (m, 2H), 6.88 – 6.84 (m, 2H), 3.76 (s, 3H), 
2.09 (s, 3H). 13C NMR (101 MHz, MeOD) δ = 171.4, 157.9, 132.8, 123.0, 114.9, 55.8, 23.5. 
 
5-Methoxy-1-methylindoline-2,3-dione 54. To isatin (2 g, 11.29 mmol, 1 equiv.) a solution 

in DMF (55 mL) NaH (352 mg, 14.7 mmol, 1.3 equiv.) (60% dispersion 
in mineral oil) was added at 0 °C under argon. The mixture was stirred 
at 0 °C for 20 minutes, then methyl iodide (2.28 mL, 13.55 mmol,  
1.2 equiv.) was added and the reaction mixture was further stirred for 
2 hours at room temperature. The reaction was quenched with water 

(1 mL) and the solvent was evaporated in vacuo. The reaction mixture was then 
suspended with a saturated NH4Cl solution (10 mL), extracted with EtOAc (3x25 mL) and 
dried over MgSO4. The mixture was filtrated and the solvent was removed in vacuo.  
The crude product was purified by column chromatography on silica gel (2-5% of MeOH 
in DCM) to give 54 as a red solid (600 mg, 28%). 1H NMR (400 MHz, CDCl3) δ 7.16  
(d, J = 2.7 Hz, 1H), 7.14 (d, J = 1.7 Hz, 1H), 6.82 – 6.79 (m, 1H), 3.80 (s, 3H), 3.22 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ = 183.9, 158.5, 156.7, 145.5, 124.8, 118.0, 111.0, 109.7, 56.1, 
26.4. 
 
2-Benzyl-4-methylnaphthalen-1-ol 109c and 4-benzyl-4-methylnaphthalen-1(4H)-one 
112c. To naphthol 107c (0.5 mmol, 124 mg, 1 equiv.), 0.5 M LiOH (1 mL) was added at 

0°C. The reaction mixture was stirred for 15 minutes. Then 
BnBr (0.6 mmol, 72 μL, 1.2 equiv) was added. The reaction 
mixture was allowed to warm up to room temperature and 
was stirred for 20 hours. The reaction mixture was extracted 
with EtOAc (3x7 mL) and the organic layers were washed with 
brine (10 mL). The reaction mixture was dried over MgSO4 and 

filtrated. The crude product was purified by column chromatography on silica gel (5-25% 
of EtOAc in PE) to give 109c as a colourless oil (39 mg, 32%) and 112c (17 mg, 14%).  
1H NMR of 109c (400 MHz, CDCl3) δ 8.30 – 8.25 (m, 1H), 8.09 – 8.04 (m, 1H), 7.67 – 7.59 (m, 
2H), 7.48 – 7.41 (m, 2H), 7.41 – 7.34 (m, 3H), 5.15 (s, 1H), 4.26 (s, 2H), 2.75 (d, J = 1.0 Hz, 
3H). 13C NMR of 109c (101 MHz, CDCl3) δ = 147.5, 139.6, 132.7, 129.5, 129.0, 128.7, 126.8, 
126.7, 125.7, 125.3, 125.2, 124.3, 121.8, 119.6, 36.8, 18.9. 1H NMR of 112c (400 MHz, 
CDCl3) δ 8.15 – 8.11 (m, 1H), 7.67 – 7.63 (m, 2H), 7.44 – 7.38 (m, 1H), 7.12 – 7.05 (m, 3H), 
6.91 (d, J = 10.2 Hz, 1H), 6.40 (d, J = 10.2 Hz, 1H), 4.16 (q, J = 7.2 Hz, 1H), 3.25 – 3.05 (m, 
2H), 2.62 (s, 3H). 
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1,3-Dibenzyl-4-hydroxy-1-methylnaphthalen-2(1H)-one 111f and 1-benzyl-4-hydroxy-
1-methylnaphthalen-2(1H)-one 112f. To naphthol 107f 
(174 mg, 0.5 mmol, 1 equiv.), diethyl ether (3 mL) under argon 
nBuLi in hexane (0.4 mL, 2 equiv.) was added. The solvents 
were evaporated with an argon flow. CPME (1 mL) was 
added and the reaction mixture was stirred for 10 minutes. 
BnBr (72 μL, 0.6 mmol, 1.2 equiv.) was added. The reaction 

mixture was stirred at 80 °C for 20 hours. The reaction mixture was cooled down to room 
temperature and was extracted with EtOAc (3x7 mL) and dried over MgSO4. The reaction 
mixture was filtrated and the solvents were evaporated in vacuo. The crude product was 
purified by column chromatography on silica gel (5-25% of EtOAc in PE) to give 111f (29 
mg, 16%) as a yellow oil and 112f (11 mg, 8%) as a yellow oil.1H NMR of 111f (400 MHz, 
CDCl3) δ 9.23 (s, 1H), 7.73 (dd, J = 4.1, 1.5 Hz, 1H), 7.18 – 7.10 (m, 14H), 3.78 (s, 1H),  
3.04 (s, 2H), 1.96 (s, 3H). 13C NMR of 111f (101 MHz, CDCl3) δ = 209.0, 196.2, 143.2, 137.1, 
134.7, 131.8, 130.8, 130.3, 130.0, 128.2, 127.8, 127.7, 127.2, 126.7, 96.5, 86.8, 55.0, 53.7, 
51.8, 50.4, 45.3, 44.2, 42.5, 34.0, 25.7.1H NMR of 112f (400 MHz, CDCl3) δ 8.05 (dd,  
J = 7.9, 1.4 Hz, 1H), 7.70 – 7.62 (m, 2H), 7.51 – 7.46 (m, 4H), 7.40 (ddd, J = 8.4, 6.9, 1.6 Hz, 
1H), 5.75 (s, 1H), 4.99 (d, J = 7.1 Hz, 2H), 3.44 (d, J = 13.2 Hz, 1H), 3.24 (d, J = 13.2 Hz, 1H), 
1.77 (s, 3H). 13C NMR of 112f (101 MHz, CDCl3) δ = 185.5, 176.5, 145.9, 136.5, 132.3, 
129.1, 129.0, 127.9, 127.8, 126.9, 126.8, 126.4, 126.2, 104.3, 70.5, 47.8, 46.4, 27.8.  
 
1-Hydroxy-1-methylnaphthalen-2(1H)-one 123. Naphthol 1d (198 mg, 1.25 mmol, 

1 equiv.) together with trifluoroacetic acid (0.57 mL, 7.50 mmol, 6 equiv.) 
and DIPEA (0.65 mL, 3.75 mmol, 3 equiv.) were charged in a 50 mL 
volumetric flask, which was filled with freshly distilled THF (0.025 M) up to 
the bar. The mixture was swirled until homogeneous and taken up into a 
50 mL disposable syringe. The solution was pumped through an 

electrochemical setup at a fixed flow rate of 0.6 mL/min to 1.25 min in the active part of 
a reactor equipped with a graphite anode and a stainless steel cathode divided by a  
0.25 mm thick Teflon gasket. A constant current of 80 mA was applied and the system 
was stabilized for 10 minutes. After a steady state was reached, the reaction mixture was 
collected in a 100 mL round-bottom flask for 66.6 min, which corresponds to 10 mmol 
scale. The cure mixture was concentrated in vacuo and saturated NaHCO3 (aq.) (25 mL) 
was added to the flask. The reaction mixture was vigorously stirred overnight at room 
temperature to achieve full hydrolysis of the TFA ester. Next the reaction mixture was 
extracted with DCM (4x15 mL) first from a NaHCO3 solution and then from a 1 M HCl 
solution (25 mL). The organic layers were combined, dried using a phase separator and 
concentrated in vacuo. The crude product was purified by column chromatography on 
silica gel (2-10% of Et2O in DCM) to give 123 (24 mg, 11 %) as a yellow solid. 1H NMR  
(400 MHz, MeOD) δ 7.71 (ddt, J = 7.8, 1.3, 0.7 Hz, 1H), 7.56 (d, J = 9.9 Hz, 1H), 7.45 (td,  
J = 7.5, 1.6 Hz, 1H), 7.41 – 7.38 (m, 1H), 7.37 – 7.31 (m, 1H), 6.13 (d, J = 9.9 Hz, 1H), 1.49 
(s, 3H). 13C NMR (101 MHz, MeOD) δ = 206.5, 147.6, 146.7, 131.5, 130.6, 130.3, 129.0, 
126.7, 124.3, 77.8, 32.2. 
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Table 3. Supporting information concerning compounds discussed in the thesis but not presented 
in the Experimental section can be found in the corresponding publications. 

Entry 
Compound number 

in thesis 
Compound number in publication 

I II III 

1 47   S-4 

2 48   S-2 

3 50   S-3 

4 51   S-1 

5 55   1 

6 56   2 

7 57   3 

8 58   4 

9 59   5 

10 60   6 

11 61   7 

12 62   8 

13 63   9 

14 64   10 

15 18   11 

16 65   12 

17 66   13 

18 67   14 

19 68   15 

20 101a 1a   

21 102a 2a   

22 104a 3a   

23 105a 4a   

24 107a 1a   

25 101b 1b   

26 102b 2b   

27 103b 3´b   

28 104b 3b   

29 105b 4b   

30 101c 1f   

31 102c 2f   

32 103c 3´f   

33 105c 4f   

34 101d 1h   

35 102d 2h   

36 103d 3’h   

37 106d 4´h   

38 101e 1i   
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39 102e 2i   

40 103e 3´i   

41 101f 1k   

42 102f 2k   

43 103f 3´k   

44 106f 4´k   

45 108a  3a  

46 109a  4a  

47 110a  5a  

48 111a  6a  

49 107b  1b  

50 108b  3b  

51 109b  4b  

52 112b  5b  

53 109d  4c  

54 107e  1d  

55 109e  4d  

56 113  4ab  

57 114  4ac  

58 115  4bc  

59 116  4cc  

60 117  4ad  

61 118  4bd  

62 119  4af  

63 120  4ae  

64 121  4ag  
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Abstract 
Sustainable Synthesis and Dearomatization of 
Oxygen-containing Aromatic Compounds 

Oxygen-containing aromatic motifs are found in various bioactive compounds and 
natural products. Moreover, they are common structural units in different synthetic 
polymers, and are valuable building blocks for synthesis both in academia and industry. 
The synthesis of hydroxylated arenes often requires either toxic oxidants or transition-
metal catalysts, which makes it generally unsustainable. Therefore, there is a need for 
more environmentally friendly methods. Electrochemistry is one of the highly attractive 
alternatives. Electricity from sustainable sources (solar, wind and hydro power) can be 
used as a traceless and non-toxic reagent, which makes synthesis more sustainable and 
suitable for future needs. Electrochemistry combined with continuous-flow technology 
allows to scale-up reactions easily, which closes the gap between academia and industry. 

The hydroxylation of arenes with TFA under electrochemical conditions has been 
studied before, but the studies were limited to electron-poor and neutral molecules  
and the yields were low or not isolated at all. Herein, we report the hydroxylation of 
various electron-rich arenes using an electrochemical approach combined with the 
continuous-flow technique. The used electrodes are readily available and inexpensive 
(graphite and stainless steel). Hydroxylated arenes were isolated with yields up to 68% 
and without the use of any toxic additives or transition-metal catalysts. 

Hydroxylated arenes can be further modified to produce more valuable products. One 
of the derivatization possibilities is to dearomatize phenols and naphthols in alkylation. 
Usually, transition-metal catalysts are required for dearomatization reactions. Thus, the 
transition-metal-free dearomatization of oxygen-containing aromatic compounds remains 
rather unexplored.  

We developed a simple method to dearomatize phenols and naphthols in the course 
of C-alkylation with various alkyl halides in high yields (up to 90%). The alkylation reaction 
was regioselective and proceeded mostly to the second position. We discovered that 
usually additives (ether or alcohol) supported the reaction. The best results were 
achieved when cyclopentyl methyl ether or L-menthol was used as an additive. 

The results of the work open up new opportunities for the electrochemical 
hydroxylation of electron-rich arenes in the continuous-flow mode. Also the selective 
derivatization of phenols and naphthols by dearomative alkylation in good yields is 
possible in many cases. All of these reactions were carried out without any transition-
metal catalysts.  
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Lühikokkuvõte 
Hapnikku sisaldavate aromaatsete ühendite jätkusuutlik 
süntees ja dearomatiseerimine 

Paljudes bioaktiivsetes ning looduslikes ühendites leidub hapnikku sisaldavaid aromaatsete 
ühendite fragmente. Veelgi enam, need struktuuriühikud esinevad ka erinevates 
sünteetilistes polümeerides. Fenoolid ja naftoolid on samuti väga laialt kasutatavad 
väärtuslikud lähteained keemilises sünteesiks nii akadeemilises uurimises kui ka 
tööstuses. Selleks, et sünteesida hüdroksüleeritud areene, kasutatakse tihti mürgiseid 
oksüdeerijaid või siirdemetallilisi katalüsaatoreid, mis muudab sellised reaktsioonid 
toime tõttu keskkonnale jätkusuutmatuks. Seetõttu on roheliste ja keskkonnasõbralike 
meetodite järele suur nõudlus. Elektrokeemia on üheks selliseks suurepäraseks 
alternatiiviks. Elektrit, mis pärineb jätkusuutlikest allikatest (päikese-, tuule- ja 
hüdroenergia) on võimalik kasutada jääkideta mitte toksilise reagendina, mis muudab 
sünteesi jätkusuutlikumaks ning sobivaks meie tuleviku vajadustele. Elektrokeemia 
kombineeritult läbivoolu tehnoloogiaga lubab meil läbi viia reaktsioone suurtes kogustes 
ning see omakorda aitab lähendada akadeemilisi teadusuuringuid tööstusele. 

Elektrokeemilist areenide hüdroksüleerimist trifluoroäädikhappega on uuritud juba 
varem, kuid siiski on reaktsiooni ulatus olnud piiratud kas elektronvaeste või neutraalsete 
molekulidega ning saagised on olnud väikesed või pole neid üldse näidatud. 
Elektrokeemilisel hüdroksüleerimisel on aga elektronrikkad areenid jäänud vaeslapse 
rolli. Selles töös me näitame kuidas on võimalik, kasutades elektrokeemilist lähenemist 
koos läbivoolu tehnikaga, hüdroksüleerida erinevaid elektronrikkaid areene. 
Elektrokeemiliseks reaktsiooniks kasutati lihtsasti kättesaadavaid ning mõistliku hinnaga 
elektroode (grafiit ja roostevaba teras). Hüdroksüleeritud areenid isoleeriti heade 
saagistega (kuni 68%), kusjuures ei kasutatud ühtegi toksilist lisandit ega siirdemetallilist 
katalüsaatorit. 

Selleks, et saada vajalikke ühendid saab hüdroksüleeritud areene edasi modifitseerida. 
Üks muundamise võimalustest on fenoolide ja naftoolide dearomatiseerimine. Tavaliselt 
kasutatakse dearomatiseerimise reaktsioonides siirdemetallilist katalüsaatorit. Samas on 
hapnikku sisaldavate aromaatsete ühendite dearomatiseerimine ilma siirdemetallilise 
katalüsaatori kasutamiseta jäänud uurimata.  

Me oleme välja töötanud lihtsa meetodi fenoolide ja naftoolide C-alküleerimiseks 
erinevate alküülhaliididega, saades heade kuni kõrge saagisega (kuni 90%) alküleeritud 
dearomatiseerituid ühendeid. Alküleerimisereaktsioonid on regioselektiivsed andes 
eelistatult reaktsiooni teise positsiooni süsinikuga. Samuti leidsime, et reaktsiooni 
toetavad donoorsed lisandid (eetrid või alkoholid), tõstes reaktsiooni saagiseid. Parimad 
tulemused saadi tsüklopentüülmetüüleetrit või L-mentooli kasutamisel lisandina. 

Saadud tulemused avavad uusi võimalusi elektronrikaste areenide hüdroksüleerimiseks 
elektrokeemiliselt läbivoolu reaktorites ning fenoolide ja naftoolide alküleerivaks 
dearomatiseemiseks nende derivaatide saamisel. Üheski läbiviidud reaktsioonis ei 
kasutatud siirdemetallilisi katalüsaatoreid.  
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Appendix 1  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
E. Lopušansakaja, A. Kooli, A. Paju, I. Järving, M. Lopp, Towards ortho-selective electrophilic 
substitution/addition to phenolates in anhydrous solvents. Tetrahedron 2021, 83, 
131935 
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Publication II 
A. Kooli, T. Shalima, E. Lopušanskaja, A. Paju, M. Lopp, Selective C-alkylation of substituted 
naphthols under non-aqueous conditions. Tetrahedron 2021, 95, 132278 
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D5�E�.�EY�

�'�EY�
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