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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-lll). A green and
efficient method for the synthesis of electron-rich arenes based on electrochemical
oxidation in continuous-flow was explored (Publication Ill). A direct C-alkylation reaction
was investigated for the selective modification of phenols and their derivatives via
dearomatization (Publications I-1l). 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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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.[**!
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.['%12l |n electrochemical transformations, free radicals or radical ions are
generated and these reactive species react further, affording new reaction pathways.™
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.[*?!

L

Anode (+) Cathode (-)
Oxidation + Reduction

!

Anode (+) Cathode (-)
Oxidation Reduction

Undivided . Divided
cell cell

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.[*3l When an anode is the working
electrode, solvent degradation with hydrogen gas evolution usually happens at the
cathode.™ 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.[*!

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.[®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.l3% |n 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.[*>17181 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.[t%20!
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A Yan! EM B YaH

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).2122

Microflow Electrocell

5

(syringe)pump

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.[?3?4 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.??”
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.[2627)

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,
Léwe and Ehrfeld used an undivided cell reactor, where the electrodes were separated
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by polyamide foil (75 um 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).1??) 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).130-36!

A.
Amatore & Brown, 1996

Pt|Au
g ,E o
0,, MeCN o
B.
Léwe & Ehrfeld, 1999
anode (+): C
(o}
~
oL
o
H
MeOH, KF, H,O

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 Noél 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.%7 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.[3%39

O =5 L

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.*"
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.*] 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.*?

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).131 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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N Pd(OAC), (10 mol%) 0.l
XN S\\N N nPrCHO, O, N s\\N N
RE = | /_R1 ° RET = ‘ /_R1
DCE, 80 °C HO
1 2
R" = H, alkyl, X, OAr, NHAc, 24 examples
OMe, OAc yield 27-77%

R2 =H, alkyl, X, OMe, NO,

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).14Y1 Different metal catalysts (copper, nickel, iron and manganese)
were tested. Of various copper catalysts (e.g. copper(l) acetate, copper(ll) acetate,
copper(ll) chloride and copper(ll) nitrate), the highest yields were achieved with
tetrakis(acetonitrile)copper(l) 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 vyields, 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%.

X
(0] Cu(l) cat (1 equiv.) O OH ‘ _N
L1 (1 equiv.), H,O
R! N (1 equiv.), HyO, R N
| R? | R? N
— acetone _—
; 4
R' = H, Ar, Me 15 examples
RZ = H, alkyl, X yield 30-85% L
CN, OMe cat = [Cu!(CH,CN),IPF

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).1! 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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1) Ru(ll) cat (1.5 mol%)

B Ot PIFA, TFAA N 0.
,\Rz 2) NaHCO, HO /\Rz
5 6
R' = alkyl (contains Ar, 28 examples
CO,R, COR, X) yield 35-85%

R2 = alkyl, alkoxy, X, H cat = [RuCly(p-cymene)],

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).14¢! 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.

R 1) PIDA R!
O L Rre TFA/H,0 O /L Rre
—_—
2) NaHCO, HO
(o] o
7 8
R' = R2=H, alkyl 15 examples

yield 42-87%

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 10.17*8) Twenty years later similar reactions were carried
out by a Japanese group, which resulted in better yields.*? In all cases, platinum
electrodes were used for hydroxylation (Scheme 7).
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i

1) PtH X

AN o divided cell ~-oH
R Y § R
Pz HO CF; 2) aq. work-up Pz
X = Pt, nd
9 10
R =H, Br, CO,R, COR 10 examples
COOH, NO,, CF3, CN yield 10-89%

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).°” 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.

!
1) CQ C
undivided cell OH
o /@ TFA, EtOH/H,0 o /(:(
) 2
R)L” "N RAH i
N:HU 2) H,O N\\,U
1" 12
R = Ar, alkyl 35 examples

yield 32-89%

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, EtsN-TFA salt was used as an electrolyte to conduct the current,
and the TFA/TFAA solvent mixture helped solubilise the starting materials.>Y 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.? 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.

i
R GFE Pt

[Ru(OAC),], (2.5 mol%)

Et;N-TFA
TFA/TFAA
33 examples
2) NaHCO;, yield 50-93%
A
2 OH O
1‘7\ R? — ’_h_‘ 1‘7\ R2
R " e
Z Pt Pt %
13 14
B Phl (20 mol%)
Ru(ll) cat (5 mol%)?
nBuyNPFg, TFAITFAA
37 examples

yield 45-91%
2) NaHCOj,
R' = H, alkyl, OMe, Ar, X, CF5, CO,R
R? = NR,, alkyl, OMe, Ar
cat = Ru(OAc),(p-cymene) for amides
[Ru(Cly(p-cymene)], for ketones
22.5 mol% for ketones

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(ll) carboxylate (Scheme 10). The formed
ruthenium(ll) complex 15 is mediated for indirect oxidation by the hypervalent iodine(lll)
reagent, which is formed by anodic oxidation from iodobenzene. The formed
intermediate, ruthenium(lV) 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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TFA
15

anode cathode

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.®3 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®¥, anti-cancer’®, anti-malarial®® and antibacterial®®”)
(Figure 5).558)

OH O

O '
o ()
(o}
NH

OH °

Balticol D
activity aginst herpes (+)-korupensamine B Variabilone
and influenza viruses anti-cancer activity anti-malarial activity antibacterial activity

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).55%
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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,®%% 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).'®? 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.®¥ 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.®*% Furthermore, a dearomative
approach provides access to more complex, value-added and synthetically useful
intermediates from cheap and readily accessible sources.[®*

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).7%7% 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.[
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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).173!
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 a-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
B-naphthol 21 (Scheme 13B).75! With alkylated a-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).["®
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A.
Harvey, 2010
IBX (1 equiv.)
OH DMF, r.t.
18 L
PIFA (2 equiv.)
DMF/H,0 (2:1)
0°C
B.
Pettus, 2002
OH IBX (1 equiv.)
CDCl3, DMF
21 r.t.
C.
Quideau, 2007
OH SIBX (1.1 equiv.)

TFA (1 equiv.)
_

THF, r.t.

o

o

19
yield 53%

(e}

(o)

20
yield 68%

o

19
yield 84%

OH

24
quantitative

Scheme 13. Hypervalent iodine-mediated oxidative dearomatization of a- and 8-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.””! In 2013,
You et al. demonstrated the dearomatization of substituted B-naphthol 25 with cinnamyl
carbonate using a palladium catalyst [Pd(CsHs)Cl]2 and Trost ligand (L2) (Scheme 14A).[78!
In high yield and enantioselectivity, B-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)s], but alkoxyallenes were used as an
alkylating agent (Scheme 14B).[) They were able to dearomatize B-naphthol 25 with high

yields, up to 95%.
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[Pd(C4Hs)Cll, (5 mol%) \
L2 (11 mol%) E

e e o)
Ph OCO,Me You, 2013
R R = H, alkyl, allyl, CI, Br

26
A 7 examples
yield 65-91%
OH ee 81-97%
l l R
25
B

Pd,(dba)s (2.5 mol%)
L3 (5 mol%)

_NA"TN
/./0

Zeng, 2020

11 examples
yield 60-95%
ee 82-87%

PPh, Ph,P Pth thp

Scheme 14. Dearomatization of substituted B-naphthols with palladium-catalysts and Trost
ligands.

Dearomatization reactions with a-naphthol are less common than those with other
aromatic compounds, such as indoles and B-naphthols.®? 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).18% All of the optimization
reactions were carried out with substituted B-naphthol. The reaction scope included
different substituted B-naphthols and aryl halides. With a-naphthols, two different
substrates were tested. With second-position methylated a-naphthol, no dearomatization
product was found and only Friedel-Crafts-type products were isolated. However, when
fourth-position methylated a-naphthol 28 was tested, the dearomatized product 29 was
selectively obtained with good yield (81%).
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<= P(Bu);
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O COO ==
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Ph
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28 29
yield 81%
cat = [Pd(C3Hs)Cll,

Scheme 15. Selective dearomatization of substituted a-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). and commercially
available diphosphine ligand L5, they were able to dearomatize B-naphthols 30 with
allylic alcohol (a-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 vyield at all, toluene was tested. Toluene gave high yields and
it turned out that the type of molecular sieves had an influence on the vyield too.
With 3 A M.S., the yield was lower than with 4 A M.S. (82% vs 90%). Moreover, they
tested different allylic alcohols, but none of the alcohols gave higher yields than
a-vinylbenzyl alcohol. Through this reaction, B-naphthalenones 31 were obtained with
good vyields (Scheme 16). The method also worked excellently with methylated
B-naphthol at 5 mmol scale, giving the product in 98% yield.!#?

Ph
R Ni(cod), (10 mol%) /

N OH OH L5 (11 mol%) o o
R34 + Z 3

\ R2 Ph 4 AM.S., toluene, R ) PPh, PPh,

25°C R L5
30 31

R = Me, Et, Ph 12 examples
R? = H, Me, Bn yield 56-90%

R3 = H, Me, OMe, Ph

Scheme 16. Dearomatization of 8-naphthols with a nickel catalyst and allylic alcohol.

Gold(l) catalysis is very popular for the dearomatization of naphthols.[83-87]
The electrophilic activation of m-systems (e.g. alkenes, allenes and alkynes) is easily
achieved with gold catalysts.[8°° 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.® In 2016, Zhang and You used a commercially
available gold(l) catalyst (PhsPAuCl) to dearomatize a-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-CF3CsHa)sPAuCl and chiral silver phosphate.
A spirocarbocylic product 33 was isolated with 85% of yield and ee 90%.°%! A few years
later, the Bandini group demonstrated that by using the same catalyst and silver
trifluoroacetate they were able to site-selectively synthesise B-naphthalenones 34 with
allenamides (yields up to 95%) (Scheme 17B). Anhydrous reaction conditions were
required for the reaction to succeed.!®3!

A.
You, 2016
OH
OO PhsPAUCI (5 mol%) O‘
R AgOMs (5 mol%)
= DCM, rt.
R=H,Br, |, Ar 14 examples
yield 91-99%
B.
Bandini, 2018 | N(Ph)Ts
R1
OH PhsPAuCI (5 mol%) R1o
OO + _ZONPhTs CF3CO,Ag (5 mol%) O‘
7
R3 R2 CgH5Cl, rt. R3 R2
34 35
R'= alkyl, allyl, Ar 15 examples
R2 =H, Br, |, alkyl, Ar yield 40-95%
R® =H, nBu, Br

Scheme 17. Gold(l)-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 a-naphthols 36 with high yields (up to 87%) (Scheme 18).
Different bases (Na2COs, K2CO3, K2HPOs and EtaN) 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).1*¥

0

NaZCO3 HFIP O‘ n lor2
Cl
59 °C

n=1or2

37
R = OMe, OEt, OBn, OTBS yield 71-87%

Scheme 18. Dearomatization with an oxy-allyl alkylator.
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Later, the same group demonstrated an asymmetric allylic substitution of a-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.°°

OH o)

R1
Ry ANAT 1(10 mol%) N AT
r = + - > ‘
S 5 A M.S., toluene, Ts

L& Ar= 4-CF;CgH, 20 °C 1

38 R 39
R = alkyl, allyl, Ar OO 1_5 sz:;ng;e;

2 _ yie - o

R™=H, Me, OMe, Ar 0. _0 e.r. 90:10-97:3

R = 9-phenanthryl
|

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

The Frater group reported a direct asymmetric alkylation of substituted a- and
B-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 a-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 %]

a-isosparteine (o]
/\)\ re "“\\)\
toluene O‘
-10 °C to r.t.

yield 54%
ee 38% A\
N N

\( a-isosparteine

a-isosparteine s

nBulLi p o}
SO e
0°Ctort.

M 42
yield 26%
ee 30%

Scheme 20. Asymmetric naphthol derivatization with nBuli and a-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:

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

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

e 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 Il 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.®7-%°!
Alternatively, there are some electrochemical examples using trifluoroacetic acid for the
indirect hydroxylation of aromatic systems.!*’=*¥! 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 Noél research group (Figure 4E,
page 14).3% 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.[“”-*°1 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 vyield. 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.[”-1°

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.

Microflow Electrocell

o o
-
+
\© F3c)L0H

43 2.1-5.0 mA cm™
base, solvent, tg
Entry ( e-;f;?"") (:::ie\;.) Solvent ;:1’:1:) Anode  Cathode C((;)n)\;. Y(:/eo;?
1 3 2 i:ﬂ\:v_) (((Z)ng,('i\l/l\l) 5 graphite  s. steel 71 31
2 3 - (%Hf(':\;l\l) 5 graphite s. steel 0 0
3 coélci‘cliir:/('e)(z (%Hff\;l) 5 graphite  s. steel 72 20
4 15 2 i:au'\ilv.) (%Hf(':\;l) 5 graphite s. steel 0 0
> 3 (1 i:ﬂ\ilv.) (%Hf(':\;l) 5 graphite s. steel 78 11
6 3 (@ z:sul\ilv.) (%Hlail/l\l) 5 graphite  s. steel 0 0
7 3 2 i:gu'\ilv.) st(aot?.lD'\;)M 5 graphite  s. steel 72 45
8 3 2 i:ﬂ\ilv_) stgbl -:\-/'I-I)F 5 graphite . steel 83 68
9 3 2 z:au’\ilv.) (OD.ll\/I:/I) 5 graphite  s. steel 79 45
10 3 2 z:gu'\ilv.) ('\(:Ijol\? ) 5 graphite  s. steel 74 4
11 3 2 z:ﬂ\ilv.) (OF.I:I:/I) 5 graphite s. steel 100 0
12 3 2 z:ﬂ\ilv.) (?)/.II?\:IE) 5 graphite s. steel 53 44
13 3 2 Belcj|3u'\ilv.) stgbl I/IH)F 5 s. steel s. steel 43 12
14 3 2 Be:ﬂ\ilv.) Stgbl BI-I)F 5 graphite  graphite 85 48
15 3 2 Z:ﬂ\ilv.) stgbl I/IH)F 5 graphite  copper 83 65
16 3, z:ﬂ\ilv.) stgi LIH)F 5  graphite  nickel 80 64
17 3, z:ﬂ\i'\/.) S(toég'sT,\';:)F 25 graphite s.steel 83 68
18 3 2 z:gu'\ilv.) (S(:aobzgm:) 1.25 graphite s. steel 90 74
19 3, 2:1’:‘\/.) ”‘)(g’_sot;;"\;)"w 125 graphite s.steel 85 60
20 6 3 2:1’\:\/.) no(r;—;tza\sb.N'II')I-IF 1.25 graphite s. steel 78 65
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EtsN non-stab. THF .
2 ° (3equiv.)  (0.025M) 125 graphite s steel 70 50
DIPEA non-stab. THF

= ® (3 equiv.) (0.025 M) 1.25 graphite s. steel 88 71

DIPEA non-stab. THF
d .
# ° (3equiv.)  (0.025M) 125  graphite  s.steel 0 0

DIPEA non-stab. THF )
e
2 ° (3equiv.)  (0.025M) 600  graphite s.steel 5f 5
DIPEA non-stab. THF

g .
% ° (3equiv.)  (0.025M) 600  graphite s.steel 33 29

9During 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 cm2. 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). ?Conversion
determined by GC-FID with decane as an internal standard. ¢Yield determined by GC-FID with
decane as an internal standard. “No electricity was applied. eBatch reaction conditions: 3.3 mA cm?2,
3.9 F, 0.25 mmol scale. fConversion determined by °F-Q-NMR with benzotrifluoride as an internal
standard. 9Batch reaction conditions: 3.3 mA cm2, 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.[*®1°1 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 vyields.
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 (FEfiow = 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'! with 71% yield
(0.9 mmol h?' 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.

Lt 0L
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44 ° 45
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) § 0
N N
51 52 53 54

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% vyield. 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. °Reaction conditions: arene (1 mmol),
TFA (6 equiv.), DIPEA (3 equiv.), non-stabilized fresh THF (0.025 M), graphite anode/stainless steel
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From our experimental results, we found that the working oxidation potential window
of the starting material is 1.6 — 2.1 V vs SCE!**? 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 °F 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 °F 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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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 °F NMR vyield (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 99.0!%3 Anthrone 98 and
anthraquinone 99 reacted further with each other to afford a dimeric product,
bianthrone 100.[°41%5] 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.

0

F3C)k0 OH [0} (0}
— T —_— — T Z
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96 97 98 99
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|

(0}
U0

o
100

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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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.[*%! 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 a-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 a-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 109¢ 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-.-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 a-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,
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HFIP (0.3 mL), lithium-i-lactate (1 equiv). €H,0 (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 a-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.!l 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 a-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, f-naphthols
107d and 107e were tested (Scheme 25c-d). Similarly to a-naphthols, the more
substituted B-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 B-naphthols than with
a-naphthols. The trend is the opposite of the previous literature examples.’>8! 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-BulLi 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
a-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 a-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 B-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 B-naphthol 107d was low, we tested a higher reaction
concentration, which was beneficial for the reactions in water (Scheme 24g, B).
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Scheme 25. Substituted naphthol alkylation with benzyl bromide in non-aqueous media. Reaction
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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 B-naphthol 107d were excellent, we tried more concentrated conditions with
a-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 B-naphthol 107e than with less substituted
B-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 a-naphthol
1073, the yield of dearomatized product 109a was 76% (Table 2, entry 8), which was



slightly higher than with the CPME (73%, Table 2, entry 2). Similarly to CPME, more
substituted a-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 t-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 a-naphthol 107b, it was the highest recorded yield with
toluene.

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

OH o
BnBr' Bn
CY wemr CO
_—
80°C,20 h
R R
107aR =H 109aR =H
107b R = Me 109b R = Me
BnBr Bn
OO OH n-BuLi l i i0
—_—
R 80°C,20 h O‘ R
107d R=H 109d R =H
107e R = Me 109e R = Me

Entry Temp. (°C) Naphthol BnBr (equiv.) Additive (equiv.) Yield (%)®
1 80 107a 1.2 - -

2 80 107a 1.2 CPME (2) 73
3¢ 90 107a 2 CPME (2) 54

80 107b 1.2 CPME (2) 68
5 80 107d 1.2 CPME (2) 37
6° 90 107d 2 CPME (2) 90
7 80 107e 1.2 CPME (2) 45

65 107a 1.2 MTBE (4) 76
9 65 107b 1.2 MTBE (4) 56
10 80 107a 1.2 methanol (1) 37
119 80 107a 1.2 i-propanol (1) 57
12¢ 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-BulLi in toluene (2 equiv.), additive
and BnBr were added, 80 °C, 20 h. bIsolated yield. ¢in 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 t-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 a-naphthol decreased (Table 2, entry 3),
whereas the outcome was the opposite with B-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 t-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.®® 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-BulLi 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 a-naphthol 107b
and B-naphthol 107d using prenyl bromide and, in both cases, the yields were lower than
with less substituted a-naphthol 107a (78% for 115 and 46% for 116). Then, we turned
our attention to different substituted benzyl bromides. The reaction yields with
a-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
a-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. °BnBr (2 equiv.), 90 °C. b40 °C. °r.t.

We tried other approaches to dearomatize naphthols, such as the electrochemical
oxidation of B-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 B-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. LaCls, La(i-PrO)3 and CeCls, 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.

Microflow Electrocell FiC

(CIFe) -
(o]
(o] HO
107d 122 123

1.8-5.3 mA cm?
TFA (6 equiv.)
DIPEA (3 equiv.)
non-stab. THF (0.025 M),
room temperature, tg = 1.25 min

Scheme 27. Electrochemical dearomatization of 8-naphthol 107d.

3.2.3 Summary of Dearomatization of Naphthols

a- And B-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 .-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.

=  Asustainable 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%.

=  Apreparative scale synthesis of a-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 1.6-2.1V vs SCE.

=  We demonstrated an easy and efficient method for a selective C-alkylation
of phenols and a- and B-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 44.0'%! p-Anisic acid (2 g, 13.15 mmol, 1 equiv.) was
o dissolved in methanol (66 mL) and H2504 (0.70 mL). The mixture was
@(0\ refluxed for 4 hours and then cooled down to room temperature.
The reaction mixture was concentrated in vacuo and saturated NaHCOs
44 (ag.) (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 Na2SOs overnight and filtrated. Solvents were
evaporated in vacuo to give 44 (2.11 g, 96.7%) as a white solid. *H NMR (400 MHz, CDCls)
6 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.!**!

Phenyl acetate 45. To phenol (2 g, 21.25 mmol, 1 equiv.), dichloromethane (100 mL),
o [K:COs3 (5.9 g, 42.50 mmol, 2 equiv.) and acetic anhydride (2.5 mL) were
©\Ok added. The reaction mixture was stirred at room temperature for 24 hours.
The reaction mixture was washed with water (3x50 mL) and dried over
MgS04 and filtrated. The solvents were evaporated in vacuo to give 45
(2.65 g, 92%) as a colourless liquid. *H NMR (400 MHz, CDCl3) & 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.*"!

45

4-Methoxyphenyl acetate 46. To 4-methoxyphenol (2 g, 16.11 mmol, 1 equiv.),
o o dichloromethane (100 mL), K2COs (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 MgSOs4 and filtrated.
The solvents were evaporated in vacuo to give 46 (2.66 g, 99%) as a colourless liquid.
'!H NMR (400 MHz, CDCl3) 6§ 7.04 — 6.98 (m, 2H), 6.92 — 6.86 (m, 2H), 3.77 (s, 3H),
2.26 (s, 3H). 3C NMR (101 MHz, CDCls) & = 169.8, 157.2, 144.1, 122.3, 114.3, 55.4, 20.9.
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[(3-Methylbut-2-en- 1-yI)oxy]benzene 49. A mixture of phenol (1 g, 10.63 mmol,

1.5 equiv.), prenyl bromide (819 pL, 7.08 mmol, 1 equiv.) and K2COs
W/V \© (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. *H NMR (400 MHz, CDCls)
6 733 = 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.**%

1-Methoxy-2-methylnaphthalene 52. A mixture of 2-methyl-1-naphthol (1 g, 6.32 mmol,
o 1.5 equiv.), methyl iodide (537 pL, 8.63 mmol, 2 equiv.) and K2COs (1.16 g,
“/ 8.43 mmol, 2 equiv.) in acetone (30 mL) was heated to reflux. Upon
OO completion, stirring for 12 hours, the reaction mixture was cooled to room
temperature, filtered and the solvent was removed in vacuo. The crude

2
® 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. *H NMR (400 MHz, CDCls) 6 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.**?

N-(4-methoxyphenyl)acetamide 53. To methoxy aniline (2 g, 16.24 mmol, 1 equiv.),
o dichloromethane (100 mL) and acetic anhydride (2 mL) were added.
\©\ )ok The reaction mixture was stirred at room temperature for 24 hours.

N The reaction mixture was washed with saturated NaHCOs (aq.) (3x20 mL).

The organic layer was dried with a phase separator and the solvents

3 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. *H NMR (400 MHz, MeOD) & 7.44 — 7.39 (m, 2H), 6.88 — 6.84 (m, 2H), 3.76 (s, 3H),
2.09 (s, 3H). 3C NMR (101 MHz, MeOD) & = 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
o in DMF (55 mL) NaH (352 mg, 14.7 mmol, 1.3 equiv.) (60% dispersion
/O\Cflg: in mineral oil) was added at 0 °C under argon. The mixture was stirred
N © 4t 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
54 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 MgSOa. 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%). 'H NMR (400 MHz, CDCl3) 6§ 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).
13CNMR (101 MHz, CDCl3) 6 = 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

OH o 0°C. The reaction mixture was stirred for 15 minutes. Then

Bn BnBr (0.6 mmol, 72 uL, 1.2 equiv) was added. The reaction
OO O‘ mixture was allowed to warm up to room temperature and
sn Was stirred for 20 hours. The reaction mixture was extracted
109¢ 12¢ with EtOAc (3x7 mL) and the organic layers were washed with
brine (10 mL). The reaction mixture was dried over MgSQ04 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%).
'H NMR of 109¢ (400 MHz, CDCl3) 6 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). 3C NMR of 109¢ (101 MHz, CDCls) 6 = 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. *H NMR of 112c (400 MHz,
CDCl3) 6 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-

oH oH 1-methylnaphthalen-2(1H)-one 112f. To naphthol 107f

Bn (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

- o - O were evaporated with an argon flow. CPME (1 mL) was

added and the reaction mixture was stirred for 10 minutes.

BnBr (72 uL, 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 MgSOa. 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.'H NMR of 111f (400 MHz,

CDCls) 6 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). 3C NMR of 111f (101 MHz, CDCl3) 6§ = 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.*H NMR of 112f (400 MHz, CDCls) & 8.05 (dd,

J=7.9,1.4Hz,1H),7.70-7.62 (m, 2H), 7.51 —7.46 (m, 4H), 7.40 (ddd, /= 8.4, 6.9, 1.6 Hz,

1H), 5.75 (s, 1H), 4.99 (d, /= 7.1 Hz, 2H), 3.44 (d, /= 13.2 Hz, 1H), 3.24 (d, J = 13.2 Hz, 1H),

1.77 (s, 3H). 3C NMR of 112f (101 MHz, CDCls) & = 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.

111§ 112f

1-Hydroxy-1-methylnaphthalen-2(1H)-one 123. Naphthol 1d (198 mg, 1.25 mmol,
Ho 1 equiv.) together with trifluoroacetic acid (0.57 mL, 7.50 mmol, 6 equiv.)
o 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 NaHCOs (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 NaHCOs solution and then from a 1 M HCI
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 Et,0 in DCM) to give 123 (24 mg, 11 %) as a yellow solid. *H NMR
(400 MHz, MeOD) 6 7.71 (ddt, J = 7.8, 1.3, 0.7 Hz, 1H), 7.56 (d, J = 9.9 Hz, 1H), 7.45 (td,
J=7.5,1.6Hz, 1H), 7.41 -7.38 (m, 1H), 7.37 - 7.31 (m, 1H), 6.13 (d, /= 9.9 Hz, 1H), 1.49
(s, 3H). 3C NMR (101 MHz, MeOD) & = 206.5, 147.6, 146.7, 131.5, 130.6, 130.3, 129.0,
126.7,124.3,77.8,32.2.

123
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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.

Compound number Compound number in publication
Entry . .
in thesis | 1l 1]
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 la
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¢ af
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’

41 101f 1k

42 102f 2k

43 103f 3’k

a4 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 ad
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 dag
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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 t-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.

58



Lithikokkuvote
Hapnikku sisaldavate aromaatsete iihendite jatkusuutlik
siintees ja dearomatiseerimine

Paljudes bioaktiivsetes ning looduslikes Gihendites leidub hapnikku sisaldavaid aromaatsete
Ghendite fragmente. Veelgi enam, need struktuuriiihikud esinevad ka erinevates
slinteetilistes poliimeerides. Fenoolid ja naftoolid on samuti vaga laialt kasutatavad
vaartuslikud |dhteained keemilises siinteesiks nii akadeemilises uurimises kui ka
toostuses. Selleks, et siinteesida hidroksileeritud areene, kasutatakse tihti mirgiseid
okslideerijaid voi siirdemetallilisi katallisaatoreid, mis muudab sellised reaktsioonid
toime tdttu keskkonnale jatkusuutmatuks. Seetdttu on roheliste ja keskkonnasdbralike
meetodite jarele suur ndudlus. Elektrokeemia on (iheks selliseks suureparaseks
alternatiiviks. Elektrit, mis parineb jatkusuutlikest allikatest (paikese-, tuule- ja
hidroenergia) on véimalik kasutada jaakideta mitte toksilise reagendina, mis muudab
slinteesi jatkusuutlikumaks ning sobivaks meie tuleviku vajadustele. Elektrokeemia
kombineeritult [abivoolu tehnoloogiaga lubab meil |abi viia reaktsioone suurtes kogustes
ning see omakorda aitab lahendada akadeemilisi teadusuuringuid t6ostusele.

Elektrokeemilist areenide hidroksiileerimist trifluorodadikhappega on uuritud juba
varem, kuid siiski on reaktsiooni ulatus olnud piiratud kas elektronvaeste v3i neutraalsete
molekulidega ning saagised on olnud védikesed vGi pole neid (ldse néidatud.
Elektrokeemilisel hidroksuleerimisel on aga elektronrikkad areenid jadnud vaeslapse
rolli. Selles t66s me naitame kuidas on voimalik, kasutades elektrokeemilist ldhenemist
koos labivoolu tehnikaga, hidroksiileerida erinevaid elektronrikkaid areene.
Elektrokeemiliseks reaktsiooniks kasutati lihtsasti kattesaadavaid ning mdistliku hinnaga
elektroode (grafiit ja roostevaba teras). Hidroksuleeritud areenid isoleeriti heade
saagistega (kuni 68%), kusjuures ei kasutatud tihtegi toksilist lisandit ega siirdemetallilist
katallisaatorit.

Selleks, et saada vajalikke ihendid saab hidroksileeritud areene edasi modifitseerida.
Uks muundamise vdimalustest on fenoolide ja naftoolide dearomatiseerimine. Tavaliselt
kasutatakse dearomatiseerimise reaktsioonides siirdemetallilist katallisaatorit. Samas on
hapnikku sisaldavate aromaatsete (ihendite dearomatiseerimine ilma siirdemetallilise
katallsaatori kasutamiseta jdanud uurimata.

Me oleme viélja té6tanud lihtsa meetodi fenoolide ja naftoolide C-alkiileerimiseks
erinevate alktulhaliididega, saades heade kuni kGrge saagisega (kuni 90%) alkileeritud
dearomatiseerituid Uhendeid. Alklleerimisereaktsioonid on regioselektiivsed andes
eelistatult reaktsiooni teise positsiooni slsinikuga. Samuti leidsime, et reaktsiooni
toetavad donoorsed lisandid (eetrid voi alkoholid), tdstes reaktsiooni saagiseid. Parimad
tulemused saadi tstklopentiiiilmetiileetrit véi .-mentooli kasutamisel lisandina.

Saadud tulemused avavad uusi vGimalusi elektronrikaste areenide hiidroksiileerimiseks
elektrokeemiliselt ldbivoolu reaktorites ning fenoolide ja naftoolide alkileerivaks
dearomatiseemiseks nende derivaatide saamisel. Uheski ldbiviidud reaktsioonis ei
kasutatud siirdemetallilisi katallisaatoreid.
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Alkyl-substituted Li-phenolates with BnBr in water solution lead to a mixture of o- and p-Bn-substituted
phenols together with a substantial amount of phenol Bn ether. In CPME, and especially in toluene with 1
—2 equivalents of ether or alcohol additives, ortho-selective alkylation is achieved. In the case of 0,0,p-tri-
and o,0-di-substituted phenols dearomatization occurs affording o-Bn-substituted alkyl cyclo-
hexadienones with yields up to 92% with an o/p ratio up to 90/1.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Phenols are known electron-rich aromatic compounds with
nucleophilicity at C- and O-nucleophilic sites, giving in the reaction
with electrophiles both, C- and O-alkylated products. Phenolates
are more reactive with increased reactivity towards electrophiles in
C- and O-alkylation reactions [1]. With unsubstituted phenolates
the electrophilic reactions proceed in a common way leading to the
aromatic substitution and Williamson products [2]. With
substituted phenolates the electrophilic addition reactions may
lead to dearomatization, resulting in cyclic dienones [3]. These
structures are of great synthetic interest being intermediates for
the synthesis of various bioactive and natural products [4].

The dearomatization of phenols has been well studied using
oxidative strategies with hypervalent iodine(Ill) [5] and with Rh
and Ru catalysts under oxidative conditions [6]. However, simple
electrophilic alkylation reactions have been almost neglected
because of low C-/O-alkylation selectivity, with O-alkylation
dominating [7]. Selective O-alkylations have been achieved by us-
ing quaternary ammonium salts [8] while selective mono-p- and o-
alkylation has been achieved only in rare cases [9]. According to
early studies by Kornblum et al., in strong hydrogen-bonding sol-
vents such as water, phenol and fluorinated alcohols substantial
amounts of C-alkylated products can form [10]. So, usually

* Corresponding author.
E-mail address: margus.lopp@taltech.ee (M. Lopp).

https://doi.org/10.1016/j.tet.2021.131935
0040-4020/© 2021 Elsevier Ltd. All rights reserved.

alkylations have been performed with Na- and K-phenolates in
water solution affording alkylphenols and cyclohexadienones in
moderate yields [11]. There are only a few examples of using, Li, Mg
or Ti phenolates [12].

In the present study we tried to expand borders of electrophilic
C-alkylation of phenolates and find ways for chemo- and regiose-
lective substitution/addition in phenolates.

2. Results/discussion

In order to obtain comparable data, we started with the alkyl-
ation of various unsubstituted and substituted Li-phenolates with
benzyl bromide (BnBr) in a water solution of LiOH. The obtained
results are presented in Table 1.

Unsubstituted phenol (1a) shows moderate reactivity in
aqueous LiOH solution, giving predominantly O-alkylated product
(46%), and almost equally low amount of o- and p-substituted
products. At used reaction conditions 28% of unreacted starting
phenol 1a was recovered after the reaction (Table 1, entry 1). Mono-
substituted phenols show different activity and regioselectivity,
depending on the substituents and their bulkiness. Introduction of
an ortho-substituent, even not a bulky one, such as methyl, sub-
stantially reduces a relative amount of O-alkylated product. So, the
amount of O-alkylation decreased from 46% for unsubstituted 1a
(Table 1, entry 1; 2a) to 25% for o-Me phenol 1b (Table 1, entry 2;
2b) and to 16% for tert-butyl phenol 1d (2d, Table 1, entry 4). Thus,
0-Me phenol afforded mostly C-alkylation with C/O-alkylation ratio
1.7/1 (sum of 3b + 3b’+ 4b to 2b), while o/p ratio (3b + 3b’ to 4b)
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Table 1

Alkylation of phenols with benzyl bromide in aqueous LiOH solution®.

OH 0OBn OH [e] OH
R R BnBr R R, Ri Bn R & R R2 R
LiOH or or
R3 R® R® R? Bn
1 4

H,0
2 3 3

o
1 RZ
R Bn

&

Tetrahedron 83 (2021) 131935

Entry Phenol No Recovered 1 (%) Yield of 2 (%) Yield of o-product, % Yield of p-product, %
3 4
1 OH 28 46 7 8
1a
2 OH 19 25 OH o) 32
Bn. Bn
+
1b 6 4
3 OH 32 35 13 —
\
‘ 7
1c
4 OH 41 16 OH 19
Bk L
9
6
1d
5 % 38 58 4 -
le
6 OH 8 11 17 64
1f
7 ﬂ\& 100 - - -
1g
8 OH 14 8 44 32
1h
9 OH 21 33 45 -
1i
10 OH 86 - o} -
>l\©/ Bn
1j 6
11 OH 51 14 27 5
1k
12° 1k 19 15 44 4
13° 1k 51 15 28 4
149 1k 37 21 32 5
15¢ 1k 71 9 17 1

No additional water added.

a
b
€ NaOH as an alkali, no additional water added.
d

0.2 mL MeOH added. ®No additional water added, 1 mL of CF3CH,0H added.

Reaction conditions: Phenol (1 mmol), BnBr (1.2 mmol), 1 M LiOH (1 mL), water (1 mL), room temperature, overnight; yields of isolated products are presented.
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was 1/3.2 in favour to p-product. It is interesting to note that a
quaternary o-substitution at Me group 3b’ was almost equal to that
of substitution to a free o-position 3b (4 and 6%, respectively).

Substituents in the para-position (Table 1, entries 3 and 5) did
not support C-alkylation affording O-alkylation product predomi-
nantly with a 3c¢/2c ratio of 1/2.7 for phenol 1c and 1/14.5 for
phenol 1e.

Of the o-disubstituted phenols 1f and 1g, only o-di-Me phenol
1f reacted with BnBr, showing a good C/O selectivity (Table 1, en-
tries 6 and 7). With o-di-Me phenol 1f the o-addition reaction with
dearomatization occurred, affording quaternary o-Bn-alkylated
product 3f in considerable yield (17%). The para-product was
dominant with 64% yield. The yield of the O-alkylation product 2f
was only 11% which was only half of that for o-Me phenol 2b.

The tri-Me-substituted phenol 1h revealed a good reactivity but
low regioselectivity affording dearomatized quaternary products
3h (a chiral structure) and 4h in 44% and 32% yield respectively.
Also, with phenol 1h a good ratio of C-and O-alkylation with only
8% of ether 2h was observed. Trisubstituted o-dimethoxy-p-Me
phenol 1i also reacted smoothly, affording exclusively ortho-C-
alkylation product 3i in 45% yield, although together with 33% of
the O-alkylation product 2i.

The t-butyl group in the ortho-position (0-Me-o-tBu-phenol 1j)
considerably reduced the reactivity, affording the addition to ortho-
carbon at the Me group (ketone 3j) only in 6% yield, while the initial
phenol 1j remained mostly unreacted (Table 1, entry 10). The
trisubstituted o0,0-diMe-p-tBu-phenol 1k was more reactive
affording the ortho-addition product 3k in 27% yield and surpris-
ingly, also quaternary p-product 4k in 5% yield (Table 1, entry 11).
0O-alkylation product ether 2k was formed in 14% yield.

We observed that phenols with large t-Bu-substituents 1d, 1e, 1j
and 1k were less reactive, leaving a considerable amount of sub-
strate unreacted (Table 1, entries 4, 5 and 10—-15). 2,6-Di t-Bu
phenol 1g did not react at all (Table 1, entry 7). We believe that the
low reactivity in the case of phenol 1k in water solution was also

Table 2
Addition of BnBr to 2,4,6-trimethylphenol 1h in non-aqueous conditions®.

OH OBn o o
BnBr Bn
solvent,
additive Bn
1h 2h 3h 4h

Tetrahedron 83 (2021) 131935

caused by the low solubility of that Li-phenolate in alkaline water.
So, we carried out some additional experiments with 1k to clarify
the matter.

First, we increased the concentration of Li-phenolate 1k in the
reaction mixture by reducing the water content (Table 1, entry 12).
Only 19% of 1k remained unreacted because of the increased sol-
ubility of phenolate. The sum of the alkylated products increased
from 46% to 63% (calculated from Table 1, entries 11 and 12). Under
these reaction conditions, the o/p ratio of alkylation increased
considerably from 5.4/1 to 11/1. Also, the ratio of C/O-alkylation
increased from 2.3/1 to 3.2/1.

Using NaOH instead of LiOH slightly improved the solubility of
1k but resulted in low reactivity (51% of 1k remained unreacted),
and a low (C/O-alkylation ratio (only 2.1/1). However, a good o/p
ratio was observed (7/1; Table 1, entry 13).

To further increase the homogeneity of the reaction medium,
0.2 mL MeOH (~10% from solvent) was added and the reaction was
performed according to the usual conditions (footnote? in Table 1).
We observed that MeOH had no positive effect on the C/O-alkyl-
ation, nor on the o/p ratio (Table 1, entry 14).

When fluorinated alcohol CF3CH,OH was used as an additive,
the reaction selectivity changed. Thus, ortho-selectivity increased
drastically to o/p > 17/1, together with moderate C/O-alkylation
selectivity. However, the reactivity of phenol 1k remained low, with
71% of the starting phenol 1k recovered (Table 1, entry 15). The
negative effect the additive was the reactivity of CF3CH,OH itself in
the Williamson reaction towards BnBr consuming the reagent.

The main conclusion from the obtained results was that the
reaction is very sensitive to phenol substitutes and the low solu-
bility of some alkyl phenolates in water solution is a serious
problem, causing low yield and selectivity. So, we turned to non-
aqueous solutions using n-Buli to generate the phenolate. Tri-
methyl phenol 1h was selected as a model structure in the reaction
with BnBr.

First, n-BuLi was used in hexane. To ensure the solubility of the

Entry n-Buli (equiv) Solvent Additive (equiv) Temperature (°C) Yield, 3(%)

1h 2h 3h 4h
1° 1 CPME - rt. 85 0.2 5
2° 2 CPME - rt. 51 1 13 1
3° 2.2 CPME - 50 27 2 44 1
4° 2.2 CPME - 80 10 84 2
5 2.2 toluene - 80 57 1 38 3
6 22 toluene CPME; 1 80 19 2 71 3
7 1.1 toluene CPME; 2 80 25 3 66 2
8 2.2 toluene CPME; 2 80 9 3 79 3
9 2.2 toluene CPME; 4 80 45 2 43 1
10 22 toluene MTBE; 1 80 33 2 62 2
11 2.2 toluene anisole; 2 80 21 1 63 3
12 1.1 toluene t-BuOH; 1 80 - 15 83 1
13 22 toluene (R)-s-BuOH; 1 80 - 8 90 1
14 13 toluene (R)-s-BuOH; 0.2 80 15 4 63 2
15 22 toluene n-BuOH; 1 80 3 87 2
16 2.2 toluene L-Menthol; 1 80 5 82 12
17 2.2 toluene i-PrOH; 1 60 - 5 92 2
18 2.2 toluene MeOH; 1 60 10 1 86 2

¢ Conditions: 1 mmol phenol 1h, solvent, n-BuLi, additive, overnight at given temperatures.
b Hexane changed to CPME after n-BuLi was added to phenol; yields are determined by "H NMR analysis of the crude reaction mixture.
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phenolates in the reaction medium hexane was replaced by
cyclopentyl methyl ether (CPME) which was used earlier in the case
of naphthols [13].

The obtained results are presented in Table 2 (entries 1—4). By
using 1 equivalent of n-BuLi at room temperature the reaction was
very slow, resulting predominantly in quaternary ortho-product 3h
in 5% yield, with 85% of unreacted substrate 1h left. A higher yield
of the addition product 3h was obtained with 2 equivalents of n-
BulLi (Table 2, entry 2). Higher temperature substantially increased
the yield of the product 3h, from 13% at r.t., to 44% at 50 °C, and
finally, to 84% at 80 °C. The increase in temperature slightly reduced
the C/O-alkylation selectivity from 20/1 at 50 "C to 8.4/1 at 80 "C.
Still, the C/O-selectivity was acceptable. The o/p selectivity
remained excellent at all temperatures (o/p ratio at 80 °C > 40/1)
(Table 2, entries 2—4).

In order to simplify the experimental procedure and avoid sol-
vent change, toluene as a solvent was introduced together with the
use of n-BulLi solution in toluene. The first attempt in neat toluene
affording good C/O-alkylation selectivity but moderate reactivity
encouraged us to continue in this direction. (Table 2, No 5). To
improve the solubility of the Li-phenolate in the reaction medium,
different additives to the toluene were tested. First, CMPE, which
was a good solvent for alkylation was used as a toluene additive.
With 1 equivalent of CMPE to phenolate, an almost selective ortho-
addition reaction was observed with high C/O-alkylation ratio (35/
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1), and with only 19% of the starting compound 1h recovered
(Table 2, entry 6). To find the optimal amount of the additive, ex-
periments with 2 and 4 equivalents of CMPE were performed. The
best result was achieved by using 2.2 equivalents of n-Buli in
toluene with 2 equivalents of CPME additive, after the overnight
reaction at 80 °C, with only 9% of substrate 1h unreacted and with
79% of ortho-benzyl dearomatized product 3h formed. The ether 2h
and para-addition product 4h were observed in minor amounts
(Table 2, entry 8). The reaction was quite sensitive to the reagents’
ratio: reducing the amount of n-Buli to 1.1 equivalents in respect to
phenol caused a considerable drop in both, reactivity and selec-
tivity; increasing the amount of CPME additive to 4 equivalents
reduced the reactivity of phenolate and increasing the amount of
unreacted 1h to 45% (Table 2, entry 9).

We also checked the effect of methyl tert-butyl ether (MTBE)
and anisole additives to the alkylation. We found that they both
also acted as selective catalysts in the electrophilic addition of BnBr
to phenolate, being slightly less active than CPME (Table 2, entries
10 and 11).

To our surprise, different alcohol additives also had a positive
effect on BnBr addition to Li-phenolate in toluene. All of the used
alcohols, primary, secondary and tertiary butanols in 1 equivalent
quantity, revealed similar high activity and selectivity to the reac-
tion, affording ortho-addition product in >80% yield. Of them, n-
BuOH was the most selective and s-BuOH the most active (Table 2,

Table 3
Electrophilic reaction of various phenolates in non-aqueous conditions °.
Entry Phenol n-Buli (eq) BnBr (eq) 2 (%) 3 (%) 4 (%) 5 (%)
1 OH 2 2 5 39 2 OH
Bn\®/an
1a 5
2" 1a 12 2 10 52 3 8
30 OH 15 2 oH o 3 -
Bn. f - % Bn
1b 25 5
4 OH 15 2 2 50 - OH
L Bn Bn
‘ Z
CHy
1c 5
5 % 22 12 1 20 - -
1j
6° 1f 22 12 27 56 1
7 OH 22 12 3 79 3 —
1h
8 2.2 12 42 - - -

22 12

35

¢ Conditions: CPME 2 eq, temperature 80 °C; yields of isolated compounds are presented.

b temperature 90 °C.
¢ Reaction conditions: CPME as that for Table 2, entry 4.
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entries 12—15). The chiral ligands (R)-sec-butanol and L-menthol
both afforded chiral quaternary addition product 3h in high yields
(90 and 88% respectively; Table 2, entries 13, 16). However, to our
disappointment, these were in a racemic form. Even methanol and
isopropanol in 1 equivalent amounts revealed high activity and
selectivity as catalysts in a phenolate alkylation reaction (Table 2,
entries 17 and 18).

With 2 equivalents of n-BuLi, the phenol 1h turned to Li-
phenolate anion with one equivalent of n-BuLi, and the second
equivalent turned the alcohol additive to an alcoholate. The alco-
holates catalyse the selective electrophilic C-addition on BnBr to
the phenolate.

We re-investigated the electrophilic substitution/additions of
BnBr to various phenolates in non-aqueous conditions with CPME
additive. The obtained results are presented in Table 3. The reaction
conditions for individual phenolates were not optimized.

As expected, less substituted phenol derivatives revealed lower
reactivity. So, to overcome this, more BnBr was added to those
phenols.

The unsubstituted phenol 1a, which in a LiOH solution with
BnBr led to only 7% of ortho-substitution and mainly the O-alkyl-
ation with formation of 2a in 46% yield (Table 1, entry 1), in a non-
aqueous medium resulted mainly in ortho-substitution product 3a
in 39% yield at 80 C, and in 52% yield at 90 "C, with the formation of
ether 2a in ~10%. The regioselectivity of the substitution was also
satisfactory, with p- and o,0-disubstitution products observed only
in ~10% yield in total (Table 3, entries 1 and 2).

The o-Me phenol 1b resulted in 25% of the ortho-substitution
product 3b at 90 °C. It is interesting to note that the yield of the
quaternary ortho-addition product 3b’ was higher than that of the
para-substitution product 4b (5 vs 3%; Table 3, entry 3). This was
different from that observed in water solution, where the para-
substitution product 4b together with O-alkylation product 2b,
dominated (Table 1, entry 2).

p-Me phenol 1c afforded almost exclusively the ortho-
substituted product 3¢ with a small amount of ether 2c. No quantity
of the quaternary para-product 4c was observed. (Table 3, entry 4).

Disubstituted 2,6-diMe-phenol 1f which reacts quite smoothly
in water solution affording mainly para-product 4f in 64% yield
(Table 1, entry 6), in the non-aqueous conditions afforded only
quaternary ortho-product 3f in 20% yield, with only a very small
amount of ether 2f (Table 3, entry 5). At the same time, in CPME the
3f was formed in 56% yield, with a substantial amount of ether 2f
(27%; Table 3, entry 6).

Comparing the benzylation of Li-phenolate of 2,4,6-tri-Me
phenol 1h in a non-aqueous environment and in a water solution,
we observed almost exclusive ortho-addition affording quaternary
dearomatized 3h in good yield (79%; Table 3, entry 7), while in
water-LiOH solution ortho- and para-addition products were
formed in almost equal amounts, in 44% and 32%, respectively
(Table 1, entry 8). A remarkable difference in reactivities was also
observed for 2,6-dimehoxy-4-mehyl phenol 1i: in the LiOH water
solution the ortho-product 3i in 45% yield was formed, together
with ether 2i in 33% yield, while in the toluene solution with a
CPME additive only ether 2i was observed in a 42% yield, without
any traces of other products (Table 3, entry 8). Phenol 1j with a
bulky t-Bu group in ortho-position almost failed to react in an alkali
water solution because of solubility problems. In non-aqueous
conditions, 1j afforded mainly the quaternary ortho-product with
Bn addition to Me-carbon 3j in 35% yield, with only a trace amount
of p-quaternary product 4j (Table 3, entry 9). When the bulky t-Bu
group was in para-position, the ortho-addition occurred in both
media. In water solution the solubility of the substrate was a
problem, and the yield was only 27% (Table 1, entry 11), while in the
toluene solution the ortho-addition product 3k was formed in 45%
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yield (Table 3, entry 10). In both cases the formation of ether was
insignificant.

3. Conclusion

The alkylation of phenolates in non-aqueous conditions offers
mainly C-alkylation, with the C/O-alkylation ratio usually >10/1.
The C-alkylation is ortho-selective in up to 92% yield. Even in the
case of unsubstituted phenol 1 the yield of 0-Bn-phenol exceeded
50%. In the case of o,0,p-tri- and o,0-substituted phenols dear-
omatization occurs affording o-Bn-substituted alkyl cyclo-
hexadienones with yields up to 92%, with an o/p ratio up to 90/1.
The method is sensitive to phenol structure, therefore, optimal
conditions separately for every phenolate may be needed. The
substitution reaction is catalysed by ethers and by alcohols. The
possibility of introducing asymmetric induction to the dearomati-
zation reaction is currently under study.

4. Experimental section

'H and '®C NMR spectra were recorded in deuterated solvents
on a Bruker Avance USLA 400 spectrometer. Deuterated solvent
peaks were used as references. 2D FT methods were used for the
full assignment of 'H and '3C chemical shifts. High-resolution mass
spectra were recorded with an Agilent Technologies 6540 UHD
Accurate-Mass Q-TOF LC/MS spectrometer by using AJ-ESI ioniza-
tion. IR spectra were recorded on a Bruker PMA 50 spectrometer.
Precoated Merck silica gel 60 F,54 plates were used for TLC. Column
chromatography was performed with 40—63 pm silica gel. The
measured melting points obtained on a Boétius (Nagema) instru-
ment and are uncorrected. All reactions sensitive to oxygen or
moisture were conducted under argon atmosphere in oven-dried
glassware. Purchased chemicals and solvents were used as
received. The petroleum ether fraction b.p. 40—60 °C was used. The
yields of isolated compounds are presented; in Table 2 the yields
were determined from 'H NMR analysis of the crude mixture.

4.1. General procedure A (GPA) for the dearomatization reaction in
aqueous conditions

To an aqueous solution of 1 M LiOH (1 mL) on an ice bath phenol
(1 mmol) was added and the mixture stirred for 15 min. Then water
(1 mL) and BnBr (1.2 mmol) was added, the reaction mixture
warmed up to room temperature and stirred overnight. To the re-
action mixture water (5 mL) was added, pH adjusted to ~7 and the
mixture was extracted with EtOAc. The combined organic layers
were washed with brine and dried with phase separator or on
MgS0, and filtered if necessary. Then solvent was removed with
rotary evaporator and the products were obtained after flash
chromatography on silica gel (petroleum ether/EtOAc).

4.2. General procedure B (GPB) for the dearomatization reaction in
non-aqueous conditions

To solution of phenol (1 mmol) in a solvent under argon at-
mosphere n-BuLi (2.7 M in toluene; 0.82 mL; 2.2 mmol) was added
dropwise. After addition of the additives BnBr (1.2 mmol) was
applied. The reaction mixture was warmed up to 80 °C and stirred
at this temperature overnight. After cooling water was added and
the reaction mixture was extracted with EtOAc. The combined
organic layers were washed with brine and dried with phase
separator or on MgSO4. The crude product solution was filtered if
necessary, and then solvent was removed with rotary evaporator.
The products were separated by flash chromatography on silica gel
(petroleum ether/EtOAcC).
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4.3. General procedure C (GPC) for the dearomatization reaction in
non-aqueous conditions

Phenol (1 mmol) was dissolved in hexane (3 mL) and n-BuLi
(2.5 M in toluene; 0.88 mL; 2.2 mmol) was added dropwise under
argon atmosphere and stirred for 15 min. Then hexane was
removed with argon flow and CPME (1 mL) was added. To the
obtained clear solution BnBr (1.2 mmol) was added, the reaction
mixture warmed up to 80 °C and stirred overnight at this tem-
perature. After cooling water was added and the reaction mixture
was extracted with EtOAc. The combined organic layers were
washed with brine and dried with phase separator or on MgSO4.
The crude solution was filtered if necessary and the solvent was
removed with rotary evaporator. The products were separated by
flash chromatography on silica gel (petroleum ether/EtOAc).

4.4. Characterisation of compounds

4.4.1. Benzyloxybenzene (2a)

Following GPA gave 2a (84 mg, 46%) after purification as a white
solid; mp 36—37 °C; IR (KBr) vmax: 3035, 2907 2867 1599, 1586,
1498, 1468, 1455, 1378, 1300, 1247, 1171, 1079, 1030, 1013, 991, 916,
858,745,696 cm ™ !; TH NMR (400 MHz, CDCl3) § 7.49—7.44 (m, 2H),
7.44—7.37 (m, 2H), 7.37—7.28 (m, 3H), 7.03—6.96 (m, 3H), 5.09 (s,
2H); 3C NMR (101 MHz, CDCl3) 3 158.9, 137.2, 129.6, 128.7, 128.1,
127.6, 121.1, 115.0, 70.0; HRMS (ESI): m/z [M+Na]|™ calculated for
C13H120 207.0780, found 207.0776.

4.4.2. 2-Benzylphenol (3a)

Following GPB product 3a (96 mg, 52%) was obtained as a col-
ourless oil; IR (neat) rmax: 3535, 3028, 2920, 1593, 1494, 1454, 1329,
1213, 1169, 1094, 1040, 936, 851, 754, 731, 698 cm~'; 'H NMR
(400 MHz, CDCl3): 6 = 7.31-7.27 (m. 2H), 7.23—718 (m, 3H),
7.14-7.10 (m, 2H), 6.89 (td, ] = 1.21, 7.49 Hz, 1H), 6.77 (d, ] = 8.27 Hz,
1H), 4.66 (s, 1H), 3.99 (s, 2H); *C NMR (101 MHz, CDCl3): 6 = 153.8,
140.0, 131.2, 128.81, 128.76, 128.0, 127.1, 126.5, 121.1, 115.8, 36.5;
HRMS (ESI): m/z [M — HJ calculated for C43H;20 183.0815, found
183.0816.

4.4.3. 4-Benzylphenol (4a)

Following GPA 1p (15 mg, 8%) was obtained after purification as
a white solid; mp 77—79 °C; IR (KBr) rmax: 3223, 3021, 1600, 1511,
1493, 1454, 1379, 1243, 1175, 1102, 843, 785, 731, 698, 595 cm~!; 'H
NMR (400 MHz, CDCl3) & 7.35-7.25 (m, 2H), 7.26—7.15 (m, 3H),
7.11-7.03 (m, 2H), 6.80—6.72 (m, 2H), 4.66 (s, 1H), 3.93 (s, 2H); 1°C
NMR (101 MHz, CDCl3) & 153.9, 141.6, 133.6, 130.2, 129.0, 128.6,
126.1,115.4, 41.1; HRMS (ESI): m/z [M — H] calculated for C;3H12,0
183.0815, found 183.0818.

4.4.4. 2,6-Dibenzylphenol (5a)

Following GPB 5a (21 mg, 8%) as a white solid was obtained; mp
28—29 °C; IR (KBr) vmax: 3559, 3062, 3027, 2924, 1602, 1494, 1452,
1252, 1186, 1079, 1030, 840, 735, 698 cm™'; '"H NMR (400 MHz,
CDCl3): 6 7.30—7.27 (m. 4H), 7.22—7.19 (m, 6H), 7.03 (d, ] = 7.52 Hz,
2H), 6.85 (dd, J = 7.15, 7.89 Hz, 1H), 4.60 (s, 1H), 3.97 (s, 4H); 3C
NMR (101 MHz, CDCl3): 6 = 152.3,139.8,129.5,128.82,128.77,127.3,
126.6,120.8, 36.8; HRMS (ESI): m/z [M — H] calculated for C;oH130:
273.1285, found 273.1300.

4.4.5. 1-(Benzyloxy)-2-methylbenzene (2b)

Following GPA 2b (49 mg, 25%) after purification as a colourless
oil was obtained; IR (neat) ymax: 3031, 2927, 1602, 1495, 1454, 1380,
1312, 1289, 1243, 1191, 1122, 1051, 1026, 855, 750, 713, 696, 624,
441 cm™'; 'TH NMR (400 MHz, CDCl3) & 7.50—7.45 (m, 2H),
7.43-7.38 (m, 2H), 7.37—7.30 (m, 1H), 7.21-7.15 (m, 2H), 6.90 (d,
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J = 7.7 Hz, 2H), 5.10 (s, 2H), 2.31 (s, 3H); '3C NMR (101 MHz, CDCl3)
8 157.0,137.7,130.9, 128.6,127.9, 127.2,126.9,120.7, 111.6, 70.0, 16.6;
HRMS (ESI): m/z [M+Na]" calculated for C14H140 221.0937, found
221.0927.

4.4.6. 2-Benzyl-6-methylphenol (3b)

Following GPB 3b (50 mg, 25%) as a white solid was obtained;
mp 46—47 °C; IR (KBr) vmax: 3565, 3026, 2920, 1594, 1494, 1470,
1453, 1324, 1263, 1197, 1084, 1030, 946, 833, 767,734, 699 cm™'; 'H
NMR (400 MHz, CDCl3): 6 7.30—7.26 (m. 2H), 7.23—7.18 (m, 3H), 7.02
(d,J = 7.60 Hz, 1H), 6.98 (d, ] = 7.28 Hz, 1H), 6.80 (t, ] = 7.48 Hz, 1H),
4.60 (s, 1H), 3.98 (s, 2H), 2.21 (s, 3H); '3C NMR (101 MHz, CDCl3):
0 =152.3,139.9, 129.4, 128.81, 128.78, 126.55, 126.49, 123.9, 120.5,
36.8, 16.0; HRMS (ESI): m/z [M+H]"[-H,0] calculated for C14H140
181.1012, found 181.1008.

4.4.7. 6-Benzyl-6-methylcyclohexa-2,4-dien-1-one (3b’)

Following GPA 3b’ (8 mg, 4%) after purification as a green oil was
obtained; IR (neat) vmax: 3030, 2925, 2854, 1721, 1662, 1631, 1559,
1495, 1453, 1417,1379, 1141, 761, 705, 496 cm ™ '; 'H NMR (400 MHz,
CDCl3) & 718 (td, J = 5.1, 2.4 Hz, 3H), 7.05 (dd, ] = 7.5, 2.0 Hz, 2H),
6.86 (ddd,J = 9.8, 5.8, 1.8 Hz, 1H), 6.35 (ddd, ] = 9.4, 1.8, 0.9 Hz, 1H),
6.14 (ddd, J = 9.5, 5.8, 0.9 Hz, 1H), 5.95 (dt, ] = 9.7, 0.9 Hz, 1H), 3.22
(d,J = 13.2 Hz, 1H), 2.75 (d, ] = 13.2 Hz, 1H), 1.26 (s, 3H); *C NMR
(101 MHz, CDCl3) & 205.5, 147.3, 141.8, 137.1, 130.0, 128.0, 126.7,
126.1, 120.6, 52.7, 46.2, 24.8; HRMS (ESI): m/z [M+Na] " calculated
for C14H140 221.0937, found 221.0925.

4.4.8. 4-Benzyl-2-methylphenol (4b)

Following GPA 4b (63 mg, 32%) as a yellow oil was obtained after
purification; IR (neat) vmax: 3418, 3026, 2921, 1602, 1507, 1494,
1453, 1327, 1260, 1204, 1115, 1074, 1030, 781, 724, 698, 621, 524,
443 cm™'; 'TH NMR (400 MHz, CDCl3) 8 7.35—7.25 (m, 2H), 7.25—7.16
(m, 3H), 6.96 (d, ] = 2.1 Hz, 1H), 6.91 (dd, ] = 8.1, 2.2 Hz, 1H), 6.70 (d,
J = 8.1 Hz, 1H), 4.60 (s, 1H), 3.89 (s, 2H), 2.22 (s, 3H); °C NMR
(101 MHgz, CDCl3) & 152.2, 141.8, 133.5, 131.7, 128.9, 128.6, 127.6,
126.1, 123.8, 115.0, 41.2, 15.9; HRMS (ESI): m/z [M — H] calculated
for C14H140 197.0972, found 197.0973.

4.4.9. 1-(Benzyloxy)-4-methylbenzene (2c)

Following GPA 2c¢ (89 mg, 45%) as a white solid was obtained
after purification; mp 33—35 °C; IR (KBr) vmax: 3032, 2922, 1613,
1585, 1511, 1454, 1381, 1291, 1239, 1175, 1110, 1026, 861, 817, 734,
696, 604, 512 cm~'; 'H NMR (400 MHz, CDCl3) 8 7.51 (d, ] = 7.3 Hz,
2H), 7.46 (t,] = 7.3 Hz, 2H), 7.40 (d, ] = 7.0 Hz, 1H), 7.17 (d, ] = 8.0 Hz,
2H), 6.97 (d, ] = 8.6 Hz, 2H), 5.11 (s, 2H), 2.37 (s, 3H); °C NMR
(101 MHz, CDCl3) & 156.8, 137.4, 130.2, 130.0, 128.6, 128.0, 127.6,
114.8, 70.1, 20.6; HRMS (ESI): m/z [M+Na]™ calculated for C14H140
221.0937, found 221.0931.

4.4.10. 2-Benzyl-4-methylphenol (3c)

Following GPB 3c (99 mg, 50%) as a colourless oil was obtained;
IR (neat) rmax: 3536, 3026, 2922, 2859, 1602, 1506, 1495, 1325, 1259,
1188, 1104, 1030, 935, 812, 751, 728, 697 cm ™ '; 'H NMR (400 MHz,
CDCl3): 6 7.29—7.25 (m. 2H), 7.22—7.17 (m, 3H), 6.91—6.89 (m, 2H),
6.65 (d, ] = 8.26 Hz, 1H), 4.60 (s, 1H), 3.94 (s, 2H), 2.24 (s, 3H); 13C
NMR (101 MHz, CDCl3): 6 = 151.6,140.2,131.7,130.3,128.78, 128.75,
128.3, 126.8, 126.4, 115.7, 36.5, 20.7; HRMS (ESI): m/z [M — H]
calculated for C14H140: 197.0972, found 197.0978.

4.4.11. 2,6-Dibenzyl-4-methylphenol (5c)

Following GPB gave product 5c (14 mg, 5%) as a colourless oil; IR
(neat) ymax: 3556, 3026, 2920, 1602, 1494, 1479, 1245, 1198, 1075,
1030, 863, 731, 699 cm™'; 'H NMR (400 MHz, CDCls): § 7.30—7.26
(m. 4H), 7.21-7.18 (m, 6H), 6.84 (s, 2H), 4.42 (s, 1H), 3.93 (s, 4H),
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2.23 (s, 3H); °C NMR (101 MHz, CDCl3): 6 = 150.0, 140.0, 130.0,
129.9,128.8,128.7,127.1,126.5, 36.8, 20.7; HRMS (ESI): m/z [M — H]
calculated for C21H»00 287.1441, found 287.1459.

4.4.12. 1-(Benzyloxy)-2-(tert-butyl)-benzene (2d)

Following GPA 2d (39 mg, 16%) as a colourless oil was obtained
after purification; IR (neat) vmax: 2961, 1744, 1608, 1513, 1455, 1364,
1295, 1244, 1182, 1025, 828, 735, 697, 553 cm™'; 'H NMR (400 MHz,
CDCl3) & 7.51 (d, ] = 7.3 Hz, 2H), 7.46—7.40 (m, 2H), 7.40—7.33 (m,
2H), 7.21 (ddd, J = 8.2, 7.3, 1.7 Hz, 1H), 7.00—6.92 (m, 2H), 5.16 (s,
2H), 1.46 (s, 9H); >C NMR (101 MHz, CDCl3) 3 157.7, 138.5, 137.6,
128.7,127.8,127.4,127.2, 126.9, 120.7, 112.6, 70.2, 35.0, 30.0; HRMS
(ESI): m/z [M+H]" calculated for C;7H,00 241.1587, found 241.1576.

4.4.13. 2-Benzyl-6-(tert-butyl)-phenol (3d)

Following GPA 3d (15 mg, 6%) after purification as a green oil
was obtained; IR (neat) rmax: 3560, 3062, 3028, 2958, 1603, 1494,
1437, 1391, 1361, 1247, 1206, 1134, 1088, 1029, 887, 844, 797, 776,
747, 699, 532, 458 cm~!; '"H NMR (400 MHz, CDCl3) 3 7.33 (t,
J = 7.2 Hz, 2H), 7.29-7.25 (m, 1H), 7.23 (d, ] = 7.7 Hz, 3H), 7.03 (dd,
J = 74,16 Hz, 1H), 6.87 (t, ] = 7.6 Hz, 1H), 4.77 (s, 1H), 4.01 (s, 2H),
1.40 (s, 9H); 3C NMR (101 MHz, CDCl3) 3 153.1, 139.0, 136.8, 129.1,
129.0, 128.7,127.0, 126.8, 125.8, 120.3, 37.3, 34.7, 30.0; HRMS (ESI):
m/z [M — H] calculated for C17H200 239.1441, found 239.1448.

4.4.14. 4-Benzyl-2-(tert-butyl)-phenol (4d)

Following GPA 4d (46 mg, 19%) as a brown oil was obtained after
purification; IR (neat) rmax: cm~'; 'H NMR (400 MHz, CDCl3)
8 7.35—7.27 (m, 2H), 7.24—7.18 (m, 3H), 7.13 (d, ] = 2.2 Hz, 1H), 6.86
(dd,J = 8.0, 2.2 Hz, 1H), 6.59 (d, ] = 8.0 Hz, 1H), 4.71 (s, 1H), 3.93 (s,
2H), 1.41 (s, 9H); 3C NMR (101 MHz, CDCl3) 5 152.6, 141.8, 136.1,
133.1, 129.0, 128.5, 127.9, 127.3, 126.0, 116.7, 41.5, 34.6, 29.7; HRMS
(ESI): m/z [M — H] calculated for Cj7H00 239.1441, found
239.1443.

4.4.15. 1-(Benzyloxy)-4-(tert-butyl)-benzene (2e)

Following GPA 2e (139 mg, 58%) as a white solid was obtained
after purification; mp 61-63 °C; IR (KBr) rmax: 2952, 2931, 2866,
1608, 1514, 1454, 1363, 1299, 1243, 1187, 1125, 914, 837, 811, 750,
701, 555, 514 cm™'; 'H NMR (400 MHz, CDCl3) 5 7.48—7.43 (m, 2H),
7.43—7.37 (m, 2H), 7.36—7.29 (m, 3H), 6.99—6.89 (m, 2H), 5.06 (s,
2H), 1.32 (s, 9H); >C NMR (101 MHz, CDCl3) § 156.7, 143.7, 1374,
128.7, 128.0, 127.6, 126.4, 114.4, 70.2, 34.2, 31.7; HRMS (ESI): m/z
[M+Na]* calculated for C17H200 263.1406, found 263.1393.

4.4.16. 2-Benzyl-4-(tert-butyl)-phenol (3e)

Following GPA 3e (10 mg, 4%) after purification as a white solid
was obtained; mp 48—50 °C; IR (KBr) vmax: 3346, 2962, 1637, 1551,
1509, 1469, 1429, 1385, 1365, 1318, 1270, 1220, 1175, 1124, 1093,
1031, 953, 816, 770, 730, 698, 605 cm ™ '; TH NMR (400 MHz, CDCl3)
3 743-7.36 (m, 2H), 7.36—7.28 (m, 3H), 7.28—7.21 (m, 2H),
6.86—6.77 (m, 1H), 4.63 (s, 1H), 4.10 (s, 2H), 1.39 (d, ] = 0.5 Hz, 9H);
13C NMR (101 MHz, CDCl3) 3 151.6, 143.8, 140.2, 128.8, 128.7, 128.2,
126.4,126.2,124.7,115.4, 37.0, 34.2, 31.7; HRMS (ESI): m/z [M+Na]"
calculated for Cy7H,00 263.1406, found 263.1402.

4.4.17. 2-(Benzyloxy)-1,3-dimethylbenzene (2f)

Following GPA 2f (23 mg, 11%) after purification as a colorless oil
was obtained; IR (neat) rmax: 3031, 2922. 2860, 1591, 1496, 1476,
1454, 1373, 1263, 1198, 1091, 1013, 915, 859, 769, 734, 698, 562,
462 cm™'; 'H NMR (400 MHz, CDCl3) & 7.56—7.49 (m, 2H),
7.48—7.36 (m, 3H), 7.11-7.04 (m, 2H), 6.99 (dd, J = 8.2, 6.6 Hz, 1H),
4.85 (s, 2H), 2.35 (s, 6H); >C NMR (101 MHz, CDCl3) § 155.9, 137.9,
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131.3, 129.0, 128.7, 128.1, 127.9, 124.1, 74.0, 16.5; HRMS (ESI): m/z
[M+H]" calculated for C1sH160 213.1274, found 213.1262.

4.4.18. 6-Benzyl-2,6-dimethylcyclohexa-2,4-dien-1-one (3f)

Following GPB 3f (119 mg, 56%) as a green viscous oil was ob-
tained after purification; IR (neat) vmax: 3029, 2974, 2922, 1715,
1677, 1655, 1639, 1582, 1495, 1452, 1376, 1072, 1019, 738, 702,
512 cm™'; "H NMR (400 MHz, CDCl3) § 717 (d, ] = 7.2 Hz, 3H), 7.02
(dd, ] = 7.5, 2.0 Hz, 2H), 6.63 (dt, ] = 6.0, 1.6 Hz, 1H), 6.22 (ddd,
J = 95, 1.8, 0.9 Hz, 1H), 6.05 (dd, J] = 9.5, 6.0 Hz, 1H), 3.17 (d,
J=13.0Hz,1H), 2.74 (d,] = 13.0 Hz, 1H), 1.79 (s, 3H), 1.25 (s, 3H); 13C
NMR (101 MHz, CDCl3) § 205.6, 144.6, 138.2, 137.2, 133.3, 129.8,
127.8,126.5, 120.6, 52.0, 46.7, 24.9, 15.5; HRMS (ESI): m/z [M+Na]™
calculated for Cy5H160 235.1093, found 235.1086.

4.4.19. 4-Benzyl-2,6-dimethylphenol (4f)

Following GPA 4f (136 mg, 64%) as a yellow solid was obtained
after purification; mp 62—64 °C; IR (KBr) rmax: 3395, 3026, 2915,
1603, 1490, 1452, 1385, 1348, 1303, 1212, 1147, 1030, 960, 879, 780,
726, 695, 657, 589, 494, 449 cm™'; 'H NMR (400 MHz, CDCl3)
d 7.45-7.25 (m, 2H), 7.21 (ddt, ] = 7.4, 3.0, 1.8 Hz, 3H), 6.83 (s, 2H),
4.52 (s, 1H), 3.87 (s, 2H), 2.22 (s, 6H); '3C NMR (101 MHz, CDCl3)
5 150.6, 141.9, 132.9, 129.2, 128.9, 128.5, 126.0, 123.1, 41.2, 16.0;
HRMS (ESI): m/z [M — H] calculated for Cy5H160 211.1128, found
211.1124.

4.4.20. 2-(Benzyloxy)-1,3,5-trimethylbenzene (2h)

Following GPB 2h (22 mg (10%) as a colorless oil was obtained
after purification; IR (neat) ymax: 2920, 1483, 1454, 1373, 1307, 1213,
1147, 1020, 857, 727, 696, 573 cm~'; '"H NMR (400 MHz, CDCl3)
3 7.57—7.51 (m, 2H), 7.48—7.42 (m, 2H), 7.42—7.36 (m, 1H), 6.90 (s,
2H), 4.84 (s, 2H), 2.33 (s, 6H), 2.31 (s, 3H); 3C NMR (101 MHz,
CDCl3) 8 153.7, 137.9, 133.4, 130.8, 129.6, 128.6, 128.0, 127.9, 74.2,
20.8, 16.4; HRMS (ESI): m/z [M+Na]" calculated for CigH130
249.1250, found 249.1253.

4.4.21. 6-Benzyl-2,4,6-trimethylcyclohexa-2,4-dien-1-one (3h)
Following GPB 3h (190 mg, 84%) as a white solid was obtained
after purification; mp 43—45 °C; IR (KBr) vmax: 3449, 3060, 3027,
2977, 2918, 2862, 1667, 1638, 1585, 1495, 1449, 1383, 1237, 1190,
1074,1018, 983, 949, 855, 772, 746, 703, 603, 565, 503, 424 cm™'; 'H
NMR (400 MHz, CDCl3) § 7.23—7.09 (m, 3H), 7.00 (dd, ] = 7.5, 2.1 Hz,
2H), 6.46 (dq, ] = 2.8, 1.5 Hz, 1H), 5.87 (s, 1H), 3.08 (d, ] = 12.8 Hz,
1H), 2.70 (d, ] = 12.9 Hz, 1H), 1.82 (d, ] = 1.6 Hz, 3H), 1.76 (s, 3H), 1.21
(s, 3H); BC NMR (101 MHz, CDCls) 3 205.7,142.5,138.9, 137.4,132.8,
129.9,128.0,127.6,126.4, 51.1, 47.2, 25.0, 21.2,15.4; HRMS (ESI): m/z
[M+Na]* calculated for C1gH1g0 249.1250, found 249.1250.

4.4.22. 4-Benzyl-2,4,6-trimethylcyclohexa-2,5-dien-1-one (4h)

Following GPA 4h (73 mg, 32%) as a colourless oil was obtained
after purification; IR (neat) vmax: 3028, 2963, 2923, 1669, 1635,
1495, 1452, 1400, 1374, 1217, 1039, 1015, 916, 776, 740, 702,
478 cm™'; 'H NMR (400 MHz, CDCl3) & 7.27-716 (m, 3H),
7.09—-6.96 (m, 2H), 6.59 (s, 2H), 2.79 (s, 2H), 1.83 (s, 6H), 1.22 (s, 3H);
13C NMR (101 MHz, CDCl3) 5 187.3, 150.5, 136.7, 134.2, 130.2, 127.9,
126.8, 47.3, 41.7, 25.3,16.2; HRMS (ESI): m/z [M+Na|" calculated for
Cy6H180 249.1250, found 249.1251.

4.4.23. 2-(Benzyloxy)-1,3-dimethoxy-5-methylbenzene (2i)
Following GPA 2i (85 mg, 33%) as a yellow oil was obtained after
purification; IR (neat) ymax: 2938, 1591, 1505, 1464, 1415, 1374, 1332,
1238, 1129, 1011, 969, 914, 814, 734, 698, 585, 528 cm’l; TH NMR
(400 MHz, CDCl3) 8 7.60—7.44 (m, 2H), 7.42—7.27 (m, 3H), 6.39 (s,
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2H), 4.98 (s, 2H), 3.81 (s, 6H), 2.32 (s, 3H); '>C NMR (101 MHz,
CDCl3) & 153.4, 138.1, 134.9, 133.8, 128.6, 128.2, 127.8, 106.2, 75.2,
56.2, 22.0; HRMS (ESI): m/z [M+H]|" calculated for CigH1303
259.1329, found 259.1325.

4.4.24. 6-Benzyl-2,6-dimethoxy-4-methylcyclohexa-2,4-dien-1-one
(3i)

Following GPA 3i (117 mg, 45%) as a yellow oil was obtained after
purification; IR (neat) ymax: 2927, 1684, 1659, 1584, 1496, 1454, 1376,
1342, 1248, 1111, 1083, 1033, 953, 817, 771, 746, 701, 526 cm™'; 'H
NMR (400 MHz, CDCl3) & 7.26—7.13 (m, 3H), 7.09 (dq, ] = 4.5, 3.3,
2.5 Hz, 2H), 5.62—5.47 (m, 2H), 3.54 (s, 3H), 3.13 (s, 3H), 2.93 (q,
J = 12.6 Hz, 2H), 1.90 (d, ] = 1.5 Hz, 3H); '3C NMR (101 MHz, CDCl3)
8199.2,151.5,134.6,132.5,130.6,128.0, 127.6,126.9, 115.1, 84.6, 55.4,
54.0, 47.2, 22.1; HRMS (ESI): m/z [M+H]" calculated for C1gH1303
259.1329, found 259.1320.

4.4.25. 6-Benzyl-2-(tert-butyl)-4,6-dimethylcyclohexa-2,4-dien-1-
one (3j)

Following GPC 3j (94 mg, 35%) as a yellow solid was obtained
after purification; mp 82—85 °C; IR (KBr) vmax: 3026, 2949, 2917,
2866, 1640, 1576, 1492, 1450, 1364, 1266, 1201, 1072, 1030, 921, 842,
792, 748, 701, 601, 571, 521, 432 cm~'; 'H NMR (400 MHz, CDCl3)
37.21-7.10 (m, 3H), 7.07—6.98 (m, 2H), 6.50 (d, ] = 2.3 Hz, 1H), 5.88
(dd,J = 2.3,1.5 Hz, 1H), 3.13 (d, ] = 13.0 Hz, 1H), 2.67 (d,] = 12.9 Hz,
1H), 1.86 (d, J = 1.5 Hz, 3H), 1.18 (s, 3H), 1.16 (s, 9H); °C NMR
(101 MHz, CDCl3) d 204.7, 143.4, 140.0, 139.2, 137.6, 130.1, 127.8,
127.7, 126.3, 52.0, 46.7, 34.2, 29.3, 25.1, 22.0; HRMS (ESI): m/z
[M-+Na]* calculated for C19H»40 291.1719, found 291.1720.

4.4.26. 2-(Benzyloxy)-5-(tert-butyl)-1,3-dimethylbenzene (2k)

Following GPA 2k (37 mg, 14%) as a yellow oil was obtained after
purification; IR (neat) vmax: 3032, 2962, 2867, 1486, 1455, 1363,
1310, 1243, 1196, 1123, 1020, 911, 872, 754, 726, 695, 645 cm™'; 'H
NMR (400 MHz, CDCl3) & 7.57—7.50 (m, 2H), 7.48—7.40 (m, 2H),
7.40—7.33 (m, 1H), 7.07 (s, 2H), 4.83 (s, 2H), 2.35 (s, 6H), 1.34 (s, 9H);
13C NMR (101 MHz, CDCl3) 8 153.6, 146.7, 138.1, 130.3, 128.6, 128.0,
127.8, 125.9, 74.0, 343, 31.7, 16.8; HRMS (ESI): m/z [M+Na]"
calculated for CygH240 291.1719, found 291.1721.

4.4.27. 6-Benzyl-4-(tert-butyl)-2,6-dimethylcyclohexa-2,4-dien-1-
one (3k)

Following GPB 3k (120 mg, 45%) as a yellow oil was obtained
after purification; IR (neat) vmax: 3029, 2964, 2869, 1644, 1585,
1494, 1451, 1364, 1264, 1019, 852, 773, 745, 700, 616, 522 cm™'; 'H
NMR (400 MHz, CDCl3) 8 7.18—7.07 (m, 3H), 7.02—6.92 (m, 2H), 6.70
(dq, ] = 2.8, 1.4 Hz, 1H), 5.90 (dd, ] = 2.4, 0.8 Hz, 1H), 3.12 (d,
J=12.7 Hz, 1H), 2.70 (d, ] = 12.8 Hz, 1H), 1.78 (dd, J = 1.4, 0.6 Hz,
3H), 1.24 (s, 3H), 1.04 (s, 9H); 13C NMR (101 MHz, CDCl3) & 205.9,
140.1, 139.5, 137.2, 135.3, 132.7, 129.8, 127.5, 126.4, 50.5, 47.8, 33.9,
29.0, 24.9, 15.8; HRMS (ESI): m/z [M+Na|* calculated for CigH40
291.1719, found 291.1718.

4.4.28. 4-Benzyl-4-(tert-butyl)-2,6-dimethylcyclohexa-2,5-dien-1-
one (4k)

Following GPA a mixture of 4k (14 mg, 5%) and 11 (11 mg, 6%) as
a yellow oil was obtained after purification; '"H NMR (400 MHz,
CDCl3) d 7.17—7.04 (m, 3H), 6.96—6.85 (m, 2H), 6.79 (s, 2H), 3.00 (s,
2H), 1.78 (s, 6H), 1.09 (s, 9H); >C NMR (101 MHz, CDCl3) & 187.0,
148.1, 137.3, 136.5, 129.9, 127.3, 126.4, 514, 40.2, 38.0, 26.7, 16.2;
HRMS (ESI): m/z [M+Na]" calculated for C19H40 291.1719, found
291.1721.
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A simple and selective C-alkylation of 1- and 2-naphthols with benzylic and allylic halides was devel-
oped. In an organic solvent, like cyclopentyl methyl ether, or toluene in the presence of the ether or
alcohol additives, a selective ortho-addition leading to substituted naphthalenones up to 90 % was

© 2021 Published by Elsevier Ltd.

1. Introduction

Phenols and phenolates belong to a group of electron-rich aro-
matic compounds which bear nucleophilic sites at C- and O-atoms,
giving rise to both, C- and 0-alkylating products with electrophilic
reagents [1,2]. In the case of substituted phenolates C-alkylation
leads to dearomatization, resulting in cyclic keto dienones [3,4]. We
recently developed a regioselective method for the C-alkylation of
substituted phenols in anhydrous conditions [5]. Naphthols behave
similarly to phenols. The O-alkylation with electrophiles is a typical
Sn2 reaction (Williamson reaction [6,7]), affording in excellent
yield naphthol ethers, particularly in the presence of phase-transfer
catalysts [8,9]. C-alkylation results in substitution in the naphthol
ring. Usually a mixture of O-alkylation and isomeric C-alkylation
products is obtained [8,10—12]. Common alkylating agents are alkyl
halides, alcohols and alkenes [13—15]. With substituted naphthols
C-alkylation leads to dearomatization, affording chiral substituted
naphthalenones [16,17], which are useful starting compounds for
the synthesis of various natural products and bioactive compounds
[18—20]. Usually, transition metal-catalysed reactions are applied
[21]. One example of a successful non-catalytic alkylation with an
oxy-allyl cation precursor from 2-chlorocyclopentanone, was
recently described by Yang et al., demonstrating a successful
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dearomatization of both, 1- and 2-naphthols with yields up to 99 %
[22]. However, the possibilities of the direct selective C-alkylation
of naphthols, especially of 1-naphthols, with common alkyl halides,
remains undeveloped [23—25]. To the best of our knowledge, there
have been no systematic studies in this field.

In the present study, we tried to apply the anhydrous alkylation
conditions developed for phenols to naphthols in order to achieve a
method for selective C-alkylation of naphthols with halides. The
model naphthols 1a, 1b, 1c and 1d were alkylated with allylic and
benzylic halides 2, without a use of the transition metal catalyst.
These results may serve as a good basis for further developing an
asymmetric version of alkylation for obtaining enantiomeric
substituted naphthalenones.

2. Results and discussion

The common alkylation of naphthols is performed in water so-
lution. In order to obtain comparable reference data, we first
studied the reaction of 2-methyl-1-naphthol 1a with benzyl bro-
mide 2a using a water solution. LiOH, lithium [-lactate and DBU
were used as the bases to generate naphtholate anion. The obtained
results are presented in Table 1.

With naphthol 1a in LiOH water solution, C-alkylation with the
formation of a mixture of o- and p-alkylated products 4a and 5a
occurred, with only traces of naphthol ether 3a. The regioselectivity
of alkylation was poor and depended on the concentration of LiOH:
in a 0.5 M LiOH solution, a mixture with an o/p ratio of ~0.47/1 was
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Table 1

Alkylation of 2-methyl- and 2,4-dimethyl-1-naphthols with benzyl bromide in water.
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B 0
OH n o o
‘ E Bn Bn
H,0, base, 20 h “/ ' # ' — O‘ ‘ ‘
R Bn Bn
1a R=H 3a R= H 4a R H 5a 5b 6a
1b R=Me 3b R=Me 4b R=Me
Entry Naphthol Base Isolated yield %
1 3 4 5 6
1° 1a 0.5 M LiOH 3 2 23 49 6
2¢ 1a 2 M LiOH - 2 39 22 9
3b 1b 0.5 M LiOH - - 60 17 -
44 1a Li-I-lactate 27 - 18 27 5
54 1b Li-I-lactate - - 51 13 -
6° 1a DBU 27 48 5 4 -

¢ Reaction conditions: base, 1a or 1b (0.5 mmol), 2a (0.6 mmol, 1.2 equiv), room temperature, 20 h.

a
® H,0 (0.5 mL), 1 M LiOH (0.5 mL).

€ 2 M LiOH (0.5 mL).

4 H,0 (1 mL), HFIP (300 uL), lithium I-lactate (1 equiv).
¢ H,0 (1 mL), DBU (1.1 equiv).

obtained; in 2 M LiOH solution, the yield of C-alkylated products
was higher, and the o/p selectivity also increased to 1.8/1. The C/O
selectivity remained high (Table 1, entries 1 and 2). The use of
lithium I-lactate as a base reduced the yield of alkylation of the
naphthol 1a with only 18 % of 4a formed, together with a sub-
stantial amount of isomeric 5a, with a ratio of 4a/5a 0.7/1 in favour
of the p-product 5a. A considerable amount of the substrate 1a
remained unreacted (27 %; Table 1, entry 4).
2,4-Dimethyl-1-naphthol 1b was more reactive and regiose-
lective, mainly yielding the ortho-product 4b in 60 % yield and the
ratio of 4b/5b—3.5/1. Similarly, with lithium [-lactate the yield of 4b
was 51 %, with 13 % of the para-product 5b formed (a ratio of 4b/
5b—4/1; Table 1, entries 3 and 5). It was also observed that

Table 2
Alkylation of substituted 1-naphthols with benzyl bromide in ether solvents.

formation of the dialkylation product 6a in up to 10 % yield was
observed only in the case of 2-methyl-1-naphthol 1a (Table 1, en-
tries 1, 2 and 4).

Using the organic base DBU led predominately to O-alkylation
with the formation of 3a in 48 % yield and leaving of 27 % of the
substrate unreacted under the used reaction conditions (Table 1,
entry 6).

We have previously observed increase in alkylation yield and
selectivity in phenol alkylations in anhydrous condition [5], so the
n-Buli generated Li-enolate of 2-methyl-1-naphthol 1a was
allowed to react in ether solvents with benzyl bromide 2a. The
obtained results are presented in Table 2.

The reaction in tetrahydrofuran (THF) proceeded smoothly,

R Bn. o o)
R? 2a, n-Buli 0 Bn B Bn
00y 9
R3 R R Bn
1aR'= OH, R2 = Me, R3= H 3a 4a R=H 4c R=H 6b
1b R'= OH, R?= R? = Me 4b R=Me 4d R=Me
1c R'= Me, R?= OH, R3= H
1d R'=Me, R?=0OH, R®=Me
Entry Naphthol Solvent 4 yield %
1° 1a THF 16
2 1a CPME 65
34 1b CPME 85
4 1c CPME 62
5¢ 1d CPME 73
6f 1a CPME 50

Reaction conditions: 1a-1d (0.5 mmol) in hexane, n-BuLi in hexane (2 equiv), solvent exchange, 2a (1.2 equiv), 80 °C for 20 h.

a
b Isolated yield.

¢ Temperature 70 °C for 20 h, 3a 51 %.

9 5b4%and 6b4 % 1d 22 %

¢ 1d in Et,0.

f n-Buli in hexane was added to 1a in CPME.
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Table 3
Alkylation of substituted 1-naphthols in toluene with ether and alcohol additives®.

R o]
Bn.
2 o Bn
R 2a, n-BuLi Bn o
S -
50
R
R R
1a R'=0H, R?= Me, R3*=H 3a 4a R=H 4c R=H
1b R'=OH, R?=R%=Me 4b R=Me 4d R=Me

1¢ R'=Me, R?= OH, R®=H
1d R'=Me, R?=OH, R*Me
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Entry Temperature, °C Naphthol BnBr; equiv. Additive; equiv. Isolated yield %
3 4

1 80 1a 12 - - -
2 80 1a 1.2 CPME; 2 3 73
30 90 1a 2 CPME; 2 5 54
4 80 1b 12 CPME; 2 - 68
5 80 1c 12 CPME; 2 - 37
6" 90 1c 2 CPME; 2 90
7 80 1d 1.2 CPME; 2 - 45
8 65 1a 1.2 MTBE; 4 — 76
9 65 1b 12 MTBE; 4 - 56
10 80 1a 1.2 Anisole; 2 — 40
11 80 1a 1.2 i-PrOH; 1 - 57
12 80 1a 12 t-BuOH; 2 - 44
13 80 1a 12 l-menthol; 2 5 70
14 80 1b 1.2 I-menthol; 2 — 76
15¢ 80 1a 1.2 - 6 54

‘PhMe (1 mL).
9pPhMe (0.4 mL).

@ Reaction conditions: 1a-1d (0.5 mmol) in PhMe (0.6 mL), n-BuLi in PhMe (2 equiv), additive and 2a were added, the mixture was stirred for 20 h.

" 1a or 1c (0.5 mmol) in PhMe (0.3 mL), n-BuLi in PhMe (1.2 equiv).

¢ t-BuOLi (2 equiv) was used instead n-BulLi, t--BuOH from the transmetallation of naphthol.

although mainly an O-alkylation reaction occurred, resulting in
ether 3a in 51 % yield, together with only 16 % of the ring addition
product 4a (Table 2, entry 1). Knowing from the literature [26] and
from our previous study [5] that cyclopentyl methyl ether (CPME) is
a good alternative to THF, we turned to that solvent. Indeed, in
CPME a selective C-alkylation reaction proceeded, affording the
ortho-addition product 4a in 65 % yield (Table 2, entry 2). As ex-
pected, 2,4-dimethyl-1-naphthol 1b was again more reactive,
resulting predominantly in the ortho-product 4b in 85 % yield,
together with only a trace amount of the para-addition product 5b
and the dialkylated product 6b (4 % each; Table 2, entry 3).

1-Methyl-2-naphthol 1c and 1,3-dimethyl-2-naphthol 1d also
reacted easily with 2a, affording mainly the 1-Bn-substituted
products 4c¢ and 4d in 62 % and 73 % yield, respectively (Table 2,
entries 4 and 5).

To simplify the procedure, Li-naphtholate generation n-Buli in
hexane solution was replaced by a toluene solution, affording a
better solubility of naphthols in the reaction medium. The alkyl-
ation results with different additives in toluene are presented in
Table 3.

When performing the reaction of 2-Me-1-naphthol 1a with
benzyl bromide 2a in toluene as a solvent without additives, only
an inseparable mixture of different aromatic products was formed,
with only 10 % of the substrate 1a recovered (Table 3, entry 1).

The alkylation reaction proceeded well when additives were
applied to the reaction medium. So, when 2 equivalents of CPME
was added to toluene and the reaction was carried out at 80 °C a
selective ortho-addition of benzyl bromide to 1a occurred, affording
naphthalenone 4a in 73 % isolated yield (Table 3, entry 2). 2,4-Di-
Me-1-naphthol 1b also reacted well with CPME additive, resulting
only in the ortho-C-alkylated product 4b, in 68 % yield (Table 3,
entry 4). Quite surprisingly, the 2-naphthol 1c afforded with 2a

addition to carbon C1, resulting in 4c¢ only in a 37 % yield. The
naphthol 1d gave a slightly higher yield of dearomatized product
4d (Table 3, entry 7), than the less substituted naphthol 1c. Using
more concentrated solution, i.e. adding less n-BuLi and more BnBr,
the yield of 4c raised to 90 % (Table 3, entries 5 and 6). Under these
conditions, 1-naphthol 1a afforded a 54 % yield of 4a (Table 3, entry
3). Therefore, it is seen that the reaction is quite sensitive to the
substrate structure.

In order to elucidate the scope of possible additives to toluene,
different ethers and alcohols were tested. We found that other
ethers are also suitable as additives. Thus, methyl tert-butyl ether
(MTBE) with 1a afforded a selective C2-alkylated product 4a in 76 %
yield. With 1b, the C2-alkylated product 4b was obtained in 56 %
yield (Table 3, entries 8 and 9). A slightly bigger amount of MTBE (4
equivalents) and a lower temperature (65 °C) to avoid the loss of
during the reaction because of its low boiling point, was needed
with MTBE. The methyl phenyl ether (anisole) additive gave a
relatively low yield (40 %) of the addition. (Table 3, entry 10).

Alcohols which are weaker acids then phenols, were also tested
as additives to toluene. The 1-naphthol 1a with alcoholic additives
i-PrOH and t-BuOH afforded a selective ortho-addition, forming 4a
with moderate yield (57 % and 44 %, respectively; Table 3, entries 11
and 12). I-menthol, which is a more sterically hindered secondary
alcohol afforded the highest yield with both substrates 1a and 1b
(Table 3, entries 13 and 14). In some cases, the formation of a small
amount of O-alkylation product 3 was also observed (Table 3, en-
tries 2, 3,13 and 15).

These results forced us to check Li alcoholates as the bases for
generating naphtholates. With 2 equivalents of t-BuOLi naphthol
1a together with 2a afforded the alkylated product 4a in 54 % yield,
which was similar to that obtained with n-BulLi (Table 3, entry 12
and entry 15). This means that alcoholates may be an alternative
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R’ R'-X (2a-2g) (1.2 equiv),

R? n-BulLi (1.2 equiv),

R3

Toluene
80°C, 20 h

1a R'=0H, R?= Me, R*=H
1b R'=0H, R?=R%=Me
1c R'=Me, R?= OH, R3%=H

CPME (2 equiv), X=CI,Br
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o)
, R’
SONNOg
R1
4a-4ag R'=H 4c
4b-4bd R'=Me

o
o
4a 4c?

67%

90%

4ab®
14%

ot

4ac®
84%

4bc®
78%

4cc®
46%

4ad
76%

o
o
oo,

4af
68%

4bd
69%

4ae
12%

4ag
25%

2a (2 equiv), 90 °C. P40 °C. °rt.

2a BnBr, 2b allyl bromide, 2¢ prenyl bromide, 2d 4-CH3-BnBr, 2e 4-NO,-BnBr, 2f 4-Br-BnBr, 2g 9-(Cl-Me)anthracene

Scheme 1. C-alkylation of substituted naphthols with active halides in toluene with CPME additive. Isolated yields are shown.

when selecting a suitable base for the alkylation of naphthols.

To broaden the choice of possible halides different allylic and
benzylic halides were used. The obtained results are presented in
Scheme 1.

We found that prenyl bromide 2c, together with 2 equivalents of
n-Buli in the presence of CPME at room temperature yielded a C-
alkylation of only 4 %. We assumed that the active electrophiles
might react with the excess of n-BuLi, consuming the reagent and
so reducing the yield of alkylation. Indeed, when a reduced amount
of n-Buli (1.2 equivalents) was used, the best alkylation yield was
obtained (84 %; Scheme 1, 4ac). At the same time, with benzyl
bromide 2a a reduced amount of n-BulLi (1.2 equivalents) caused a
slight decrease in yield of 4a, from 73 % to 67 % (Table 3, entry 2;
Scheme 1, 4a).

These results are in good accordance with the Lovchik et al.
report, demonstrating that prenyl chloride alkylates 1a when using
an a-isosparteine additive in 54 % yield with ee 34 % [25]. With

naphthols 1b and 1c, alkylation with 2a and 2c afforded lower
yields than that for 1a (Scheme 1, 78 % for 4bc and 46 % for 4 cc).

Additionally, the different substituted benzyl bromides 4-Me-
benzyl bromide (2d), 4-Br-benzyl bromide (2f) and 4-NO,-benzyl
bromide (2e) were applied for alkylation of naphthols. The
substituted benzyl bromides 2d and 2f afforded a yield comparable
with that of 2a, while p-nitrobenzyl bromide 2e gave lower yield of
the alkylation (Scheme 1, 4ad, 4af and 4ae). Even a bulky benzyl
derivative 9-(chloromethyl)anthracene 2g with 1a gave a moderate
yield of the alkylation (Scheme 1, 4 ag). To our disappointment,
other common electrophiles, such as iodomethane and methyl
tosylate, did not give any C-alkylation product. With methyl tosy-
late only O-alkylation with the formation of 0—Me naphthol in 52 %
yield was obtained.
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3. Conclusion

The separation of isomeric naphthols is a complicated task,
especially in a preparative scale. The alkylation of 1- and 2-
naphthols in anhydrous condition offers a selective way to get
only one of the possible isomers. Moderate to good yields with high
selectivity make the method competitive for the synthesis of
substituted naphthalenones. Especially suitable is the approach for
1-naphthols, giving a lower yield for direct ortho alkylation in
water. The obtained results provide a good basis for further
developing an asymmetric alkylation of naphthols.

4. Experimental section

All reactions were carried out under argon atmosphere with
oven-dried glassware. All reagents were used as received unless
noted otherwise. CPME, Et,0 and toluene for reaction were dried
with 4 A molecular sieves. 1a, 1b, 1c, 1d [27] were vacuum dried for
15 min before reaction.

PE refers to petroleum ether b.p 40—60 °C, EtOAc refers to ethyl
acetate, CPME refers to cyclopentyl methyl ether, BnBr refers to
benzyl bromide, and MTBE refers to methyl tert-butyl ether. 'H and
13C NMR spectra were recorded on a Bruker Avance III instrument
at 400 MHz for 'H and 100 MHz for *C. HRMS were recorded by
using an Agilent Technologies 6540 UHD Accurate-Mass Q-TOF LC/
MS spectrometer by using ESI ionization. IR spectra were recorded
on a Bruker Tensor 27 FT-IR spectrophotometer. Precoated silica gel
plates (Merck 60 F254) were used for TLC. Column chromatography
was performed on a Biotage Isolera Prime preparative purification
system with silica gel Kieselgel 63—200 pum.

4.1. 2,4-dimethylnaphthalen-1-ol (1b)

4.1.1. 4-Hydroxy-3-methyl-1-naphthaldehyde

At —20°Cto1a (2 g, 12.7 mmol) in CH,Cl, (130 mL) 1 M TiCly in
toluene (38 mlL, 38 mmol) was added dropwise. To mixture
dichloro(methoxy)methane (1.8 mL, 19 mmol) was added drop-
wise. Mixture was stirred for 30 min. Reaction mixture was allowed
to warm up to room temperature and was stirred other 30 min.
Mixture was cooled down to 0 °C and ice-cold water (100 mL) was
added. After 10 min of vigorous stirring 1 M HCl (200 mL) was
added. Mixture was stirred until all salts were dissolved. Reaction
was extracted with CH,Cl, and extracts were washed with brine,
dried over NapSO4 and concentrated in vacuo. The crude product
was purified by column chromatography (CH,Cl,/EtOAc, 2—20 %).
To give 4-hydroxy-3-methyl-1-naphthaldehyde (1.65 g, 70 %) as a
yellow oil. PE/EtOAc = 10:1, Ry = 0.43."H NMR (400 MHz, MeOD)
8 10.04 (s, 1H), 9.24—9.13 (m, 1H), 8.35—8.23 (m, 1H), 7.80 (s, 1H),
7.63—7.44 (m, 2H), 2.42 (s, 3H). 3C NMR (101 MHz, MeOD) 3 194.14,
158.49, 144.26, 132.43, 129.33, 126.88, 126.45, 125.58, 124.89,
123.34, 118.08, 16.16.

4.1.2. 2,4-dimethylnaphthalen-1-ol (1b)

To 4-hydroxy-3-methyl-1-naphthaldehyde (1.65 g, 8.9 mmol) in
p-xylene (40 mL) 3.5 M Red-Al in toluene (3.9 mL, 13.3 mmol) was
added dropwise. Reaction mixture was refluxed for 1 h. After 1 h
reaction mixture was allowed cool down to room temperature and
Et,0 (15 mL) was added. Reaction mixture was cooled to 0 °C and
10 % KOH (20 mL) was added. Two little pieces of dry ice (CO,) were
added carefully to neutralise mixture. Reaction was extracted with
Et,0 (4x50 mL), extracts were washed with brine and dried over
Na,S04 and concentrated in vacuo. The crude product was purified
by column chromatography (PE/EtOAc, 1-15 %). To give 2,4-
dimethylnaphthalen-1-ol 1b as a white pinkish solid (1.18 g,
77 %). PE[EtOAc = 10:1, Ry = 0.30.'H NMR (400 MHz, CDCls)
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3 8.19—8.13 (m, 1H), 7.95—7.88 (m, 1H), 7.53—7.45 (m, 2H), 7.09 (s,
1H), 4.92 (s, 1H), 2.60 (d, ] = 0.9 Hz, 3H), 2.39 (s, 3H). Analytical data
are in agreement with the literature data [28].

4.2. General method A

To the corresponding naphthol (1a-1c) (0.5 mmol) solution in
toluene (0.6 mL) at 0 °C n-BuLi 2.7 M in toluene (0.22 mL, 0.6 mmol)
was added dropwise. The reaction mixture was stirred for 15 min
and then at room temperature until precipitation occurred or
20 min. As an additive CPME (116 pL, 1 mmol) was added dropwise
and stirred for 5 min. Alkylating agent 2a-2g (1.2 equiv) was added
dropwise/portion wise and the reaction mixture was stirred at
80 °C for 20 h. The reaction mixture was diluted with water and
extracted with EtOAc (3x7 mL), dried over MgSO4 and concentrated
in vacuo. The crude product was purified by column chromatog-
raphy (PE/EtOAc).

4.2.1. 2-benzyl-2-methyl-1-naphthalenone (4a)

Compound 4a was prepared using method A. To a 1a in reaction
as an alkylating agent benzyl bromide 2a (71.5 pL, 0.6 mmol) was
used. Column chromatography PE/EtOAc 1—-20 %. Gave 2-benzyl-2-
methyl-1-naphthalenone 4a as a yellow oil (91 mg, 73 %). PE/
EtOAc = 10:1, R = 0.53. IR (neat): 3028.85, 1672.52, 1644.10,
1598.26, 1451.11, 1285.90, 982.64, 792.66 cm—1'H NMR (400 MHz,
CDCl3) & 8.08—7.98 (m, 1H), 7.55—7.44 (m, 1H), 7.31 (td, ] = 7.6,
1.2 Hz, 1H), 7.20—7.04 (m, 6H), 6.51 (d, J] = 9.8 Hz, 1H), 6.09 (d,
J=9.8Hz,1H),3.25(d,J = 13.2 Hz, 1H), 2.83 (d,] = 13.2 Hz, 1H), 1.32
(s, 3H). 3C NMR (101 MHz, CDCl3) 3 203.15, 139.32, 138.35, 137.16,
134.39, 130.23, 129.24,127.91, 127.86, 127.34, 127.10, 126.54, 123.92,
50.32, 45.97, 24.97. HRMS (ESI) m/z calculated for CisHigONa
[M-++Na]* 271.1093, found 271.1087.

4.2.2. 2-allyl-2-methylnaphthalen-1(2H)-one (4 ab)

Compound 4 ab was prepared using method A. To 1a in reaction
as an alkylating agent allyl bromide 2b (52 pL, 0.6 mmol) was used.
Reaction mixture was stirred at 40 °C for 20 h. Column chroma-
tography PE/EtOAc 1-20 %. To give 2-allyl-2-methylnaphthalen-
1(2H)-one 4 ab as a yellow oil (14 mg, 14 %). PE/EtOAc = 10:1,
Rf = 0.49. IR (neat): 2976.62, 1674.39, 1643.25, 1598.40, 1483.15,
1319.85, 985.48, 729.16, 693.65 cm—1"H NMR (400 MHz, CDCl3)
5 8.08—8.02 (m, 1H), 7.55 (td, ] = 7.5, 1.4 Hz, 1H), 7.34 (td, ] = 7.6,
1.2 Hz, 1H), 7.26—7.19 (m, 1H), 6.59 (d, ] = 9.7 Hz, 1H), 6.10 (d,
J = 9.8 Hz, 1H), 5.66—5.49 (m, 1H), 5.06—4.88 (m, 2H), 2.73—2.63
(m, 1H), 2.34—2.25 (m, 1H), 1.27 (s, 3H). 3C NMR (101 MHz, CDCls)
d 203.09, 139.61, 138.47, 134.45, 133.47, 129.32, 127.94, 12741,
127.08, 124.00, 118.14, 49.28, 44.62, 24.77. HRMS (ESI) m/z calcu-
lated for C14H140Na [M+Na]" 221.0937, found 221.0936.

4.2.3. 2-methyl-2-(3-methylbut-2-en-1-yl)naphthalen-1(2H)-one
(4ac)

Compound 4ac was prepared using method A. To a 1a in reac-
tion as an alkylating agent prenyl bromide 2¢ (69.5 pL, 0.6 mmol)
was used. Reaction mixture was stirred at room temperature for
20 h. Column chromatography PE/EtOAc 1—20 %. To give 2-methyl-
2-(3-methylbut-2-en-1-yl)naphthalen-1(2H)-one 4ac as a yellow
oil (95 mg, 84 %). PE/EtOAc = 10:1, Rf = 0.56. IR (neat): 3028.95,
1775.82, 1598.41, 1482.51, 1449.03, 981.49, 792.47, 692.00 cm—1'H
NMR (400 MHz, CDCl3) 8 8.05—8.01 (m, 1H), 7.54 (td, ] = 7.5, 1.4 Hz,
1H), 7.33 (td, ] = 7.6, 1.2 Hz, 1H), 7.24—7.19 (m, 1H), 6.60—6.54 (m,
1H), 6.10 (d, J = 9.8 Hz, 1H), 4.99—4.91 (m, 1H), 2.65—2.56 (m, 1H),
2.28-2.19 (m, 1H), 1.61-1.52 (m, 6H), 1.26 (s, 3H). °C NMR
(101 MHz, CDCl3) 8 203.60, 140.12, 138.55, 134.72, 134.27, 129.39,
127.75, 127.28, 126.94, 123.77, 119.06, 49.73, 38.82, 25.90, 24.38,
18.11. HRMS (ESI) m/z calculated for C;g6H1g0Na [M+Na]* 249.1250,
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found 249.1243.

4.2.4. 2-methyl-2-(4-methylbenzyl)naphthalen-1(2H)-one (4ad)

Compound 4ad was prepared using method A. To a 1a in reac-
tion as an alkylating agent 4-methylbenzyl bromide 2d (111 mg,
0.6 mmol) was used. Column chromatography PE/EtOAc 1-15 %. To
give 2-methyl-2-(4-methylbenzyl)naphthalen-1(2H)-one 4ad as an
orange oil (100 mg, 76 %). PE/EtOAc = 10:1, Ry = 0.55. IR (neat):
3029.15, 1672.83, 1597.74, 1482.89, 1448.80, 981.83, 791.53,
691.20 cm—1'H NMR (400 MHz, CDCl3) 3 8.10—8.05 (m, 1H), 7.50
(td,] = 7.5,1.4 Hz, 1H), 7.32 (td, ] = 7.6, 1.2 Hz, 1H), 7.18—7.13 (m, 1H),
7.05—6.95 (m, 4H), 6.53 (d, ] = 9.8 Hz, 1H), 6.11 (d, ] = 9.8 Hz, 1H),
3.23(d,J=13.2 Hz, 1H), 2.82 (d,] = 13.2 Hz, 1H), 2.25 (s, 3H), 1.33 (s,
3H). 3C NMR (101 MHz, CDCl3) 3 203.13, 139.46, 138.31, 135.93,
134.29, 134.01, 130.05, 129.14, 128.59, 127.76, 127.29, 127.03, 123.73,
50.28, 45.39, 24.82, 21.07. HRMS (ESI) m/z calculated for C;9H;30Na
[M-+Na]* 285.1250, found 285.1246.

4.2.5. 2-methyl-2-(4-nitrobenzyl)naphthalen-1(2H)-one (4ae)

Compound 4ae was prepared using method A. To a 1a in reac-
tion as an alkylating agent 4-nitrobenzyl bromide 2e (130 mg,
0.6 mmol) was used. Column chromatography PE/EtOAc 1—20 %. To
give 2-methyl-2-(4-nitrobenzyl)naphthalen-1(2H)-one 4ae as an
orange oil (17 mg, 12 % yield). PE/EtOAc = 10:1, Rf = 0.14. IR (neat):
2925.50, 1673.28, 1597.95, 1518.65, 1345.13, 794.76, 772.70 cm—1'H
NMR (400 MHz, CDCl3) 5 8.02—7.99 (m, 1H), 7.98—7.94 (m, 2H), 7.50
(td,] = 7.5,1.4 Hz, 1H), 7.31 (td,] = 7.6, 1.2 Hz, 1H), 7.24—7.18 (m, 2H),
7.15-7.10 (m, 1H), 6.53 (d, ] = 9.6 Hz, 1H), 6.10 (d, ] = 9.8 Hz, 1H),
3.45 (d, ] = 13.1 Hz, 1H), 2.87 (d, J = 13.1 Hz, 1H), 1.37 (s, 3H). 1°C
NMR (101 MHz, CDCl3) & 202.27, 146.77, 145.13, 138.11, 137.99,
134.79, 130.76, 129.05, 128.24, 127.55, 127.07, 124.88, 123.11, 50.52,
45.61, 25.81. HRMS (ESI) m/z calculated for C;gH;5NO3Na [M+Na]"
316.0944, found 316.0941.

4.2.6. 2-(4-bromobenzyl)-2-methylnaphthalen-1(2H)-one (4af)

Compound 4af was prepared using method A. To a 1a in reaction
as an alkylating agent 4-bromobenzyl bromide 2f (150 mg,
0.6 mmol) was used. Column chromatography PE/EtOAc 1-15 %. To
give 2-(4-bromobenzyl)-2-methylnaphthalen-1(2H)-one 4af as an
orange oil (111 mg, 68 %). PE/EtOAc = 10:1, R = 0.45. IR (neat):
2923.62,1673.37,1597.47, 1487.57,1448.63, 1072.18, 1011.69, 792.83,
691.83 cm—1'H NMR (400 MHz, CDCl3) & 8.04—7.98 (m, 1H), 7.48
(td, ] = 7.5, 1.4 Hz, 1H), 7.29 (td, | = 7.6, 1.2 Hz, 1H), 7.27—7.21 (m,
2H), 7.14—7.09 (m, 1H), 6.96—6.91 (m, 2H), 6.50 (d, J = 9.8 Hz, 1H),
6.06 (d, ] = 9.8 Hz, 1H), 3.23 (d, ] = 13.2 Hz, 1H), 2.74 (d, ] = 13.2 Hz,
1H),1.30 (s, 3H). >*C NMR (101 MHz, CDCl3) 5 202.70, 138.76, 138.14,
136.18, 134.50, 131.74, 130.94, 129.05, 127.95, 127.40, 127.00, 124.27,
120.49, 50.24, 45.19, 25.23. HRMS (ESI) my/z calculated for
CqgH15BrONa [M+Na]* 349.0198, found 349.0194.

4.2.7. 2-(anthracen-9-ylmethyl)-2-methylnaphthalen-1(2H)-one
(4 ag)

Compound 4 ag was prepared using method A. To a 1a in re-
action as an alkylating agent 9-(Chloromethyl)anthracene 2g
(136.2 mg, 0.6 mmol) was used. Column chromatography PE/EtOAc
1-20 %. To give 2-(anthracen-9-ylmethyl)-2-methylnaphthalen-
1(2H)-one 4 ag as a yellow oil (45 mg, 26 %). PE/EtOAc = 10:1,
Rf = 0.33. IR (neat): 3051.83, 1670.00, 1596.91, 1446.50, 983.50,
796.96, 734.80, 689.04 cm—1"H NMR (400 MHz, CDCl3) 5 8.39—8.30
(m, 3H), 8.13—8.08 (m, 1H), 8.00—7.95 (m, 2H), 7.57—7.38 (m, 6H),
7.34 (td, ] = 7.6, 1.2 Hz, 1H), 7.15—7.09 (m, 1H), 6.30 (d, ] = 9.8 Hz,
1H), 5.82 (d, ] = 9.9 Hz, 1H), 4.29 (d, ] = 14.6 Hz, 1H), 4.00 (d,
J = 14.6 Hz, 1H), 1.31 (s, 3H). *C NMR (101 MHz, CDCl3) & 203.92,
139.98, 138.24, 134.52, 131.63, 131.56, 129.52, 129.11, 129.02, 127.83,
127.33, 127.21, 127.19, 126.01, 125.36, 124.88, 122.69, 50.98, 34.98,
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24.99. HRMS (ESI) m/z calculated for C;gH200Na [M+Na]* 371.1406,
found 371.1407.

4.2.8. 2-benzyl-2,4-dimethylnaphthalen-1(2H)-one (4b)

To 1b (86 mg, 0.5 mmol) solution in hexane (3 mL) at 0 °C n-BuLi
2.5 M in hexane (0.4 mL, 1 mmol) was added dropwise. Reaction
mixture was allowed rise to room temperature and all solvents
were removed with argon. CPME (1 mL) was added dropwise and
stirred for 10 min 2a (71.5 pL, 0.6 mmol) was added dropwise and
reaction mixture was stirred at 80 °C for 20 h. Reaction was diluted
with water and extracted with EtOAc (3x7 mL), dried over MgSO4
and concentrated in vacuo. The crude product was purified by
column chromatography PE/EtOAc (1—18 %). To give 2- benzyl-2,4-
dimethylnaphthalen-1(2H)-one 4b as a light yellow oil (111 mg,
85 %). PEJEtOAc = 10:1, R = 0.70. IR (neat): 3028.87, 1672.48,
1597.39, 1483.79, 1451.23, 1220.73, 983.78, 764.52 cm—1'H NMR
(400 MHz, CDCl3) 3 8.12—8.07 (m, 1H), 7.55 (td, ] = 7.6, 1.5 Hz, 1H),
7.37—7.27 (m, 2H), 7.20—7.05 (m, 5H), 5.94—5.88 (m, 1H), 3.21 (d,
J=13.1Hz,1H), 2.83 (d,J = 13.1 Hz, 1H), 2.13 (d, ] = 1.4 Hz, 3H), 1.33
(s, 3H). 3C NMR (101 MHz, CDCl3) 3 203.45, 139.20, 137.11, 136.03,
134.20, 130.20, 129.21, 127.97, 127.71, 127.44, 127.16, 126.37, 124.13,
49.84, 46.26, 24.76, 19.29. HRMS (ESI) m/z calculated for Ci9gH1gONa
[M-+Na]* 285.1250, found 285.1252.

4.2.9. 24-dimethyl-2-(3-methylbut-2-en-1-yl)naphthalen-1(2H)-
one (4bc)

Compound 4bc was prepared using method A. To a 1b in reac-
tion as an alkylating agent prenyl bromide 2¢ (69.5 pL, 0.6 mmol)
was used. Reaction mixture was stirred at room temperature for
20 h. Column chromatography PE/EtOAc 1-20 %. To give 2,4-
dimethyl-2-(3-methylbut-2-en-1-yl)naphthalen-1(2H)-one 4bc as
a pale yellow oil (94 mg, 78 %). PE/EtOAc = 10:1, Rf= 0.70. IR (neat):
2925.29,1673.89, 1597.51, 1448.72, 1377.60, 1219.94, 982.07, 763.67,
698.39 cm—1'H NMR (400 MHz, CDCl3) 3 8.11-8.01 (m, 1H), 7.60
(td, J = 7.6, 1.5 Hz, 1H), 7.41-7.33 (m, 2H), 5.94—5.84 (m, 1H),
5.01—4.86 (m, 1H), 2.62—2.50 (m, 1H), 2.27—2.17 (m, 1H), 2.16 (d,
J = 1.4 Hz, 3H), 1.59—1.53 (m, 6H), 1.24 (s, 3H). °C NMR (101 MHz,
CDCl3) & 204.08, 139.50, 136.96, 134.61, 134.19, 129.41, 127.75,
127.44,127.15,124.18,119.25, 49.43, 38.97, 25.92, 24.36,19.46, 18.08.
HRMS (ESI) m/z calculated for C17H200Na [M+Na]* 263.1406, found
263.1402.

4.2.10. 2,4-dimethyl-2-(4-methylbenzyl)naphthalen-1(2H)-one
(4bd)

Compound 4bd was prepared using method A. To a 1b in re-
action as an alkylating agent 4-methylbenzyl bromide 2d (111 mg,
0.6 mmol) was used. Column chromatography PE/EtOAc 1-15 %. To
give 2,4-dimethyl-2-(4-methylbenzyl)naphthalen-1(2H)-one 4bd
as a pale yellow oil (95 mg, 69 %). PE/EtOAc = 10:1, Rf = 0.66. IR
(neat): 2922.91,1672.22, 1596.99, 1514.40, 1447.75, 1220.64, 983.30,
793.31, 701.53 cm—1'H NMR (400 MHz, CDCl3) 5 8.10 (dd, J = 7.8,
1.4 Hz, 1H), 7.56 (td, ] = 7.6, 1.5 Hz, 1H), 7.39—7.27 (m, 2H), 6.99 (s,
4H), 5.94—5.84 (m, 1H), 3.15 (d, ] = 13.1 Hz, 1H), 2.80 (d, J = 13.1 Hz,
1H), 2.25 (s, 3H), 213 (d, J = 1.5 Hz, 3H), 131 (s, 3H). 13C NMR
(101 MHz, CDCl3) & 203.55, 139.24, 136.25, 135.80, 134.17, 134.00,
130.12, 129.15, 128.46, 127.78, 127.42, 127.19, 124.14, 49.86, 45.68,
24.61, 21.06, 19.30. HRMS (ESI) m/z calculated for CyoHoONa
[M-+Na]* 299.1406, found 299.1405.

4.2.11. 1-benzyl-1-methylnaphthalen-2(1H)-one (4c)

To 1c (79 mg, 0.5 mmol) solution in CPME (116 pL) at 0 °C n-BuLi
2.7 M in toluene (0.17 mL, 0.45 mmol) was added dropwise. Then
toluene was added (0.3 mL). The reaction mixture was stirred for
15 min and then at room temperature for 20 min 2a (171 pL,
1 mmol) was added dropwise and reaction mixture was stirred at
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90 °C for 20 h. Reaction was diluted with water and extracted with
EtOAc (3x7 mL), dried over MgSO4 and concentrated in vacuo. The
crude product was purified by column chromatography PE/EtOAc
(1—-20 %). To give 1-benzyl-1-methylnaphthalen-2(1H)-one 4c as a
yellow oil (111 mg, 90 %). PE/EtOAc = 10:1, Rf = 0.35. IR (neat):
3028.60, 1656.05, 1452.90, 835.56, 759.04, 700.87 cm—1'H NMR
(400 MHz, CDCl3) & 7.48—7.38 (m, 2H), 7.29—7.22 (m, 1H), 7.20—7.10
(m, 2H), 7.07—6.94 (m, 3H), 6.65—6.56 (m, 2H), 5.98 (d, J = 9.8 Hz,
1H), 3.37 (d,] = 13.0 Hz, 1H), 3.05 (d, ] = 13.0 Hz, 1H), 1.59 (s, 3H). 1*C
NMR (101 MHz, CDCl3) 3 204.00, 145.41, 145.03, 136.60, 130.06,
129.77,129.66, 129.42, 127.61, 127.30, 126.94, 126.40, 125.48, 52.81,
49.75, 26.37. HRMS (ESI) m/z calculated for C;gH;gONa [M+Na]'
271.1093, found 271.1091.

4.2.12. 1-methyl-1-(3-methylbut-2-en-1-yl)naphthalen-2(1H)-one
(4 cc)

Compound 4 cc was prepared using method A. To a 1c in reac-
tion as an alkylating agent prenyl bromide 2¢ (69.5 uL, 0.6 mmol)
was used. Reaction mixture was stirred at room temperature for
20 h. Column chromatography PE/EtOAc 1—15 %. To give 1- methyl-
1-(3-methylbut-2-en-1-yl)naphthalen-2(1H)-one 4 cc as a yellow
oil (52 mg, 46 %). PE/EtOAc = 10:1, Ry = 0.40. IR (neat): 2969.11,
2928.57, 1659.22, 1565.34, 1449.85, 1396.83, 1376.22, 1299.64,
1239.70, 1207.78, 836.17, 756.15 cm—1'H NMR (400 MHz, CDCl3)
d 7.44—736 (m, 3H), 7.33—7.24 (m, 2H), 6.14 (d, ] = 9.9 Hz, 1H),
4.70—4.60 (m, 1H), 2.82—2.74 (m, 1H), 2.50—2.41 (m, 1H), 1.50—1.48
(m, 3H), 147 (s, 3H), 1.42—1.39 (m, 3H). '*C NMR (101 MHz, CDCl3)
3 204.42, 146.21, 144.97, 134.63, 129.90, 129.83, 129.40, 126.87,
126.68, 125.36, 118.76, 51.99, 41.77, 25.86, 25.80, 17.86. HRMS (ESI)
m/z calculated for C;gHig0ONa [M+Na]™ 249.1250, found 249.1246.

4.2.13. 1-benzyl-1,3-dimethylnaphthalen-2(1H)-one (4d)
Compound 4d was prepared using same method as for 4b. 1d
solution in Et;0 (1.5 mL). To a 1d in reaction as an alkylating agent
benzyl bromide 2a (71.5 pL, 0.6 mmol) was used. Column chro-
matography PE/EtOAc 1-20 %. To give 1-benzyl-1,3-
dimethylnaphthalen-2(1H)-one 4d as a yellow oil (96 mg, 73 %).
PE/EtOAc = 10:1, Rf = 0.55. IR (neat): 3443.05, 2924.14,
1640.45,1493.26, 1451.54, 1373.16, 1273.43, 1029.31, 765.90,
698.80."H NMR (400 MHz, CDCl3) & 7.44—7.39 (m, 1H), 7.34 (td,
] = 76,14 Hz, 1H), 7.21 (td, ] = 7.4, 1.3 Hz, 1H), 7.09—7.03 (m, 1H),
7.02—6.99 (m, 1H), 6.98—6.92 (m, 2H), 6.92—6.87 (m, 1H),
6.59—6.52 (m, 2H), 3.31 (d,J = 12.8 Hz, 1H), 3.00 (d, ] = 12.8 Hz, 1H),
1.82 (d, ] = 1.4 Hz, 3H), 1.58 (s, 4H). 3C NMR (101 MHz, CDCl3)
3 203.96, 144.71, 141.54, 136.68, 132.70, 130.66, 129.39, 128.59,
128.40, 127.44, 126.93, 126.82, 126.35, 52.37, 50.55, 26.08, 15.78.
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Electrochemical hydroxylation of arenes by trifluoroacetic acid
provides a straightforward access to aryl oxygen compounds
under the mild and environmental benign reaction conditions.
Harmful and pollutant stoichiometric amounts of oxidation
reagents and the use of metal-catalysts can be avoided. Herein,
we present a novel method for the synthesis of hydroxylated
products from electron-rich arenes that was achieved by the
implementation of a continuous-flow setup. The continuous
nature of the process allowed to fine-tune the reactions

Introduction

Aryl oxygen compounds are important precursors for synthesis
of valuable polymers, complex bioactive compounds, and are
common structural motifs in many natural products." Direct
synthesis of phenols by oxidative hydroxylation of arenes is the
most straightforward yet challenging approach as the products
of such transformation are more electron-rich than substrates
and are prone to be overoxidized. The traditional methods for
arene hydroxylation rely on transition-metal catalysis and often
require harsh reaction conditions."® Out of different possible
options to hydroxylate arenes,”® oxygen®'® and H,0,"" " are
the most frequently used oxidative hydroxylation agents. Lutz
Ackerman and Yu Rao have demonstrated methods in which
trifluoroacetic acid was used as a hydroxyl group source in
transition-metal catalyzed oxidation of arenes in the presence
of stoichiometric oxidants (Scheme 1A)."*"! Synthetic electro-
chemistry gathered a significant attention over the last decade
since it is a great alternative to the traditional methods that
require stoichiometric amounts of toxic and wasteful oxidants
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conditions in order to prevent the decomposition of the
sensitive products expanding the reaction scope beyond
electron-poor and neutral arenes that were previously reported
in the batch processes. Thus, synthetically valuable hydroxy-
lated arenes were obtained in good yields with the residence
time just over a minute. In order to demonstrate the reliability
and the efficiency of the electrochemical flow setup, a scale up
experiment was also performed.

A) Rao, Y. 2013; Ackermann, L. 2012

Pd and Ru cat.

) (o] K28,0g; PhI(OAC), metal catalyzed
R & Xy stoichiometric oxidants
i F3C rt. to 120 °C R > harsh conditions
solvent or
co-solvent

B) Miller, L. 1975; Nyberg, K. 1975; Nishiguchi, I. 1995

Pt|| X
i OH
ol BN . )O]\ divided cell IQ (1-7 examples)
L F.c” “OH RE B no or low isolated yields
electron-neutral  solvent or
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Scheme 1. Hydroxylation of arenes using TFA.

and metal catalysts."®"” In electrochemical transformations,
electrons are used as safe and clean reactants to generate
highly reactive radical intermediates under the mild reaction
conditions providing access to the previously unapproachable
reaction pathways."® Therefore, electrochemistry satisfies the
principles of green chemistry in many aspects and can be
considered sustainable."” In the early reported examples of
electrochemical hydroxylation of arenes, trifluoroacetic acid was
used in high excess, either as a solvent or co-solvent. Addition-
ally, these transformations were carried out in an unfavorable
divided electrochemical cell equipped mostly with costly
platinum electrodes (Scheme 1B).?*-! Moreover, these method-
ologies are limited in their broad reaction applicability with
respect to electronic properties of arene substrates. Only seven
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examples in total on the oxidation of electron-poor or neutral
arenes with moderate yields are accessible. The more recent
work by Nakajama et al. describes electrochemical esterification
with TFA in a more feasible undivided cell setup, but this
approach is limited only to one aromatic compound, benzene,
leaving the scope of electron-rich arenes unexplored.” In the
transformations described above, the substrate is directly
oxidized on the electrode surface. Alternatively, the Ackerman
group has recently demonstrated the indirect electrochemical
hydroxylation of arenes catalyzed by transition-metals.?*?*!
Selective direct electrochemical hydroxylation of electron-
rich arenes is still a difficult task. The desired hydroxylated
product is much easier to oxidize than the starting compound,
thus overoxidation and polymerization can easily occur leading
to deposition on the electrode surface.”®*” Fouling of electro-
des is a common problem for electrochemical batch
processes."®?® Moreover, such processes can also suffer from
emerging local hot-spots and insufficient mixing. However,
limitations of the batch-conditions can be overcome by trans-
ferring the reaction into a continuous-flow setup. In flow
microreactors, the reaction mixture is continuously pumped
through narrow channels between the two isolated electrodes
(average 250 um interelectrode gap), which ensures a very
efficient mass and heat transfer by diffusion. High electrode
surface-to-volume ratio and effective mixing significantly
reduce the reaction time (typically 5 min in flow vs. overnight in
batch), which helps to prevent degradation of sensitive
products under electrochemical conditions and increases the
reaction selectivity.”>" This knowledge and the previous
experience helped us to develop a convenient continuous-flow
methodology for the electrochemical hydroxylation of electron-
rich aromatic compounds by the use of trifluoroacetic acid as
the oxygen source.®>*! With this procedure we successfully
demonstrate a scale-up experiment as well (Scheme 1, C).

Results and Discussion

We started our investigation of the electrochemical hydroxyla-
tion of electron-rich arenes by performing the reaction under
the galvanostatic conditions with anisole, as a model substrate,
in an electrochemical microflow reactor.”® In order to keep the
reaction setup simple and inexpensive, an undivided-cell
reactor equipped with the carbon based anode (graphite) and
stainless steel cathode was used alternatively to the previously
described methods.”?? We have performed an intensive
screening for the optimal reaction conditions and the highlights
are represented in Table 1 (see Supporting Information for the
complete screening). First, the preliminary results revealed that
TFA ester of cresol 1 forms in low yield, when the reaction is
performed in acetonitrile, a typical first-choice solvent for
radical transformation (Table 1, entry 1). The optimization
experiments showed that the highest yields were achieved with
incomplete conversions. Pushing the reactions to the full
conversion by increasing the electric current resulted in the
degradation of the desired product, as it is more reactive than
the starting material. The main detected side products were
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Table 1. Reaction Optimization.”’

Microflow Electrocell
(CIFe)

*

o
_O. o - \©\ o
#
\© FgcJ\OH (:.J\(:F3

6 equiv.
{ ) 1.8 -5.0 mA cm™

DIPEA (3 equiv.)
non-stab. THF (0.025 M),
room temperature, tg = 1.25 min

Entry Variation from the Conversion Yield
standard conditions [9%]®! 9]

1 TFA (3 equiv.), Bu;N (2 equiv.), 71 31
CH,CN (0.1 M), tz=5 min

2 TFA (3 equiv.), BusN (2 equiv.), 83 68
stab. THF (0.1 M), tg=>5 min

3 TFA (3 equiv.), Bu;N (2 equiv.), 85 48
stab. THF (0.1 M), t;=>5 min
graphite anode

4 TFA (3 equiv.), BusN (2 equiv.), 90 74
stab. THF

5 none 88 71

6 no electricity 0 0

7 batch'® 5 5

8 batch' 33 29

[a] Reaction conditions: anisole (1.25 mmol), TFA (6 equiv.), DIPEA
(3 equiv.), non-stabilized fresh THF (0.025 M), graphite anode/stainless
steel cathode, 1.8-5.0 mAcm? room temperature, residence time
1.25 min. [b] Conversion determined by GC-FID with decane as an internal
standard. [c] Yield determined by GC-FID with decane as an internal
standard. [d] Batch reaction conditions: 0.25 mmol scale, 3.3 mAcm™,
3.9 F, graphite anode/stainless steel cathode. [e] Batch reaction conditions:
33mAcm? 11.8F, graphite anode/stainless steel cathode, 0.25 mmol
scale.

overoxidized compounds and some arene—arene coupling
products.®”*®¥ Trifluoroacetic acid has to be used in excess in
comparison to the amine base to keep it protonated. First, this
ensures enough conductivity by forming a salt and second its
oxidation potential is thereby substantially elevated. Hence,
oxidative deposition/degradation of the amine base can be
avoided on the electrode surface, which could subsequently
inhibit the electrochemical process. The yield of the reaction
increased significantly after the solvent was changed to THF
(Table 1, entry 2). Potentially, TFA ester is more stable in THF,
while in acetonitrile it undergoes hydrolysis leading to the
formation of cresol 1, which is further overoxidized under the
electrochemical conditions. Unfortunately, with the increased
yield we have also faced some deposition of the side products
on the electrodes over the operation time. To overcome this
issue, different electrode combinations were tested. Particularly,
we aimed to use graphite for the both electrodes, which would
allow to slowly alter the polarity and suppress deposition.™
However, the graphite cathode proved to be inefficient for the
described transformation (Table 1, entry 3). The simultaneous
dilution of the reaction mixture and the increase of the flow
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rate enabled stable steady state with high yields while the
process productivity remained at the same level. Any deposited
materials could thus be flushed out of the active zone of the
reactor, while the process remained performing constantly and
efficiently. TFA ester of cresol 1 was obtained in 74% yield with
the residence time only 1.25 minutes (Table 1, entry 4). To our
surprise, these conditions appeared to be completely unpro-
ductive when other electron-rich arenes were tested. Further
investigation revealed that BHT, used for THF stabilization, also
inhibits oxidation of less electron-rich arenes. After reoptimiza-
tion of the reaction conditions, we have achieved similar to
previous results while using an increased amount of TFA and
diisopropylethylamine instead of tributylamine and distilled or
freshly opened non-stabilized THF (Table 1, entry 5). The newly
established conditions were later successfully applied for other
substrates in the series. It should be mentioned that the
reaction became sensitive to the quality of solvent and amine
after BHT was removed. Next, no conversion was observed
without electricity confirming the electrochemical nature of the
process (Table 1, entry 6). Finally, the reaction performed under
the batch conditions provided the product with considerably
lower yield comparing to flow (Table 1, entry 7 and 8). High
electrode surface-to-volume ratio of the flow microreactor,
short interelectrode gap and effective mixing allowed to obtain
the product just in 1.25 minutes, whereas the batch process
required 10 hours to reach only 33% conversion. Prolonged

Microflow Electrocell
Fe

(CIFe)
N o
R +
~ FSC)I\OH @

6 equiv.
1.8-5.3 mA cm?
DIPEA (3 equiv.)

reaction time causes the decomposition of electron-rich com-
pounds by overoxidation under the electrochemical conditions.
Moreover, the Faraday-efficiency of the reaction performed in
flow is much higher comparing to that of the batch process
(FEqow 49% Vs FE,, 5%), making the transformation more
sustainable. The productivity of the flow process is
0.64 mmolh™" with 71% yield (0.9 mmolh™" with 100% theoret-
ical yield).

With the optimal reaction conditions in hand, the scope of
electrochemical hydroxylation of different electron-rich arenes
was investigated (Scheme 2). After completion of the electro-
chemical reaction, the crude mixture was treated with an
aqueous base to yield the hydroxylated product upon TFA ester
hydrolysis. Anisole and its derivatives provided a mixture of
ortho- and para-isomers, which are chromatographically separa-
ble (Scheme 2, compounds 1-4). However, we kept isomers of
cresol 1 unseparated to avoid evaporation of the volatile ortho-
isomer. Functional groups that might be sensitive towards
radical reactions, such as benzyl, propargyl and terminal double
bond, stayed intact under our electrochemical conditions. Next,
we studied the influence of electron-withdrawing groups on
the reactivity of the substrates. Even though these compounds
required higher current densities to reach useful conversion
rates, the corresponding products were isolated in the highest
yields (Scheme 2, compounds 5-8). Both carboxyl and carbonyl
groups tolerated the work-up procedure well and did not

S

Z oH

A
R—:()\ j\ ag.base, Rpf
0" CF;

non-stab. THF (0.025 M),
room temperature, tg = 1.25 min

*
. L
OH * OH

\/\/O\Q\
OH

*

//
(]
9
\
(]
(e} [e]
I /

o
1,67% 2,57% 3,42% 4,45% 5,67%
(52:48) (62:38) (51:49) (58:42)
2 O X O le)
% ~ ~ q
/O\ij\o/\ \,(@[ (F@i )i:[ \ﬂ/ s
OH OH pZ OH o)
* OH o] o NZ OH
6,50% 7,57% 8, 68% 9,20% 10, 43%
(49:26:24) (62:38)
g D ¢
@ o g 90 -
OH OH OH
11, 54% (50%)®! 12, 40% 13,53% 14, 38% 15, 20%!
(80:20)

Scheme 2. Scope of hydroxylation of electron-rich arenes. [a] Reaction conditions: arene (1 mmol), TFA (6 equiv.), DIPEA (3 equiv.), non-stabilized fresh THF

2

(0.025 M), graphite anode/stainless steel cathode, 1.8-5.3 mAcm

, room temperature, residence time 1.25 min, collected for 66.6 min. Work-up with saturated

NaHCO,. In brackets the ratio of different isomers is shown. The overall isolated yield is given for the chromatographically separated isomers of compounds 2—
4, 6 and 8. [b] 10 mmol scale reaction collected for 66 h 6 min. [c] Residence time 2.5 min, collected for 133.2 min.
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undergo hydrolysis nor aldol reaction. Unfortunately, 4-meth-
oxybenzonitrile showed low conversion even at high current
giving the product in rather low yield (Scheme 2, compound 9).
When acetyl protected 4-methoxyaniline was submitted to the
electrochemical reaction, the obtained hydroxylated product
contained methoxy group at the meta-position (Scheme 2,
compound 10). Potentially, the methyl group migrated from
one oxygen-atom to another during the basic work-up
procedure. Finally, we have turned our attention to other
electron-rich arenes that do not contain methoxy group in the
structure (Scheme 2, compounds 11-15). Naphthalene reacted
smoothly under the standard reaction conditions and 1-
naphthol 11 was obtained exclusively in good yield. In order to
demonstrate the usefulness of the developed method and the
reliability of the flow process, we performed the scale up
experiment (10 mmol) without any additional optimization by
pumping the reaction mixture for a prolonged time*%3'“%
Further, the electrochemical hydroxylation of mesitylene and
biphenyl proceeded similarly to other electron-rich arenes and
products were isolated in good yields and high regioselectivity
for the latter (Scheme 2, compounds 12 and 13). Although in
the reaction with phenanthrene the preliminary experiments
demonstrated very promising results, isolation of phenanthrol
14 proved challenging, as it was prone to the partial
decomposition during the work-up. Moreover, electrochemical
oxidation of anthracene in the presence of trifluoroacetic acid
proceeded very efficiently providing the corresponding ester as
a single isomer with the highest NMR yield (85%) in the series.
However, despite the stability of the corresponding TFA ester
under the electrochemical conditions, 9-anthracenol was oxi-
dized by atmospheric oxygen and formed dimeric compound
upon the work-up leading to the complete loss of the desired
product (for more information see Supporting Information). An
attempt to isolate TFA ester of anthracenol resulted in sluggish
yield, as it readily hydrolyzed on silica gel and decomposed. On
the contrary, 1,4-di-tert-butylbenzene stayed almost unreactive
under the standard reaction condition, probably due to the
steric hindrance from two tert-butyl groups, and only a small
amount of compound 15 was obtained, when the reaction was
performed at lower flow rate. Finally, it is worth mentioning
that the highest possible yields for all the substrates were
obtained without reaching the full conversion making it
possible to recover unreacted starting material.

We propose that the electrochemical transformation is
initiated by a single electron transfer (SET) oxidation of an
electron-rich arene on the surface of anode (Scheme 3). Being a
strong electrophile, radical cation A is trapped by trifluoroacetic
acid leading to the formation of the neutral radical B, which
further undergoes second oxidation event. Finally, the aromatic
system is restored upon deprotonation of cation C by the base.
Simultaneously with oxidative processes, hydrogen reduction
occurs as a cathodic half-reaction. After completion of the
electrochemical part of the reaction sequence, TFA ester is
hydrolyzed by aqueous base during the work-up procedure to
yield the corresponding hydroxylated product. Comparing our
experimental results to the previously published data,“'*? it can
be assumed that the working oxidation potential window for
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Scheme 3. Proposed mechanism.

the developed method is approximately 1.6-2.1V vs SCE with
anisole in the middle. For the substrates with higher Eox only
traces of products were observed, while solvent oxidation was
prevalent. On the contrary, it was challenging to perform mono
hydroxylation of very electron-rich arenes with Eqy lower than
1.6 volts, as they tend to be overoxidized or/and form
arene—arene coupling products.?*?”!

Conclusion

In conclusion, we have reported the electrochemical hydrox-
ylation of electron-rich arenes. The developed transformation is
performed under the continuous-flow conditions that allowed
to obtain sensitive products in only 1.25 minutes residence
time. The method can be straightforwardly scaled up to the
synthetically useful scale. Valuable hydroxylated arenes were
obtained in good yields without the use of harmful stoichio-
metric oxidants or metal-catalysts, demonstrating the sustain-
ability of this presented electrochemical procedure.

Experimental Section

General information. All capillary tubing and microfluidic fittings
were purchased from IDEX Health & Science. Disposable syringes
were from BD Discardit 11°, NORM-JECT® purchased from VWR
Scientific. Syringe pumps used: Chemix Inc. Fusion 200 Touch and
KD Scientific Inc. KDS-200-CE. Reagents and dry solvents were
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bought from Sigma Aldrich, TCl, Honeywell and Fluorochem and
are used as received. Technical solvents were bought from VWR
International, Keemiakaubandus AS and Biosolve, and are used as
received. THF refers to tetrahydrofuran, when needed THF was
distilled over LiAlH,, PE refers to petroleum ether b.p 40-60°C,
EtOAc refers to ethyl acetate, DCM refers to dichloromethane. 'H,
F and C NMR spectra were recorded on a Bruker Avance |l
instrument or Bruker-Avance 400 at 400 MHz for 'H, 377 MHz for °F
and 100 MHz for "*C. '"H NMR spectra are reported in parts per
million (ppm) downfield relative to CD,0D (3.31 ppm), DMSO-dg
(2.50 ppm) or CDCl; (7.26 ppm) and ">C NMR spectra are reported in
ppm relative to CD;0D (49.00 ppm), DMSO-d, (39.52 ppm) or CDCl,
(77.16 ppm) unless stated otherwise. GC analyses were performed
on a GC-MS combination (Shimadzu GC-2010 Plus coupled to a
Mass Spectrometer; Shimadzu GCMS-QP 2010 Ultra) with an auto
sampler unit (AOC-20i, Shimadzu) and GC-FID (Shimadzu GC-2010)
with an auto sampler unit (AOC-20i, Shimadzu). Precoated silica gel
plates (Merck 60 F254 or F254, Supelco Sigma-Aldrich™) were used
for TLC. Flash column chromatography was performed on a
Biotage® Isolera Prime with silica gel Kieselgel 63-200 um.

For all electrochemical continuous-flow reactions, a homemade
flow cell was used, together with a Velleman LABPS3005D power
supply (for more information see Supporting information). The cell
consists of a working electrode and a counter electrode, with a
PTFE (polytetrafluoroethylene) gasket containing micro-channels in
between. The material used for the electrodes were stainless steel
electrode (316 L) and Graphite AC-K800 premium Grade (purchased
by AgieCharmilles). The active reactor volume is 700 pL. This results
in an undivided electrochemical cell. In the cell, direct contact
between the electrode surface and the reaction mixture is
established. The reaction mixture is pumped through the system
via syringe pump, and is collected in a glass vial. All the technical
data of the electrochemical microreactor are reported elsewhere.®

Voltammograms. Arene (1.0 equiv.,, 1.25 mmol) together with
trifluoroacetic acid (6 equiv., 7.50 mmol, 0.57 mL) and N,N-diisopro-
pylethylamine (DIPEA, 3.0 equiv., 3.75 mmol, 0.65 mL) were charged
to 50 mL volumetric flask and filled with freshly distilled THF
(0.025 M) until the bar. The mixture was swirled until homogeneous
and taken up into a 50 mL disposable syringe. The solution was
pumped through the electrochemical setup with a fixed flowrate of
0.6 mL/min to give a residence time of 1.25 minutes in the active
part of the reactor, equipped with a graphite anode, steel cathode
divided by a 0.25 mm thick Teflon gasket. Next, the current was
increased from 50 mA to 150 mA with increments of 10 mA. After
steady reaction state was reached (10 minutes at 0.6 mL/min), the
corresponding potential was noted and a sample (0.1 mL) was
collected in a vial for each data point. The samples were diluted
with DCM and analyzed using GC-MS with decane or dodecane as
an internal standard.

General procedure. Arene (1.0 equiv., 1.25 mmol) together with
trifluoroacetic acid (6 equiv., 7.50 mmol, 0.57 mL) and N,N-diisopro-
pylethylamine (DIPEA, 3.0 equiv., 3.75 mmol, 0.65 mL) were charged
to 50 mL volumetric flask and filled with freshly distilled THF
(0.025 M) until the bar. The mixture was swirled until homogeneous
and taken up into a 50 mL disposable syringe. The solution was
pumped through the electrochemical setup with a fixed flowrate of
0.6 mL/min to give a residence time of 1.25 minutes in the active
part of the reactor, equipped with a graphite anode, steel cathode
divided by a 0.25 mm thick Teflon gasket. Next, the constant
current (selected on the basis of the voltammograms recorded) was
applied and the system was stabilized for 10minutes. After steady
state was reached, the reaction mixture was collected to a 100 mL
round-bottom flask for 66.6 min, which corresponds to 1.0 mmol
scale. The crude mixture was concentrated under vacuum and
saturated ag. NaHCO; (25 mL) was added to the flask. The reaction
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mixture was vigorously stirred overnight at room temperature to
achieve full hydrolysis of TFA ester. Next, the reaction mixture was
extracted with DCM (4x15 mL) first from NaHCO; solution and
then from 1M HCl solution (25 mL). The organic layers were
combined, dried using a phase separator and concentrated under
vacuum. The crude product was purified by flash column
chromatography on silica gel and analyzed by TLC, GS-MS, "°F-NMR,
'H-NMR and "*C-NMR.

4-Methoxyphenol (1a) and 2-methoxyphenol (1b).** Reaction

was performed following the general procedure at 70 mA for
66.6 minutes. Purified by flash column chromatography on silica gel
(5-50% of Et,O in pentane) to give mixture of isomers 1a and 1b
as a colorless oil in 67% yield (83 mg, 0.67 mmol) and isomer ratio
52:48. 'H NMR of 1a (399 MHz, MeOD) & 6.75 (d, J=9.1 Hz, 2H,
Ar—H), 6.70 (d, J=9.0 Hz, 2H, Ar—H), 3.71 (s, 3H, OCH,). *C NMR of
1a (100 MHz, MeOD) 6 =154.5, 149.0, 116.8, 115.7, 56.2. MS of 1a
(70 eV) m/z: 124 (96) [M]*, 109 (100), 81 (48). 'H NMR of 1b
(399 MHz, MeOD) 6 6.95-6.85 (m, TH, Ar-H), 6.81-6.75 (m, 3H,
Ar—H), 3.83 (s, 3H, OCH,). >C_ NMR of 1b (100 MHz, MeOD) &=
152.2, 147.6, 122.2, 120.8, 116.3, 112.8, 56.3. MS of 1b (70 eV) m/z:
124 (89) [M]7, 109 (100), 81 (58).

2-(Benzyloxy)phenol (2a)*’ and 4-(benzyloxy)phenol (2b).”
Reaction was performed following the general procedure at 70 mA
for 66.6 minutes. Purified by flash column chromatography on silica
(5-50% of Et,O in PE) to give 2a as a yellow oil and 2b as a white
solid in 57 % combined yield (113 mg, 0.56 mmol) and isomer ratio
62:38. '"H NMR of 2a (400 MHz, CDCl;) & 7.48-7.35 (m, 5H, Ar—H),
7.01-6.82 (m, 4H, Ar—H), 5.72 (s, TH, OH), 5.12 (s, 2H, OCH,). ®C NMR
of 2a (101 MHz, CDCl;) =146.1, 145.9, 136.5, 128.8, 128.5, 127.9,
122.0, 120.2, 114.9, 112.4, 71.2. 2-orto MS of 2a (70 eV) m/z: 200 (6)
[M]7, 92 (9), 91 (100). 'H NMR of 2b (400 MHz, CDCl,) & 7.46-7.35
(m, 4H, Ar—H), 7.35-7.29 (m, 1H, Ar—H), 6.86 (d, J=9.0 Hz, 2H, Ar—H),
6.76 (d, J=9.0 Hz, 2H, Ar—H), 5.01 (s, 2H, OCH,), 4.51 (s, 1H, OH). *C
NMR of 2b (101 MHz, CDCl;) =153.2, 149.8, 137.4, 128.7, 1280,
127.6, 116.20, 116.18, 70.9. MS of 2b (70 eV) m/z: 200 (11) [M]*, 92
(8), 91 (100).

4-(But-3-en-1-yloxy)phenol (3 a)“" and 2-(but-3-en-1-yloxy)phenol
(3b)."” Reaction was performed following the general procedure at
50 mA for 66.6 minutes. Purified by flash column chromatography
on silica gel (5-30% of Et,O in PE) to give 3a as a yellow solid and
3b as a yellow oil in 42% combined yield (69 mg, 0.42 mmol) and
isomer ratio 51:49. 'H NMR of 3a (400 MHz, CDCl;) 6 6.80 (d, J=
9.4 Hz, 2H, Ar-H), 6.75 (d, J=9.4 Hz, 2H, Ar—H), 5.90 (ddt, J=17.1,
10.3, 6.7 Hz, 1H, CH=CH,), 5.16 (dq, J=17.2, 1.6 Hz, 1H, =CH,), 5.10
(dg, J=10.3, 1.3 Hz, 1H,=CH,), 491 (s, 1H, OH), 3.96 (t, J=6.7 Hz,
2H, OCH,), 2.52 (qt, J=6.8, 1.4 Hz, 2H, CH-CH,—CH,). >*C NMR of 3a
(101 MHz, CDCl;) 6=153.1, 149.7, 134.7, 117.1, 116.2, 116.0, 68.2,
33.9. MS of 3a (70 eV) m/z: 164 (25) [M]*, 110 (100), 55 (40). 'H NMR
of 3b (400 MHz, CDCl;) 8 6.97-6.92 (m, 1H, Ar—H), 6.91-6.80 (m, 3H,
Ar—H), 5.90 (ddt, J=17.1, 10.3, 6.7 Hz, 1H, CH=CH,), 5.69 (s, TH,
OH), 520 (dg, J=17.2, 1.6 Hz, TH, =CH,), 5.15 (dq, J=10.2, 1.4 Hz,
1H, =CH,), 411 (t, J=6.5 Hz, 2H, OCH,), 2.57 (qt, J=6.6, 1.4 Hz, 2H,
CH-CH,—CH,). ®C NMR of 3b (101 MHz, CDCl;) 6=146.1, 145.9,
134.3,121.8, 120.2, 117.6, 114.7, 112.2, 68.2, 33.8. MS of 3b (70 eV)
m/z: 164 (31) [M]*, 110 (78), 55 (100).

4-(Prop-2-yn-1-yloxy)phenol  (4a)*®  and  2-(prop-2-yn-1-
yloxy)phenol (4b).*" Reaction was performed following the
general procedure at 70 mA for 66.6 minutes. Purified by flash
column chromatography on silica gel (5-50% of Et,O in PE) to give
4a as a yellow oil and 4b as a yellow oil in 45% combined yield
(67 mg, 0.45mmol) and isomer ratio 58:42. 'H NMR of 4a
(400 MHz, CDCl;) & 6.90-6.84 (m, 2H, Ar-H), 6.80-6.75 (m, 2H,
Ar—H), 4.76 (s, 1H, OH), 4.63 (d, J=2.4 Hz, 2H, OCH,), 2.51 (t, J=
2.4 Hz, TH, =CH). °C NMR of 4a (101 MHz, CDCl;) §=151.9, 150.4,
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116.5, 116.2, 79.0, 75.5, 56.8. MS of 4a (70 eV) m/z: 148 (31) [M]",
109 (100). 'H NMR of 4b (400 MHz, CDCl;) & 7.01-6.90 (m, 3H,
Ar—H), 6.88-6.83 (m, 1H, Ar—H), 5.63 (s, TH, OH), 4.76 (d, J=2.4 Hz,
2H, OCH,), 2.56 (t, J=2.4 Hz, 1H, =CH). ®C NMR of 4b (101 MHz,
CDCly) 8=146.3, 144.8, 122.9, 120.3, 115.3, 113.0, 78.2, 76.3, 57.2.
MS of 4b (70 eV) m/z: 148 (40) [M]”, 109 (100).

Methyl 3-hydroxy-4-methoxybenzoate (5).°” Reaction was per-
formed following the general procedure at 130 mA for 66.6 mi-
nutes. Purified by flash column chromatography on silica gel (5-
35% of EtOAc in PE) to give 5 as a colorless oil in 67% yield
(122 mg, 0.67 mmol). 'H NMR of 5 (400 MHz, MeOD) § 7.53 (dd, J=
8.5, 2.1 Hz, 1H, Ar—H), 7.42 (d, J=2.1Hz, 1H, Ar—H), 6.98 (d, J=
8.5 Hz, TH, Ar—H), 3.91 (s, 3H, OCH,), 3.85 (s, 3H, OCH3). *C NMR of
5 (101 MHz, MeOD) 6=168.6, 153.4, 147.5, 123.9, 1234, 117.0,
111.8, 56.4, 52.4. MS of 5 (70 eV) m/z: 182 (51) [M]*, 167 (4), 151
(100), 123 (24), 108 (10).

Ethyl 2-hydroxy-5-methoxybenzoate (6a),°" ethyl 4-hydroxy-3-
methoxybenzoate (6b),*” and ethyl 2-hydroxy-3-meth-
oxybenzoate (6 c).°" Reaction was performed following the general
procedure at 90 mA for 66.6 minutes. Purified by flash column
chromatography on silica gel (10-30% of Et,O in PE) to give 6a as
a colorless oil, 6b as a beige solid and 6c as a colorless oil in 50%
combined yield (99 mg, 0.5 mmol) and isomer ratio 49:26:24. 'H
NMR of 6a (400 MHz, CDCl;) & 10.45 (s, TH, OH), 7.29 (d, J=3.2 Hz,
1H, Ar—H), 7.07 (dd, J=9.1, 3.2 Hz, 1H, Ar—H), 6.90 (d, J=9.0 Hz, 1H,
Ar—H), 441 (q, J=7.1 Hz, 2H, OCH,), 3.78 (s, 3H, OCH,), 1.41 (t, J=
7.1 Hz, 3H, CH,~CH;). °C_ NMR of 6a (101 MHz, CDCl;) §=170.0,
156.2, 152.1, 123.8, 118.6, 112.3, 112.2, 61.6, 56.0, 14.3. MS of 6a
(70 eV) m/z: 196 (36) [M]*, 150 (57), 122 (100), 107 (17), 92 (10). 'H
NMR of 6b (400 MHz, CDCl;) 6 7.65 (dd, J=8.3, 1.9 Hz, 1H, Ar—H),
7.55 (d, J=2.0Hz, 1H, Ar—H), 6.94 (d, J=8.3 Hz, 1H, Ar-H), 5.98 (s,
1H, OH), 4.35 (q, J=7.1 Hz, 2H, OCH,), 3.95 (s, 3H, OCH,), 1.38 (t, /=
7.1 Hz, 3H, CH,—CH,). *C NMR of 6b (101 MHz, CDCly) =166.6,
150.0, 146.3, 124.3, 122.8, 114.1, 111.8, 60.9, 56.3, 14.5._MS of 6b
(70 eV) m/z: 196 (28) [M]™, 150 (100), 122 (17), 107 (25). '"H NMR of
6¢ (400 MHz, CDCl3) 8 11.09 (bs, 1H, OH), 7.44 (dd, J=8.1, 1.5 Hz,
1H, Ar—H), 7.03 (dd, J=7.9, 1.5 Hz, 1H, Ar-H), 6.81 (t, J=8.0 Hz, 1H,
Ar—H), 4.40 (g, J=7.1 Hz, 2H, OCH,), 3.89 (s, 3H, OCH,), 1.41 (t, J=
7.1 Hz, 3H, CH,~CH;). ®C_NMR of 6c (101 MHz, CDCl;) 8=170.6,
152.2, 148.6, 121.2, 118.5, 116.5, 112.9, 61.7, 56.3, 14.3. MS of 6¢
(70 eV) m/z: 196 (44) [M]*, 151 (100), 123 (22), 108 (8).

1-(3-Hydroxy-4-methoxyphenyl)ethan-1-one (7).** Reaction was
performed following the general procedure at 100 mA for 66.6 mi-
nutes. Purified by flash column chromatography on silica gel (2-
10% of Et,0 in DCM) to give 7 as a yellowish solid in 57% yield
(94 mg, 0.56 mmol). 'H NMR of 7 (400 MHz, MeOD) & 7.54 (dd, J=
8.4, 2.2 Hz, 1H, Ar—H), 7.41 (d, J=2.2Hz, 1H, Ar—H), 6.99 (d, J=
8.5 Hz, TH, Ar—H), 3.92 (s, 3H, OCH,), 2.52 (s, 3H, C=OCH,). *C NMR
of 7 (101 MHz, MeOD) 6=199.6, 153.8, 147.6, 131.7, 123.1, 115.7,
111.7, 56.4, 26.3. MS of 7 (70 eV) m/z: 166 (47) [M]17, 151 (100), 123
(33), 108 (11).

7-Hydroxy-6-methoxy-3,4-dihydronaphthalen-1(2H)-one (8a) and
5-hydroxy-6-methoxy-3,4-dihydronaphthalen-1(2H)-one (8 b).>**¢
Reaction was performed following the general procedure at
100 mA for 66.6 minutes. Purified by flash column chromatography
on silica gel (1-30% of EtOAc in PE) to give 8a as a white and 8b
as an orange solid in 67 % combined yield (129 mg, 0.67 mmol) and
isomer ratio 62:38. 'H NMR of 8a (400 MHz, MeOD) 6=7.34 (s, 1H,
Ar—H), 6.80 (s, 1H, Ar—H), 3.91 (s, 3H, OCH,), 2.89 (t, J=6.1, 2H,
Ar—CH,), 2,54 (dd, J=7.2, 5.8, 2H, C=0CH,), 2.07 (p, J=6.5, 2H,
CH,—CH,—CH,). )C_ NMR of 8a (101 MHz, MeOD) §=200.1, 154.4,
146.5, 1404, 126.9, 113.3, 111.6, 56.4, 39.5, 30.3, 24.9. MS of 8a
(70 eV) m/z: 192 (81) [M1*, 177 (12), 164 (47), 136 (100). 'H NMR of
8b (400 MHz, MeOD) & 7.55 (d, J=8.7 Hz, 1H, Ar-H), 6.93 (d, J=
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8.6 Hz, TH, Ar—H), 3.93 (s, 3H, OCH,), 2.91 (t, J=6.2 Hz, 2H, Ar—CH,),
256 (dd, J=7.3, 57Hz, 2H, C=0CH,), 2.07 (p, J=6.6 Hz, 2H,
CH,~CH,—CH,). *C NMR of 8b (101 MHz, MeOD) 6=200.7, 153.0,
144.1, 132.9, 127.4, 120.5, 109.9, 56.4, 39.7, 24.00, 23.97. MS of 8b
(70 eV) m/z: 192 (100) [M]*, 177 (28), 164 (86), 136 (76).

3-Hydroxy-4-methoxybenzonitrile (9).*” Reaction was performed
following the general procedure at 150 mA for 66.6 minutes.
Purified by flash column chromatography on silica gel (2-15% of
EtOAc in 1:1 PE:DCM) to give 9 as a white solid in 20% vyield
(30 mg, 0.2 mmol). 'TH NMR of 9 (400 MHz, MeOD) & 7.17 (dd, J=
8.3, 2.1 Hz, 1H, Ar—H), 7.05 (d, J=2.1 Hz, 1H, Ar—H), 7.01 (d, J=
8.4 Hz, 1H, Ar—H), 3.90 (s, 3H, OCH,). >C NMR of 9 (101 MHz, MeOD)
0=153.3, 1484, 126.1, 120.2, 119.0, 112.9, 104.7, 56.5. MS of 9
(70 eV) m/z: 149 (71) [M]", 134 (100), 106 (66).

N-(4-Hydroxy-3-methoxyphenyl)acetamide (10).*® Reaction was
performed following the general procedure at 50 mA for 66.6 mi-
nutes. Purified by flash column chromatography on silica gel (5-
45% of EtOAc in DCM) to give 10 as an orange solid in 43% yield
(77 mg, 0.42 mmol). 'H NMR of 10 (400 MHz, DMSO) & 9.77 (s, 1H,
NH), 9.27 (s, 1H, OH), 7.39 (d, J/=8.8Hz, 1H, Ar-H), 6.42 (d, J=
2.8 Hz, 1H, Ar—H), 6.35 (dd, /=8.8, 2.8 Hz, 1H, Ar—H), 3.67 (s, 3H,
OCH;), 2.04 (s, 3H, C=OCH,). ®C NMR of 10 (101 MHz, DMSO) 8 =
168.8, 156.9, 149.7, 123.9, 119.6, 104.2, 102.1, 55.0, 23.3. MS of 10
(70 eV) m/z: 181 (25) [M]*, 139 (79), 124 (100).

1-Naphthol (11).°® Reaction was performed following the general
procedure at 75 mA for 66.6 minutes. Purified by flash column
chromatography on silica gel (2-10% of EtOAc in PE) to give 11 as
a pale pink solid in 54% vyield (78 mg, 0.54 mmol). '"H NMR of 11
(400 MHz, CDCl;) & 8.21-8.16 (m, 1H, Ar—H), 7.86-7.78 (m, 1H,
Ar—H), 7.53-7.47 (m, 2H, Ar—H), 7.45 (d, J=8.3 Hz, TH, Ar—H), 7.31
(dd, /=83, 7.4 Hz, 1H, Ar-H), 6.82 (dd, J=7.5, 1.0 Hz, 1H, Ar-H),
5.28 (s, TH, OH). >*C NMR of 11 (101 MHz, CDCl;) §=151.5, 134.9,
127.8, 1266, 126.0, 1254, 124.5, 121.7, 120.8, 108.7. MS of 11
(70 eV) m/z: 144 (95) [M]*, 115 (100).

2,4,6-Trimethylphenol (12).°” Reaction was performed following
the general procedure at 100 mA for 66.6 minutes. Purified by flash
column chromatography on silica gel (2-10% of EtOAc in hexane)
to give 12 as a light-yellow solid in 40% yield (55 mg, 0.4 mmol). 'H
NMR of 12 6 6.80 (s, 2H, Ar—H), 4.38 (bs, TH, OH), 2.22 (s, 9H, 3xCH).
3C NMR of 12 (100 MHz, CDCl,) =150.0, 129.4, 129.2, 122.9, 20.5,
16.0. MS of 12 (70 eV) m/z: 136 (71) [M]*, 121 (100), 91 (29).

[1,1-Biphenyl]-4-ol (13).“" Reaction was performed following the
general procedure at 70 mA for 66.6 minutes. Purified by flash
column chromatography on silica gel (5-20% of EtOAc in hexane)
to give 13 as a mixture of isomers (80:20) in 53% yield (91 mg,
0.53 mmol). 'H NMR of 13 the main para-isomer (400 MHz, MeOD)
8 7.59-7.48 (m, 2H, Ar—H), 7.44 (d, J=8.6 Hz, 2H, Ar—H), 7.40-7.33
(m, 2H, Ar—H), 7.27-7.20 (m, 1H, Ar—H), 6.85 (d, J=8.6 Hz, 2H, Ar—H).
C NMR of 13 the main para-isomer (101 MHz, MeOD) &=158.2,
142.4,133.9, 129.7, 129.0, 127.4, 127.4, 116.6. MS of 13 (70 eV) m/z:
170 (100) [MI¥, 141 (24).

Phenanthren-9-ol (14).°? Reaction was performed following the
general procedure at 50 mA for 66.6 minutes. Purified by flash
column chromatography on silica gel (2-10% of EtOAc in PE) to
give 14 as a yellow oil in 38% yield (74 mg, 0.38 mmol). 'H NMR of
14 (400 MHz, MeOD) o 8.68 (d, J=8.3 Hz, 1H, Ar-H), 859 (d, J=
8.1 Hz, TH, Ar-H), 8.32 (dd, J=8.1, 1.6 Hz, 1H, Ar-H), 7.69-7.55 (m,
3H, Ar-H), 7.49-7.38 (m, 2H, Ar—H), 7.01 (s, TH, Ar—H). >C NMR of 14
(101 MHz, MeOD) 6=152.5, 134.9, 132.8, 127.9, 127.77, 127.75,
127.6, 127.4, 127.0, 124.6, 123.8, 123.6, 123.5, 105.9. MS of 14
(70 eV) m/z: 194 (100) [M]", 165 (89).
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2,5-Di-tert-butylphenol (15).°*' Reaction was performed following
the general procedure at 90 mA and 0.3 mL/min flowrate for
133.2 minutes. Purified by flash column chromatography on silica
gel (2-10% of EtOAc in cyclohexane) to give 15 as a light-yellow
solid in 20% yield (42 mg, 0.2 mmol). '"H NMR of 15 (399 MHz,
MeOD) 6 7.07 (d, J=8.1 Hz, TH, Ar—H), 6.77 (d, J=1.9 Hz, TH, Ar-H),
6.74 (dd, J=8.1, 2.0 Hz, 1H, Ar-H), 1.36 (s, 9H, 3xCH,), 1.27 (s, 9H,
3xCH,). ®C NMR of 15 (100 MHz, MeOD) &=156.8, 150.9, 134.0,
127.0, 116.8, 114.3, 35.1, 34.9, 31.8, 30.1. MS of 15 (70 eV) m/z: 206
(18) [M]7, 191 (100).

Procedure for scale-up experiment. Naphthalene (1.0 equiv.,
125 mmol, 1.6 g) together with trifluoroacetic acid (6 equiv.,
755mmol, 574mL) and N,N-diisopropylethylamine (DIPEA,
3.0 equiv., 37.5 mmol, 6.73 mL) were charged to 500 mL volumetric
flask and filled with fresh non-stabilized HPLC-grade THF (0.025 M)
until the bar. The mixture was stirred until the solution was
homogeneous and placed into a 500 mL round-bottom flask. The
solution was pumped using ThalesNano Micro HPLC pump through
the electrochemical setup with a fixed flowrate of 0.6 mL/min to
give a residence time of 1.25 minutes in the active part of the
reactor, equipped with a graphite anode, steel cathode divided by
a 0.25 mm thick Teflon gasket. Next, the constant current of 80 mA
was applied and the system was stabilized for 10minutes. After
steady state was reached, the reaction mixture was collected to a
500 mL round-bottom flask for 666 min, which corresponds to
10 mmol scale. The crude mixture was concentrated under vacuum
and saturated aq. NaHCO; (100 mL) was added to the flask. The
reaction mixture was vigorously stirred overnight at room temper-
ature to achieve full hydrolysis of TFA ester. Next, the reaction
mixture was extracted with DCM (4x 150 mL) first from NaHCO,
solution and then from 1M HCI solution (100 mL). The organic
layers were combined, dried over Na,SO, and concentrated under
vacuum. The crude product was purified by flash column
chromatography on silica gel (5-20% of Et,0 in PE) to give 1-
naphthol (11) as a pinkish solid in 50% vyield (720 mg, 5.0 mmol).
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