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ABSTRACT

Electrochemical synthesis of biologically relevant heterocycles. Olesja Koleda,
supervisors: Prof., Dr. Chem. Edgars Suna, Prof., PhD Siegfried R. Waldvogel.
Doctoral thesis, 94 pages, 6 tables, 76 figures, 170 references, 4 appendices. In English.

Electrochemical syntheses of various pharmaceutically relevant heterocycles
have been developed. First, the electrochemically generated hypervalent iodine(III)
mediator was employed in the ex-cell synthesis of benzoxazoles from iminophenols.
The approach was compatible with a range of redox-sensitive functional groups.
Moreover, an unprecedented concerted reductive elimination mechanism for
benzoxazole formation was proposed based on the control experiments and DFT
calculations. Next, the direct anodic decarboxylation of N-substituted amino malonic
acid derivatives and a subsequent intramolecular etherification provided an access to
THF and THP-containing unnatural amino acids. A successful bioisosteric replacement
of 1-aminocyclohexane-1-carboxylic acid subunit by the THP-containing amino acid
fragment in cathepsin K inhibitor balicatib has helped to reduce lipophilicity while
retaining low nanomolar enzyme inhibitory activity. Finally, sustainable and scalable
synthesis of 1-hydroxy- and 1-oxy-quinazolin-4-ones has been developed based on
cathodic reduction of nitrobenzamides as the key step. The broad applicability of this
protocol was demonstrated by the high yield synthesis of 27 differently substituted
heterocycles.

Keywords: HETEROCYCLES, ORGANIC ELECTROSYNTHESIS, ANODIC
OXIDATION, CATHODIC REDUCTION, REDOX-ACTIVE MEDIATOR.
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INTRODUCTION

The synthesis of heterocyclic compounds holds a prominent position in organic
chemistry. The importance of this field is attributed to the widespread appearance of
functionalized heterocycles in biologically active natural products, organic materials,
agrochemicals, and pharmaceuticals. For instance, nitrogen-containing heterocycles
are common structural elements in pharmaceuticals, and around 59% of FDA
approved small-molecule drugs contain a nitrogen heterocycle.! The most frequently
encountered heterocycles in drug molecules are known as “privileged scaffolds”
Such a privileged scaffold is quinazolinone that is incorporated in a variety of
sedative drugs (etaqualone, mecloqualone, and nolatrexed).? Likewise, a range
of marketed drugs contain a benzoxazole motif, namely, tafamidis, calcimycin,
boxazomycin, chlorzoxazone, and others.? Notably, oxygen-containing heterocycles are
the second most common type of heterocyclic components in the structure of small
molecule pharmaceuticals. About 27% of FDA approved drugs contain an oxygen
heterocycle.® Around 89% of these heterocycles are nonaromatic, including 13 THF-
and 14 THP-containing derivatives. As a result, the synthesis and modification of
heterocycles stand as core elements in organic chemistry. The development of synthetic
approaches to obtain pharmaceutically relevant heterocyclic frameworks is important
not only from an academic perspective but also because the industry requires practical
and economical access to the heterocyclic structures.

There is a broad range of synthetic approaches that has been developed for
the construction of heterocycles starting from the appropriate acyclic compounds.
Typically, these methods require the use of expensive reagents, harsh reaction
conditions, and produce substantial waste. Even though remarkable progress has been
achieved in recent decades in the transition-metal-catalyzed heterocycle synthesis, high
cost and toxicity of precious metal catalysts and their air and moisture sensitivity is an
important drawback. Hence, the development of economical, scalable, and sustainable
methods for heterocycle synthesis is an important task for organic chemists.

Organic electrosynthesis offers a scalable, economically efficient, and sustainable
approach to heterocycles.*” The electrochemical methods allow for the replacement of
toxic and harmful reagents by electrical current, thus reducing energy consumption
and amount of waste. Advantages of electroorganic synthesis include also the ability
to control electron energy through auxiliary devices. Additionally, methods of organic
electrosynthesis often demonstrate high and frequently predictable functional group
tolerance. Hence, the development of the electrochemical methods for the synthesis of
medicinally relevant heterocycles is the main focus of the doctoral thesis.

The doctoral thesis consists of three parts. The first part discloses
the electrochemical generation of a hypervalent iodine(III) reagent and its application
in the ex-cell synthesis of benzoxazoles. The second part describes the results of the
anodic oxidation of substituted N-acetylamino malonic acid monoesters for the
synthesis of THP and THF-containing derivatives. Finally, the third part focuses on
the electroreductive synthesis of N-hydroxy-quinazolin-4-ones.



Aim of the doctoral thesis

The aim of the doctoral thesis is to demonstrate the suitability of electrochemical
oxidative and reductive methods for the synthesis of pharmaceutically relevant
heterocycles.

Objectives of the doctoral thesis:

1. Use the electrochemically generated hypervalent iodine(III) mediator for the ex-cell
synthesis of benzoxazoles and explore the reaction mechanism.

2. Develop a method for the synthesis of tetrahydrofuran and tetrahydropyran-
containing amino acid derivatives via electrochemical decarboxylation/etherification
of acetylamino malonic acid monoesters.

3. Develop a method for the electroreductive synthesis of N-hydroxy-quinazolin-4-
ones from nitrobenzamides.

The novelty and practical significance of the doctoral thesis

Within the first part of the thesis, a hypervalent iodine(III) electron transfer
mediator was synthesized by anodic oxidation and utilized in the ex-cell synthesis
of substituted benzoxazoles. Benzoxazole formation was proven to proceed via
previously unreported concerted reductive elimination. The developed ex-cell method
is compatible with redox-sensitive functional groups in benzoxazole, and allows
for recovery and reuse of the reduced form of iodine-based mediator. Within the
second part of the thesis, the developed direct anodic decarboxylation/etherification
reaction of N-acetamidomalonates provided a variety of previously unreported THF
and THP-containing amino acid derivatives. A successful bioisosteric replacement of
cyclohexyl fragment in cathepsin K inhibitor balicatib with tetrahydropyran moiety
was also demonstrated, showcasing an application potential in drug discovery. Finally,
in the third part of the thesis, a method for the synthesis of N-hydroxy-quinazolin-
4-ones by direct electrochemical reduction of nitrobenzamides was developed. In
contrast to the known approaches, the newly developed method features improved
scalability and utilizes sustainable carbon-based electrodes and an environmentally
benign solvent mixture, which is advantageous in the manufacturing processes.

Research of the doctoral thesis has been published in the following
articles

1. Koleda, O.; Broese, T.; Noetzel, J.; Roemelt, M.; Suna, E.; Francke, R. Synthesis
of Benzoxazoles Using Electrochemically Generated Hypervalent Iodine.
J. Org. Chem. 2017, 82, 11669-11681. DOI: 10.1021/acs.joc.7b01686.

2. Koleda, O; Prane, K.; Suna, E. Electrochemical Synthesis of Unnatural Amino
Acids via Anodic Decarboxylation of N-Acetylamino Malonic Acid Derivatives.
Org. Lett. 2023, 25,7958-7962. DOI: 10.1021/acs.orglett.3c02687.

3. Koleda, O; Prenzel, T.; Winter, J; Hirohata, T.; De Jesus Galvez-Vazquez, M,;
Schollmeyer, D.; Inagi, S.; Suna, E; Waldvogel, S. R. Simple and Scalable
Electrosynthesis of 1 H-1-Hydroxy-quinazolin-4-ones. Chem. Sci. 2023, 14, 2669-2675.
DOI: 10.1039/D3SC00266G.
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1. SYNTHESIS OF BENZOXAZOLES USING
ELECTROCHEMICALLY GENERATED HYPERVALENT
IODINE(II]) COMPOUNDS

1.1. Electrochemically generated iodine(lll) compounds in
heterocycle synthesis

Electroorganic synthesis can be categorized into two types: direct and indirect
electrolysis. In the direct electrolysis, an electron transfer occurs between a substrate
and an electrode (Figure 1.1A). In the indirect electrolysis, an electron transfer
first occurs between an electrode and a redox-active mediator (Figure 1.1B
and C).° The redox-active mediator typically is a redox-active molecule that easily
undergoes oxidation at low potentials (or high potentials for reduction) and is capable
of selective oxidation or reduction of a substrate without side reactions. The indirect
electrolysis can be further classified into two processes: in-cell and ex-cell regimes
(Figure 1.1B and C, respectively). In the in-cell process, electrolysis is performed in
the presence of both a substrate and an electron transfer mediator. Electron transfer
between a mediator and a substrate generates inactive form of the mediator that
can be regenerated under electrolysis conditions back to its redox-active form. Such
an approach allows for the use of mediators in catalytic quantities. However, the in-
cell process is only feasible if the oxidation potential of a mediator is lower than that
of a substrate (for the anodic oxidation). If the opposite is true, then electrolysis is
conducted as an ex-cell process (Figure 1.1C).” This means the substrate is introduced
to the electrolyte solution after the generation of the redox-active form of a mediator
and the discontinuation of the electrolysis.

An array of redox-active mediators such as TEMPO, DDQ, X*/X" (X = I,
Br, Cl), Fell/Fe, and Cr""/Cr™ redox pairs have found their application in anodic
oxidation reactions.® Recently, hypervalent iodine(III) species such as aryl-
A’-iodanes have emerged as efficient mediators in electrochemical oxidation
reactions.® Typically, aryl-A*-iodanes are synthesized by oxidation of aryl iodides

substrate ! mediatorey ~ . substrate mediator,qy

-e € -e~ Step1
Step2
product mediator,, substrate” — product mediator,, _SUbStrate product
A ' B ‘ c

Figure 1.1. Direct electrolysis (A); indirect in-cell electrolysis (B); indirect ex-cell
electrolysis (C)
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Figure 1.3. General scheme for electrochemical generation of iodine(III) compounds

with an excess or stoichiometric amounts of oxidizing reagents such as m-CPBA or
oxone.”* The reactions mediated by iodine(I)/iodine(III) pair offers advantage in
terms of reduced environmental footprint, however, the terminal oxidants remain
the source of stoichiometric waste. Electrochemical two-electron oxidation of aryl
iodide 1.1 into aryl-A*-iodanes 1.2 and 1.3%'3-2* provides an attractive alternative to
hazardous chemical oxidants because inexpensive electric current as the terminal
oxidant offers considerable advantages in terms of waste reduction, increased atom
economy, and cost-efficiency (Figure 1.2).

The outcome of the anodic oxidation of aryl iodide depends on the substitution in
the aromatic ring and on the electrolyte (Figure 1.2). The electrolysis in the presence
of stabilizing anionic species (fluoride, fluorinated alcohols, acetate) affords relatively
stable aryl-A*-iodanes 1.2.2%%5-27 The presence of a coordinating ortho-substituent in
the aromatic ring (e.g., carboxyl group) leads to the formation of cyclic A*-iodanes
(e.g. benziodoxolones 1.3).%8 In contrast, anodic oxidation of an aryl iodide in a non-
nucleophilic electrolyte (AcOH/Ac,0/H,SO,) affords diaryl iodonium compounds
1.4 via electrophilic aromatic substitution.?*

In terms of the mechanism,* iodine(III) electrosynthesis (Figure 1.3) typically
follows ECEC manifold, where an initial one-electron oxidation of an aryl iodide A on
the anode surface delivers radical cation B (electrochemical step, E) that reacts with
an anijonic ligand L present in the electrolyte to form iodine(II) species C (chemical
step, C). Next, the iodonyl radical C undergoes another one-electron oxidation to
iodine(III) intermediate D (electrochemical step, E) that undergoes addition of another
anionic ligand (chemical step C) affording aryl-A*-iodane E. Typically, the cathodic
half-reaction involves the reduction of protons and the generation of hydrogen.

13



Depending on the oxidation potentials of a redox-active iodine mediator A and
a reaction substrate, the electrochemical generation of the hypervalent iodine reagent
E may proceed by either the in-cell or the ex-cell approach (Figure 1.1). In the in-cell
approach, the anodic oxidation of iodoarene into A*-iodane occurs in the presence
of a substrate, and the in-situ generated A*-iodane mediates subsequent oxidation of
a substrate within the same cell. On the contrary, in the ex-cell approach the anodic
oxidation of iodoarene proceeds without the added substrate. After the electrochemical
generation of the hypervalent iodine(III) reagent, the electrolysis is discontinued and
a substrate is added to the in-situ generated A*-iodane. In the following sections, both
approaches will be discussed with a focus on the application of electrochemically
generated aryl-A3-iodanes in the synthesis of heterocycles.

1.1.1. Ex-cell approach in iodine(lll)-mediated heterocycle synthesis

Iodobenzene difluoride 1.6 (Figure 1.4) is among the first electrochemically
generated hypervalent iodine compounds. It was prepared by anodic oxidation
of iodobenzene in the presence of Et;Nx3HF or Et;Nx5HE*»*2! Even though
iodobenzene difluorides are not stable when isolated, they have found application
in the synthesis of fluorinated heterocycles using ex-cell and in-cell (see section
1.1.2) approaches. For example, Lennox and co-workers utilized electrochemically
generated difluoro-A*-tolyl iodane 1.6 as a mediator in the ex-cell electro-
chemical synthesis of fluorinated chromanes 1.10 from allyl phenol ethers
1.9 (Figure 1.4).7 The in-cell approach was unsuitable due to the lower oxidation
potential of allyl phenol ether 1.9a (E,,, = +1.4 V vs Fc/Fc*) as compared to that
iodotoluene 1.5a (E,,, = +1.7 V vs Fc/Fc*). Therefore, iodotoluene was first oxidized to
difluoro-A® -iodane 1.6 in a divided cell in the presence of aminexHF under constant
current conditions and employing platinum electrodes. Afterwards, one equivalent
of phenol ether 1.9 was added to electrochemically generated iodane 1.6 leading to

(0]
| i—{)_ﬁ F—I—F F R2
Pol [lPto) 19 (lequv) A NO
e —— ——— Rt F
13 mA/cm?, 2.2 F N R?
Me CH,Cl,, aminex5.6 HF Me 1.10 (32-85%)
1.6a divided cell L 16 _| R'= CF3, NO,, F, Br, Cl, CH,Cbz,
- . Cbz, Ac,CO,Et, O-allyl
l-1e B 1-1e_ R2=H. Me
i F—i
= @
Me Me
1.7 L 18
o Yo o? S} o
IOPEN N Y o o= UL
[S)
F Z F YF FOF vl FOE F
1<~ H (‘F -ITol
1.9a 111 7 1.12 1.10a

Figure 1.4. Electrochemical ex-cell synthesis of fluorinated chromones
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Figure 1.5. Electrochemical generation of [bis(trifluoroethoxy)iodo]arenes 1.13
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Figure 1.6. Electrochemically generated [bis(trifluoroethoxy)iodo]arenes 1.13 in
spirocyclization reactions

the formation of transient complex 1.11 that underwent intramolecular cyclization to
A*-iodane intermediate 1.12, followed by fluoride substitution of iodanyl leaving group.
This procedure yielded a variety of electron-poor chromones 1.10 in moderate to very
good yields.”

Nishiyama and co-workers reported on the electrochemical synthesis of
[bis(trifluoroethoxy)iodo]arenes 1.13 (Figure 1.5) by oxidation iodobenzenes
1.5 at glassy carbon (GC) anode at a constant current in an undivided cell, using
0.05 M LiClO, solution in trifluoroethanol (TFE).2343> Most of the electrochemically
generated hypervalent iodine reagents 1.13 turned out to be stable only in the reaction
solution. Only the anodic oxidation of 4-nitroiodobenzene allowed for the formation
of a relatively stable iodane 1.13b that could be isolated as a solid substance.’

The reactivity of A*-iodanes 1.13 was examined in the ex-cell dearomatization/
spirocyclization of 4-hydroxyphenylpropionic acid (1.14) or methoxyamide
1.17a (Figure 1.6A and B, respectively).® Interestingly, direct anodic oxidation of
propionic acid 1.14 afforded the spirolactone 1.15 in poor 29% yield. In contrast,
the oxidation by electrochemically generated A*-iodanes 1.13 (the ex-cell approach)
afforded the spirocyclic products 1.15 and 1.18a in considerably improved
yields (79-97%; see Figure 1.6A). The spirocyclization likely proceeds through
intermediates 1.16 and 1.19, respectively. A*-Iodane reagent 1.13a was the most
reactive across the series, affording the highest yields of spirocyclization products
1.15 and 1.18a (97% and 100%, respectively). It should be noted that the commercially
available PIFA turned out to be less efficient as an oxidant, affording spirocycle 1.15 in
lower 84% yield.*

The electrochemically generated iodane 1.13a was further used in the oxidative
cyclization of different methoxyamide derivatives (Figure 1.7).2** Halogen-substituted
methoxyamides 1.17b,c afforded the corresponding spirocycles 1.18b,c in high yields
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Figure 1.7. Ex-cell cyclization of methoxyamide derivatives by electrochemically generated
iodane 1.13a

(89-99%). However, a mixture of two products (1.18d and 1.18d’) was formed from
dimethoxy-substituted amide 1.17d (Figure 1.7A). Electrochemical oxidation of amide
1.19 with the electrochemically formed A*-iodane 1.13a resulted in the spirocyclization
product 1.20 with an 82% yield (Figure 1.7B).%

Unusual migration of acetate group was observed in the synthesis of quinoline
derivative 1.24 (Figure 1.6C). Upon oxidation of amide 1.21 by the electrochemically
generated A’-iodane 1.13a, cyclization preferentially occurs at position C-2 of
the aromatic ring. The formed cationic ipso-substitution intermediate 1.23 undergoes
deprotonation/1,2-shift of the acetoxy substituent to afford quinolone 1.24 as the main
reaction product.®*

The ex-cell hypervalent A*-iodine-mediated approach was also utilized in
the synthesis of a variety of natural compounds. For instance, electrochemically
generated A’-iodane 1.13a was successfully utilized in the synthesis of tetra-
hydropyrrolo iminoquinone alkaloids 1.27 and 1.28 (Figure 1.8A).>> Furthermore,
hypervalent iodine(IIl)-mediated oxidative cyclization of biaryl acetamide
1.29 afforded carbazole 1.30 that served as a scaffold for the synthesis of glycozoline
1.31 (Figure 1.8B).2 The plausible carbazole 1.30 formation mechanism* involves
an initial ligand exchange between A*-iodane 1.13a and acetamide 1.29, followed by
oxidation of acetamide to nitrenium ion 1.33 (Figure 1.8C). The transient nitrenium
ion 1.33 undergoes electrophilic aromatic substitution followed by aromatization to
yield carbazole 1.30.

Zhang and co-workers developed a methodology for the iodine(III)-pro-
moted synthesis of fused cyclopropane 1.37 wusing the ex-cell approach
(Figure 1.9).”” Accordingly, anodic oxidation of iodobenzene (1.5b) in an HFIP
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Figure 1.9. Annulation reaction mediated by electrochemically generated iodane 1.35

solution in the presence of nBu,NOAc generated aryl-A*-iodane 1.35. Subsequent
post-electrolysis addition of alkyne 1.36 resulted in the generation of transient iodane
1.38 via ligand exchange. Then, iodane 1.38 could be trapped by the internal alkyne,
generating alkenyl cation 1.39, which undergoes cation-induced cyclization to afford
cation 1.40. After the proton loss, heterocycle 1.37 is formed in 72% yield.

A different type of a redox mediator for the ex-cell approach was developed by
Francke and Broese (Figure 1.10).*® By merging the redox-active iodoarene subunit
with a tetraalkyl ammonium moiety, they designed ionically-tagged phenyl iodide
1.41 that served both as a redox mediator and supporting electrolyte. Such a design
not only allowed for the electrochemical generation of I(III) reagent 1.42 without
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Figure 1.11. Electrochemically generated A3-iodane 1.46 in carbazole synthesis

added external supporting electrolyte, but also facilitated efficient separation and reuse
of the iodoarene mediator 1.41.%® The ionically-tagged mediator 1.42 was obtained in
an undivided cell at a current density of 15 mA/cm? in HFIP solution. Employment
of HFIP as the solvent was found to be critical for the successful generation of
a hypervalent iodine reagent 1.42. The key role of HFIP was attributed to its great
anodic stability, high conductivity and easy proton reduction due to its low pKa value.
Additionally, HFIP is known to stabilize intermediate radicals such as iodanyl radicals
and also iodine(III) species. Notwithstanding the stabilizing effect of HFIP, attempted
isolation of A*-iodane 1.42 led to decomposition. Since A*-iodane 1.42 is stable only in
the reaction medium, the authors were unable to confirm its structure.

Since aryl iodide 1.41 is irreversibly oxidized to A*-iodane 1.42 at +2.16 V potential
(vs Ag/AgNQ,), substrates possessing oxidation potential below that of 1.41 have to
be added to the generated A*-iodane 1.42 after the completion of electrolysis (ex-cell).
Thus, the addition of acetamides 1.43 to the electrochemically generated A3-iodane
1.42 afforded carbazoles 1.44. (Figure 1.10).%

Based on these findings, the authors further explored other ionic moiety-
containing iodoarenes such as iodoarene sulfonates and iodobenzoates both as me-
diators and electrolytes for ex-cell electrosynthesis.* In terms of Faradaic efficiency,
conductivity, and reactivity, 4-iodobenzenesulfonate 1.45 appeared to be the most
suitable redox-active supporting electrolyte (Figure 1.11). Electrolysis of iodobenzene
1.45 in HFIP solution using glassy carbon anode and Pt cathode resulted in generation
of hypervalent iodine(III) reagent 1.46 with very high Faradaic efficiency (95% FE).
After the electrolysis, 2-substituted amidobiphenyls 1.47 were added to the solution of
A*-iodane 1.46 in HFIP leading to the formation of carbazoles 1.48.%

The ex-cell approach in the electrochemical generation of A*-iodanes and their
application in the synthesis of heterocycles can be expanded from the batch electrolysis
to the electrolysis in a flow cell** Thus in 2019, Wirth and co-workers developed
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Figure 1.12. Electrochemical generation of iodine(III) reagents 1.13a and 1.6 in a flow cell
and their application in the synthesis of heterocycles

anodic oxidation of iodoarenes under flow conditions (Figure 1.12A).*' The anodic
oxidation of iodobenzene (1.5b) proceeded in TFE and afforded the unstable
hypervalent iodine(III) reagent 1.13a. A variety of oxidative transformations was
achieved under flow conditions using the pre-formed A*-iodane 1.13a. Following this
approach, a variety of heterocycles such as benzoxazoles 1.49, carbazole 1.44a and
spiro heterocyclel.15 were successfully synthesized (Figure 1.12A).

Two years later, the same group reported the electrochemical generation of
iodine(III)difluoride 1.6 under flow conditions (Figure 1.12B).#* Since ArIF, compounds
are not bench-stable and decompose if the reaction solvent is removed, their continuous
generation and immediate application is desirable. The electrochemically generated
ArlF, was successfully employed in the oxidative fluorocyclization of substituted
N-allylbenzamides 1.50 under flow conditions. Importantly, the flow methodology
enabled formation of such substituted dihydrooxazoles as compounds 1.51b and 1.51¢,
which could not be obtained in a batch ex-cell approach (Figure 1.12B).

1.1.2. Electrochemical in-cell approach in iodine(lll) mediated synthesis
of heterocycles

The synthesis of fluoromethyl-substituted 2-oxazolines from N-allylcarboxamides
has been accomplished using hypervalent I(III) species as catalysts.*> The Waldvogel
research group employed electrochemically generated iodobenzene difluoride
1.6 to effect fluorocyclization of N-allylcarboxamides 1.50 and N-propargylamides
1.52 (Figure 1.13). Notably, fluorinated oxazolines® and oxazoles** were prepared
using in-cell approach, where A*-iodane 1.6 was generated in the presence of substrates
1.50 and 1.52. The electrolysis was performed in an undivided cell equipped with
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Figure 1.14. Mechanism for electrochemical synthesis of fluorinated oxazolines 1.51a

platinum electrodes, using constant current electrolysis, in the presence of Et;Nx5HF
and a stoichiometric amount of iodotoluene (1.5a). The ionic liquid Et;Nx5HF
was employed both as the electrolyte and as fluoride source. Efficiency of the in-cell
method was demonstrated by synthesis of 16 oxazolines 1.51a and 15 oxazoles
1.53 that possessed electron-donating and electron-withdrawing substituents as well as
heterocycles such as furan and thiophene (Figure 1.13).

The authors also proposed a working mechanism,” where the anodic oxidation
of iodotoluene to A*-iodane 1.6 was followed by the formation of iodonium species
1.54 (Figure 1.14). Subsequent intramolecular ring opening/cyclization delivered
A3-iodane 1.55 that underwent Sy2-type substitution of iodanyl leaving group by
fluoride to furnish heterocycle 1.51a.

Another example of the in-cell heterocycle synthesis was reported by Wirth and co-
workers. They have showcased enantioselective synthesis of spirocyclic lactones 1.56 by
the electrochemical generation of a chiral lactate-based iodane 1.58 and its subsequent
in-cell reaction with diketone 1.55 (Figure 1.15).* The spirocyclic lactone formation
was conducted using 2,2,2-trifluoroethanol (TFE) as the solvent, and the presence of
trifluoroacetic acid was found to improve both yield and enantioselectivity. The authors

20



proposed that the electrochemically generated iodane 1.58 reacts with diketone
1.55-derived enolate to form the hypervalent intermediate 1.59 that undergoes
enantioselective spirolactonization to afford products 1.56 in moderate to very good
yields with enantiomeric excess levels reaching up to 71% (Figure 1.15).

The above mentioned in-cell examples rely on stoichiometric amounts of
iodine mediators, and only a handful of reports on electrocatalytic applications
of iodoarenes are known to date. One of the earliest examples of an iodine(III)-
mediated electrocatalytic reaction was reported by Fuchigami and co-workers.?® They
disclosed the anodic gem-difluorination of dithioketals 1.60 under constant potential
in the presence of 20 mol% of 4-iodoanisole (1.5¢) catalyst using 0.67 M Et;Nx3HF
solution in MeCN as the electrolyte (Figure 1.16).
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Figure 1.15. In-cell enantioselective spirolactonization by chiral iodane mediator 1.57
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Figure 1.17. I(III)-mediated electrocatalytic trifluoroethoxy lactonization

Only recently, a series of reports on the electrocatalytic synthesis of heterocycles
using I(III) mediators has appeared in the literature. In 2018, Gerhard and co-
workers disclosed iodine(III)-mediated electrocatalytic trifluoroethoxy lactonization
to obtain substituted trifluororethoxy isochromanones 1.64 in moderate to
good yields (Figure 1.17).% The electrolysis was conducted in a divided cell at
constant current using 0.9 M TFA solution in TFE. The authors suggested that
anodic oxidation of phenyl iodide (1.5b) results in the generation of A’-iodane
catalyst 1.65 that activates the double bond in alkene 1.63 for intramolecular
cyclization to intermediate 1.66. Subsequent nucleophilic substitution of iodanyl
hypernucleophuge leaving group by trifluoroethanol afforded isochromanones
1.64. Electron-neutral and electron-deficient substrates were compatible with
the method. However, electron-rich substrates (R! = OMe, Figure 1.17) underwent
decomposition under electrolysis conditions, yielding only traces of the desired
heterocycle 1.64.

In 2020, Powers and colleagues showcased the first example of metal-
free C-H functionalization using hypervalent iodine(III) electrocatalysis
(Figure 1.18A).% Initially, the authors surveyed the onset oxidation potential of
a variety of substituted iodoarenes by cyclic voltammetry (CV). They determined
that 4-iodoanisole (1.5¢) is the most suitable for electrocatalysis due to its relatively
low onset oxidation potential (+1.4 V vs Ag*/Ag). Next, the authors optimized the
electrocatalytic oxidative conditions for the C-H activation in amidobyphenyls by
aryl iodide 1.5¢ catalyst in HFIP under constant potential electrolysis. They found
out that the addition of 2 equivalents of #nBu,NOAc was crucial for a successful C-H
activation and the formation of N-acetyl carbazole 1.44. The role of the additive
was attributed to the stabilization of anodically generated iodanyl radicals 1.5¢c-A
by forming acetoxy iodine(II) species 1.5¢-B (Figure 1.18B). The formation of
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Figure 1.18. Electrocatalytic synthesis of carbazoles 1.44 using aryl iodide
catalyst 1.5¢ or 1.67

previously unreported iodanyl radicals 1.5¢c-A was supported by CV analysis.*” It
was shown that oxidation of aryl iodide 1.5c¢ is irreversible in HFIP at low scan rates
(< 100 mV/s), while reversibility appeared at higher scan rates (> 250 mV/s). Addition
of nBuy,NOAc to the solution of aryl iodide 1.5¢ in HFIP in the CV experiment
resulted in the loss of reversibility and the increase in the anodic current, which
indicates that electrochemically generated radical cation 1.5c-A was captured by
the added acetate. The iodine(II) intermediate 1.5¢c-B undergoes one-electron
oxidation to furnish iodane 1.68. Finally, scope of the potentiostatic in-cell electrolysis
of biphenylacetamides 1.43 was evaluated by employing 25 mol% of the catalyst
1.5c. Carbazoles 1.44 bearing halogen, formyl, phenyl, and methoxy substituents
were obtained in good yield. Oxidation of biaryls possessing electron-withdrawing
groups such as NO, or CO,Me required stronger oxidant than 4-iodoanisole (1.5¢).
The authors found that diiodo biaryl 1.67 (onset potential for oxidation is +1.68 V vs
Ag/Ag") is the most suitable for the synthesis of nitro- and ester-containing carbazoles
1.44 (Figure 1.18).

In a follow-up study, Powers elaborated on the structure of aryl iodide catalyst
and demonstrated that as low as 0.5 mol% of 1,2-diiodo-4,5-dimethoxybenzene
(1.71) is sufficient for the electrocatalytic synthesis of carbazole 1.44a in excellent
yield (Figure 1.19A).“® Notably, electrocatalyst 1.71 operated at lower potential
than 4-iodoanisole (1.5¢) (+1.22 V vs Ag./Ag* and +1.50 V vs Ag/Ag", respectively)
and it was also efficient in the synthesis of various heterocycles such as spirocycle
1.18a and benzo[c]chromen-6-one 1.70 (Figure 1.19B and C, respectively).
The in-depth mechanistic studies evidenced that diiodide 1.71 underwent one-
electron electrochemical oxidation leading to the formation of iodanyl radical
1.72 that is stabilized by three-electron I-I bonding with adjacent ortho-iodine moiety
(Figure 1.19D). Notably, the authors were able to isolate and properly characterize
iodanyl radical 1.72.

In 2021, Xu and colleagues demonstrated that 4-iodoanisole (1.5¢) can also serve as
an efficient electrocatalyst in the synthesis of dibenzothiazines 1.74 (Figure 1.20).*° First,
sulfide 1.73 is oxidized in the presence of electrochemically generated hypervalent
iodine(III) catalyst 1.68 and ammonia, generating NH-sulfoximine 1.75. Oxidation
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Figure 1.21. Electrocatalytic aziridination of alkenes 1.77

of sulfoximine 1.75 by iodane 1.68 generates a transient hypervalent intermediate
1.76 that upon cyclization affords dibenzothiazine 1.74a.%

4-Todoanisole (1.5¢) can also catalyze electrochemical aziridination of electron-
deficient alkenes 1.77 with N-aminophtalimide (1.78) in an undivided cell
(Figure 1.21).°! Catalytic amounts of electrochemically generated aryl-A*-iodane
1.68 undergoes ligand exchange with phtalimide 1.78 to form intermediate 1.80 that
directly reacts with alkene 1.77 yielding aziridine 1.79 (Figure 1.21B).>? This protocol
is suitable for aziridination of cinnamate, cinnamide, o,p-unsaturated nitrile, and
a,p-unsaturated ketones 1.77 (Figure 1.21C).>!

In 2023, Moran and Elsherbini presented electrochemical generation of
Koser salt 1.85 and its electrocatalytic application in the oxidative cyclization of
N-allylic and N-homoallylic amides 1.81 into the corresponding heterocycles
1.82 and 1.83 (Figure 1.22).* In their approach, iodobenzene (1.5b) was
anodically oxidized into unstable HFIP-containing hypervalent iodine(III) reagent
1.84 that underwent ligand exchange with TsOH to form a more stable Koser’s reagent
1.85. The in situ formed iodine(III) reagent 1.85 activates the double bond of allyl
amide 1.81a for intramolecular cyclization into intermediate 1.87. The latter undergoes
Sn2 type substitution of iodanyl leaving group by tosylate to form heterocycle 1.82a
and iodobenzene (1.5b) that is regenerated.>
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To sum up, electrochemically generated hypervalent iodine(III) species are suitable
as reagents in the synthesis of heterocyclic compounds. Anodic formation of an
iodine(III) compound occurs via two-electron oxidation of iodoarenes in the presence
of stabilizing solvents (TFE, HFIP) or other anionic additives in the electrolysis
solution (fluorides, acetates, tosylates). The electrochemically generated iodine(III)
mediators typically are unstable and should be either generated in the presence of
a substrate (in-cell approach) or obtained in situ prior to the addition of a substrate
(ex-cell approach). Iodine(III) mediated electrochemical synthesis of heterocycles is
also possible by using catalytic amounts of aryl iodide. Moreover, one recent example
depicts an emerging concept of I(I)/I(II) based electrocatalysis, which includes
the electrochemical generation of an isolable iodanyl radical and its participation in
the C-H functionalization reaction.

1.2. Electrochemical synthesis of benzoxazoles

Benzoxazole is frequently encountered structural motif in biologically active
natural products'? and pharmaceuticals.> Several marketed drugs such as ben-
oxaprofen, caboxamycin, flunoxaprofen, tafamidis, and pseudopteroxazole possess
the benzoxazole subunit (Figure 1.23).

Among a plethora of the methods for the synthesis of benzoxazoles, electro-
chemical synthesis is one of the most appealing as it provides excellent atom economy
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Figure 1.24. Direct electrochemical synthesis of benzoxazoles 1.49 from anilides 1.88

and sustainability. For instance, benzoxazoles 1.49 have been prepared by direct
electrochemical oxidation of anilides 1.88 under galvanostatic mode in HFIP
(Figure 1.24).°% Accordingly, one-electron oxidation of anilide 1.88 to resonance-
stabilized amidyl radical 1.88-A was followed by the cyclization and the second one-
electron oxidation to afford benzoxazoles 1.49 in good yields. The developed approach
is operationally simple. However, the method has only been demonstrated for substrates
possessing specific substituents (E, Cl, or MeO) para to aniline nitrogen in benzamide 1.88.

Yoshida and coworkers developed anodic oxidation of 2-phenoxypirimidines
1.89 followed by a chemical reaction of cyclized cationic intermediate 1.90 with
piperidine, which provided access to 2-aminobenzoxazoles 1.91 (Figure 1.25).5” Thus,
one-electron oxidation of phenol derivative 1.89a in a divided cell under constant
current conditions and subsequent intramolecular cyclization reaction generated
radical cation 1.89-B. Another one-electron oxidation and deprotonation resulted
in the formation of heterocyclic cation 1.90a. After completion of the electrolysis,
piperidine was added to the electrochemically generated cation 1.90a, which
resulted in the formation of aminal 1.90-A. Subsequent ring opening in Zincke-
type reaction led to the formation of the 2-aminobenzoxazole 1.91a. Benzoxazoles
1.91 were obtained in good yields and many electron-withdrawing groups, such as
CF;, CN, CO,R, were tolerated under these conditions (Figure 1.25). However, this
approach features decreased atom economy due to the need for a post-electrochemical
functionalization step.
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Direct electrochemical synthesis of benzoxazoles from iminophenols is also
possible. However, it requires the addition of LiOMe to facilitate the formation of
benzoxazoles.”® The presence of the strongly basic methoxide decreases the functional
group compatibility. Little and coworkers have showcased that indirect electrocatalytic
reaction using redox mediators such as DDQ* or sodium iodide® allows for
the formation of benzoxazoles 1.49 from iminophenols 1.92 under considerably
milder conditions (Figure 1.26). Both approaches were conducted in an undivided cell
under constant current using 20 mol% of the redox mediator. However, stoichiometric
additives such as carbonate buffer (in Nal mediated reaction) or 2,6-lutidine and
supporting electrolyte (in DDQ mediated process) were necessary to accomplish
the indirect electrosynthesis. Furthermore, relatively electron-rich imines were only
used in oxidative cyclization (R = Me, Cl), and nitro-substituted imines were unreactive.

To sum up, there are several electrochemical approaches to synthesize benzoxa-
zoles, including direct and mediated electrolysis. Although these methods provide
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benzoxazoles in good vyields, they are applicable mainly to the substrates bearing
electron-donating groups. The single approach that allows for the employment of
electron-withdrawing groups-containing substrates in Zincke-type reaction features
the decreased atom economy. We envisioned that the electrochemical indirect ex-cell
approach would be beneficial for the synthesis of functionalized benzoxazoles.

1.3. Results and discussion

This section is based on the published article (J. Org. Chem. 2017, 82,
11669-11681).%!

Based on the advantageous use of a recyclable redox-active iodine mediator
1.41 reported by Francke and Broese®® (Figure 1.10) and our interest in the
electrochemical synthesis of heterocycles, we envisioned developing an approach to
synthesize benzoxazoles from iminophenols using the ex-cell approach. This would
include the electrochemical generation of iodine(III) mediator 1.42 before the addition
of the starting imine.

1.3.1. Mediator properties

The electrochemical generation of hypervalent iodine compound 1.42 from
iodoarene 1.41 was conducted using previously established optimized electrolysis
conditions using glassy carbon anode and Pt cathode (j = 15 mA/cm? Q = 1 F,
[1.41] = 0.2 M, rt) (Figure 1.27).%® The key factor for the successful oxidation of iodoarene
1.41 to iodane 1.42 was the selection of HFIP as the electrolysis solvent. Unfortunately,
the exact structure of the electrochemically prepared iodine(III) reagent 1.42 could not
be determined due to its immediate decomposition upon removal of HFIP. All attempts
to isolate iodane 1.42 in a pure form were unsuccessful. The 'H-NMR spectrum
of the HFIP solution of iodane 1.42 (acquired immediately after electrolysis with
added 50 vol% CH,Cl,-d,) displayed signals corresponding to parent aryl iodide
1. 41 (6 7.95 and 7.67 ppm), along with a downfield-shifted para-substituted aromatic
spin system (§ 8.28 and 8.13 ppm; see Figure 1.27). The downfield signals were
attributed to the aromatic subunit of iodine(III) reagent 1.42 based on the similarity
between 'H and *C chemical shift values to those of the hypervalent iodonium species
1.93 and 1.94, prepared by the chemical methods (Figure 1.27). Further indirect
evidence supporting the electrochemical formation of the iodine(III) reagent was
obtained in a control experiment where the HFIP solution of electrochemically generated
iodine(III) reagent 1.42 effectively oxidized hydroquinone to 1,4-benzoquinone within
15 minutes at room temperature.

Notably, iodine(III) reagent 1.42, derived from the anodic oxidation of
iodide 1.41, exhibited stability in HFIP solution at room temperature for several
days (entry 1, Table 1.1). The observed stability of iodane 1.42 is remarkable, as
hypervalent iodine(III) species have been previously reported to oxidize secondary
alcohols to the corresponding ketones.®*** In fact, a relatively rapid reduction of
iodine(III) reagent 1.93 to aryl iodide 1.95 (ca. 40% after 15 minutes and ca. 65% after
20 hours) occurred at room temperature, accompanied by the oxidation of HFIP
to hexafluoroacetone (as evidenced by the appearance of a signal at -82.9 ppm in
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Figure 1.27. Anodic oxidation of aryl iodide 1.41to iodane 1.42 in
HFIP (WE - GC; CE - Pt)

the F spectrum) (eq 1, Figure 1.27). Several control experiments were conducted
to shed light on the unusual stability of the electrochemically generated iodine(III)
species 1.42 and the observed rapid decomposition of structurally related A*-iodane
1.93 in HFIP solution (eq 1, Figure 1.27). It was hypothesized that the formation of
HCI during the ligand exchange between iodane 1.93 and HFIP might facilitate
the reductive elimination of iodane 1.93 to yield iodoarene 1.95 and hexafluoroacetone
(Figure 1.27, eq 1). Indeed, the addition of anhydrous HCI to the electrochemically
generated iodine 1.42 led to the rapid formation of aryl iodide 1.41 (entry 2, Table 1.1).
The nature of the anion in the acid played a more pivotal role than the acidity of
the proton, as demonstrated by a significantly slower conversion of iodane 1.42 to
iodide 1.41 in the presence of sulfuric acid (entry 3). Furthermore, the introduction
of excess nBuy,NCl (10 equiv) as a chloride source triggered the reductive elimination
of iodane 1.42 to iodide 1.41 under essentially neutral conditions (entry 4). Notably,
other halide anions proved to be much more effective (entries 5-7), with iodide having
the most pronounced effect on the rapid decomposition of iodane 1.42 (entry 7).

The addition of a stoichiometric amount of TEMPO did not impact the iodide-
mediated conversion of iodane 1.42 to idodoarene 1.41 (entry 8), ruling out
the reductive decomposition of iodane 1.42 via a radical chain process. Finally,
the stability of the electrochemically generated iodane 1.42 in the presence of an
added tertiary amine base (entry 10), as well as in the presence of a non-nucleophilic
hydrogen sulfate additive (entry 9), led us to suggest that the nucleophilic reactivity
of added halides is responsible for the conversion of iodane 1.42 to aryl iodide
1.41. Therefore, we propose a plausible mechanism for the halide anion-facilitated
reductive decomposition of iodane 1.42, which involves the addition of halide anion X
to iodane 1.42, resulting in the formation of equilibrating isomers of tetra-coordinated
[12-1-4] iodate 1.96 (scheme in Table 1.1).° Subsequent intramolecular $-elimination
leads to the oxidation of HFIP and simultaneous reduction of the iodine(III) species

* The published oxidation of sec-alcohols to ketones by I(III) reagents required the use of KBr
as an additive."*
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Table 1.1. Stability of electrochemically generated iodine(III) species 1.42

x HOCF (ke zHCO H._ CFs|*
(F3C);HCO—|—OCH(CF3), (F5C),HCO— | CFs >§CF3 S
_ addiive X x© ¢ o
11 HFIP-CD,C HFIP -CD,Cl, g E +F3(‘,)J\CF3+ n
o o)
®N@Me3 1.42 ONMes 1 964 ONMes | 968 QNM% 1.4
Cclo, (X=F, Cl, Br, )
Entry Additive (equiv) Time 1.41, %* conv. 1.42, %*
1 none 10 days 12¢ 12
2 anhydrous HCI (1.4) 5 min 20¢ 7654
3 H,S0, (1.4) 60 min 12¢ 12¢
4 nBu,NCI (10) 10 min 15 364
5 nBu,NF (10) 10 min 61 61
6 nBu,NBr (10) 10 min 76 76
7 nBu,NI (10) 10 min 86 86
8 1:1 nBu,NI/TEMPO (1) 10 min 44 44
9 nBu,NHSO, (10) 24h 12 12
10 DIPEA (1) 24h 6 6

¢ Determined by '"H NMR using 1-methyl-1H-pyrrole-2,5-dione as an internal standard. ® Electrochemically
generated solution of 1.42 was stored at +4 °C.  CH,Cl, was employed as the internal standard. ¢ Inseparable
mixture of unidentified side-products was also formed.

to iodoarene 1.41. Intermolecular B-elimination is considered a less likely mechanistic
scenario, as it necessitates the dissociation of the highly basic HFIP-derived alkoxide
from the tetracoordinated iodate 1.96. The stability of the electrochemically
generated iodonium species 1.42 is attributed to the absence of nucleophilic ligands
in the electrolyte. Attempts to prepare iodane 1.42 using various oxidizing agents
were unsuccessful. Treating aryl iodide 1.41 with excess of sodium peroxysulfate or
excess of H,0O, (30% aqueous solution) in HFIP did not result in any conversion,
whereas the use of m-CPBA (2 equiv.) yielded iodane 1.42 along with substantial
amounts of an unidentified side-product. Therefore, electrosynthesis offers a pathway
for the preparation of hypervalent iodine(III) species that are challenging to access
through chemical methods like oxidation or ligand exchange.

1.3.2. Benzoxazole synthesis

Next, the electrochemically generated iodine(III) reagent 1.42 was utilized
for the oxidative cyclization of 2-(benzylideneamino)phenol 1.92° to yield
benzoxazole 1.49. The redox pair 1.41/1.42 exhibits a higher oxidation potential
(Ep(1.41) = +22 V vs. Ag/AgNO;) compared to that of imine 1.92

b SeeJ. Org. Chem. featured article published in 2017°! for the synthesis of imines 1.92.
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Figure 1.28. Scope of the synthesized benzoxazoles 1.49a-q

(Ep(1.92b) = +0.8 V vs. Ag/AgNO;).c Therefore, the electrochemical generation
of the redox mediator 1.42 in the presence of imine 1.92 (an in-cell process) is not
feasible, as in this scenario, the phenolic substrate 1.92 would undergo oxidation prior
to iodoarene 1.41. Consequently, imine 1.92 must be introduced to the electrolyte
after the completion of the anodic conversion of iodide 1.41 to iodane 1.42 (an ex-
cell process). Indeed, the addition of imine 1.92a to the stoichiometric amount of
electrochemically generated iodine(III) mediator 1.42 resulted in the formation
of 2-phenyl benzoxazole 1.49a (Figure 1.28) in 87% vyield (3.3 F of passed charge
with regard to the substrate 1.92a). The iodine(III)-mediated ex-cell electrochemical
cyclization is compatible with a wide range of functional groups in substrates, such
as alkene moieties (1.92b,f,g), bromine (1.92i,0,q), nitro groups (1.92e,m,0,p).
ether moieties (1.92¢,fp), ester (1.92n), and even carboxylic acid (1.92q). Various
imines derived from non-enolizable aldehydes, including electron-rich (1.92¢,d.f,g,p)
and electron-deficient (1.92e) aromatic aldehydes, pyridyl-2-aldehyde (1.92h),
cinnamaldehyde (1.92b), and pivalic aldehyde (1.92j), are suitable for the iodine(III)-
mediated cyclization (Figure 1.28). The formation of benzoxazoles 1.49a-q is not
sensitive to steric hindrance in the imine moiety, as evidenced by the facile oxidative

¢ Since both species are oxidized irreversibly, peak potentials E, are reported instead of the equilibrium
potentials E,.
4" Nitro-substituted imines were not suitable as substrates in DDQ and Nal-mediated electrocyclizations.> ®
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cyclization of ortho-substituted imines (1.92d,e,f,g) (Figure 1.28). It is worth noting
that simple ester hydrolysis in benzoxazole 1.49n leads to the formation of the FDA-
approved drug tafamidis.®®

Benzoxazoles 1.49 can also be synthesized in a one-pot sequential two-step
process from ortho-aminophenol and non-enolizable aldehyde without the isolation
of intermediate imine 1.92. In this manner, the addition of iodine(III) mediator
1.42 to the in situ formed imine 1.92i,j furnished the corresponding benzoxazoles
1.49i,j in high yields (Figure 1.28). Finally, both HFIP and aryl iodide 1.41 can be
recovered after the completion of the cyclization. Following the removal of HFIP by
distillation, the redox-active iodoarene 1.41, bearing the tetraalkylammonium moiety,
can be recovered and purified by dissolving the solid residue in acetone followed by
precipitation upon the addition of diethyl ether (typical recovery yield is 90-95%).

1.3.3. Mechanistic studies

A series of control experiments were conducted to elucidate the mechanism of
benzoxazole 1.49 formation. Initially, a potential mechanistic scenario involving
single-electron transfer (SET) from the relatively electron-rich arene 1.92a-A to
A3-iodane 1.42 was considered (pathway A, Figure 1.29).¢ The resulting radical
cation intermediate IIa,b would then undergo another SET, leading to the formation
of the nitrenium-type species IVb, ultimately yielding benzoxazole 1.49a through
a proton loss (Figure 1.29). To investigate the possibility of benzoxazole 1.49a
formation via the SET pathway, a radical inhibition test was conducted. Accordingly,
the reaction between imine 1.92a-A and iodane 1.42 was performed in the presence

ArlX, @N x-Ph @ b (A ©
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—[ArIXZJ OH OH A”

SET SET
CNvPh % ®
N Ph o Anix, _N_H N Ph
Pathway B T 9 :I» C;E\ >LPh - ©: %Hﬂ@
OH - (l‘_ Ar 9 o N
1.92a-A m <X IVa IVb
Ar—‘—X
N
><H
HX o Ph Arl
" v HX
N H ArlXp ©:N\>7
Pathway C — — Ph
d @EOXPh Ar\l/j ¥ (o]
1.92a-B (FsCpHC-g~ 1.49a
— H)
N - Arl
@: >'%H -2HX
ArlX, = iodane 1.42 o Ph
X = OCH(CF3), TS-1

Figure 1.29. Plausible pathways for the formation of benzoxazole 1.49a
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of added radical scavengers such as TEMPO® (1 equiv) or N-fert-butyl-a-phenyl
nitrone” (1 equiv). However, neither of these additives had any influence on the yield
of benzoxazole 1.49a (87% yield in both cases; Figure 1.28).

Subsequently, imine 1.92g, which contains an ortho-allyl moiety as a radical
clock probe, was utilized to investigate the potential involvement of radical cation
species like II in the benzoxazole synthesis (Figure 1.30). Based on the analogy with
a previous study on the cyclization of 2-allylbenzyl radicals, where a rapid 5-exo-
trig cyclization was reported (rate constant k = 3 x 10? s),”! one might anticipate
the formation of 2-methyl-2,3-dihydro-1H-indene VI after hydrogen atom abstraction
from the medium (eq 1, Figure 1.30). However, in our experiments, benzoxazole 1.49g
emerged as the major product, and no detectable amounts of the cyclization product
VI were observed (eq 2, Figure 1.30). These findings offer evidence that the iodine(III)-
mediated benzoxazole formation takes place without the involvement of benzyl
radicals such as IIb (pathway A, Figure 1.29).

Alternatively, in pathway B, the nucleophilic phenolic oxygen can react with
iodane 1.42 in a ligand-exchange process to give rise to aryloxy-A*-iodane IIIL.
The subsequent decomposition of the intermediate III, involving phenol oxidation
followed by cyclization, would lead to the formation of intermediate IV, which then
transforms into benzoxazole 1.49a through a proton loss (Figure 1.29). To verify
the potential intermediacy of aryloxy-A’-iodane III in benzoxazole formation,

Al (142) Solv-H
1
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o
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Figure 1.30. Control experiments for elucidation of the mechanism for the benzoxazole 1.49
formation
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substrates 1.92q and 1.14, featuring a para-propionic acid moiety in proximity to
the phenolic oxygen, were synthesized (eq 3 and 4, Figure 1.30). It is well-established
that the tethered carboxylic acid is suitable as a nucleophile for the intramolecular
trapping of phenol oxidation products, arising from the fragmentation of transient
aryloxy-A%-iodanes.”> Indeed, the electrochemically generated iodine(III) reagent
1.42 reacted with phenol 1.14 to form spirocycle 1.15 within 2 hours at room
temperature (eq 3, Figure 1.30). In sharp contrast, structurally related imine 1.92q was
converted to benzoxazole 1.49q under similar conditions (2 hours, room temperature,
90% vyield), and none of the spirocyclization products were observed in the reaction
mixture (eq 4, Figure 1.30). Thus, the potential involvement of aryloxy-A3-iodane III in
the formation of benzoxazoles may be called into question.

As a third option, the pathway C involves the formation of cyclic hemiaminal
1.92a-B from imine 1.92a-A, followed by its reaction with iodine(III) species
1.42 to generate a new hypervalent iodine(IIl) intermediate V. These species
undergo reductive elimination of aryl iodide 1.42 to yield 1.49a. It is worth
noting that the formation of V can also occur directly from imine 1.92a-A and
iodane 1.42 without the involvement of cyclic tautomer 1.92a-B. In this scenario,
the interaction between the Lewis basic imine nitrogen in 1.92a-A and the Lewis
acidic iodine(III) center in iodane 1.42 promotes the cyclization to form V, along with
the concurrent production of HFIP” Additionally, benzoxazole 1.49a can be formed
directly from cyclic hemiaminal 1.92a-B through a concerted reductive elimination
process via transition state TS-1 (Figure 1.29). Although cyclic hemiaminal 1.92a-B
has not been observed by NMR methods in a 1:1 HFIP/CD,Cl, solution of imine
1.92a-B (only signals at § = 8.67 ('H-C=N) and & = 159.1 (!*C=N) were detected),
the potential formation of its equilibrium cannot be ruled out. Moreover, it is possible
that the cyclic tautomer 1.92a-B may react with iodine(III) reagent 1.42 significantly
faster than imine 1.92a-A (Curtin-Hammett conditions). In fact, such a scenario
aligns with the observed distinct reactivity of phenols 1.92q-A and 1.14 with
iodine(III) reagent 1.42 (eq 3 and 4, Figure 1.30). To confirm the involvement of
cyclic tautomer 1.92a-B in benzoxazole formation, a structurally related ketimine
1.97 with a tethered carboxylic acid was synthesized. As anticipated, NMR spectra of
ketimine 1.97 in a 1:1 HFIP/CD,Cl, solution only displayed the presence of the cyclic
hemiaminal tautomer (indicated by the *C signal at § = 98.7, ] = 32.2 Hz). Notably,
the clean transformation of ketimine 1.97 to spirocycle 1.98 (as a 1:1 mixture of
diastereomers) was observed upon addition of iodine(III) reagent 1.42 under standard
conditions (HFIP, room temperature, 10 minutes, 55% yield; see eq 5, Figure 1.30).
The facile formation of spirocycle 1.98 from the cyclic ketimine 1.97 and the absence
of spirocyclization products for the non-cyclic aldimine 1.92q-A support pathway C
(Figure 1.29) as the most likely mechanism for benzoxazole formation. Further
computational investigations provide additional support for pathway C as the most
probable mechanistic scenario, and suggest that the concerted reductive elimination
via transition state TS-1 is favored over the involvement of intermediate V in
pathway C.
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1.3.4. Computational studies®

The proposed reaction pathways B and C (Figure 1.29) were examined by
quantum chemical computations on a model comprising substrate 1.92a, iodine
reagent 1.99,f and an additional solvent molecule (Figure 1.31).8 In the computed
reaction pathway B, a phenolic proton transfer occurs from 92a-A to the HFIP ligand
of mediator 1.99, initiating a ligand substitution at the I(III) center and leading to
the formation of intermediate III (Figure 1.32). This substitution is calculated to be
exothermic by 5.6 kcal mol!. Additionally, the corresponding transition state TS-2 has
been identified. It is associated with a reaction barrier of 7.2 kcal mol’, and its reaction
coordinate is dominated by the proton transfer from the substrate to the HFIP ligand.
Following the binding of the substrate to the I(III) center, a reductive elimination
from the iodine center triggers the ring closure to yield intermediate I'Va,b. The total
reaction enthalpy for this step is AG = -7.4 kcal mol}, indicating thermodynamic
feasibility. Unfortunately, despite intense efforts, the optimization of the corresponding
transition state did not meet the convergence criteria. Nevertheless, our comprehensive
search of the potential energy surface yielded a configuration with a single imaginary
harmonic frequency, associated with a symmetric mode of the iodine-oxygen
bonds. Since such a motion eventually leads to the desired minima (as confirmed by
separate relaxed surface scans), we have strong confidence that the obtained structure
closely resembles the actual transition state. Consequently, the obtained value of
AG* = 18.0 kcal mol™ corresponding to TS-3 provides a reasonable approximation for
the reaction barrier.

It is crucial to explicitly include an additional solvent molecule (Figure 1.31) to
obtain realistic reaction enthalpies for the reductive elimination. This solvent molecule
stabilizes the generated HFIP anion by forming a strong hydrogen bond. Additionally,
the explicit inclusion of an HFIP molecule is indispensable as a structural facilitator
during the ring closure process. In the absence of any solvent molecule near the imine
group, no ring closure is observed. Following the solvent-induced ring annulation,
the formed nitrenium cation IV is stabilized by the neighboring alkoxide ion (X°).

4
(F3C),HCO—I—0OCH(CF3), A&
[} 7

W 7
XX ~

PG 2
. i
1.99 ‘\h\\«

Figure 1.31. The model system containing iodine(III) species 1.99, imine 1.92a and an
additional HFIP molecule

¢ Computational studies were performed by Dr. J. Noetzel and Dr. M. Roemelt.

It was assumed that the presence of ammonium group and its ClO,” counterion in the aliphatic chain of

the mediator 1.42 have no influence on the cyclization reaction. Therefore, the charged moiety has been

omitted in the model to reduce the computational costs (see structure 1.99, Figure 1.31).

8 Detailed technical information, as well as the chosen theoretical approach, can be found in the Experimental
Section and the Supporting Information of the featured article published in J. Org. Chem. in 2017.5!
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(cf. Figure 1.29). The structure of transition state TS-1 is inserted as sticks model (with iodine displayed
violet, hydrogen white, carbon grey, oxygen red, nitrogen blue and fluorine green). The black arrows indicate
the corresponding reaction coordinate which is dominated by the proton transfer from the substrate to its
adjacent HFIP anion.

Figure 1.32. Summary of the computational results on the proposed pathways B and C

However, this ion pair I'Va,b is metastable. By manually introducing the HFIP anion
in close proximity to the proton in a-position to the nitrenium ion, the proton is
abstracted without a barrier, leading to the formation of the final product and a gain
of AG = -41.1 kcal mol . This manual procedure simulates a solvent-mediated
motion of the HFIP anion, an event we expect to readily occur at room temperature.!
Alternatively, under the condition of sufficiently high concentrations of mediator and
substrate, an HFIP anion from an adjacent reaction center could act as the necessary
base. In both scenarios, the final product is generated with a notable release of heat.

b Of course, the applied computational model is unfit to yield any reasonable estimates of the rates at which
such a movement occurs or its associated barriers. An adequate description of this event would require
a full molecular dynamics simulation that explicitly includes many shells of solvent molecules. Such
a molecular dynamics simulation is out of scope of this work and from our perspective not worthwhile
regarding the limited relevance of this step for the overall reaction mechanism. We believe it is safe to
assume that, at room temperature, the anion itself or at least its negative charge is sufficiently mobile in
the HFIP solution to readily undergo the required motion at sufficiently high rates.
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Next, we conducted theoretical investigations to explore two alternative reaction
coordinates (TS-1 vs intermediate V) in pathway C (Figure 1.29). Intermediate V
could be potentially formed from imine 1.92a-A and 1.99 through tetracoordinated
[12-1-4] iodate VII. However, we were unable to find stationary points on the potential
energy surface corresponding to intermediate VII (Figure 1.32). Alternatively,
iodine(III) reagent 1.99 might react with cyclic hemiaminal 1.92a-B to generate iodate
VI, which subsequently releases an HFIP molecule to yield intermediate V (refer to
Figure 1.29). The latter pathway involves cyclic hemiaminal 1.92a-B, which we have
not observed by using 'H-NMR methods. Interestingly, our calculations suggest
that the tautomerization of imine 1.92a-A to hemiaminal 1.92a-B, in the presence
of iodine(III) species 1.99, is energetically favored by 5.7 kcal mol! (Figure 1.32). It
is worth noting that this relative stability is reversed when the free Gibbs enthalpies
of imine 1.92a-A and hemiaminal 1.92a-B are calculated without iodane 1.99 and
an additional HFIP molecule (AG(1.92a-A/1.92a-B) = 2.1 kcal mol?), suggesting
a potential stabilization of the cyclic hemiaminal tautomer by iodine(IIl) species
1.99. However, our calculations did not lead to stationary points on the potential
energy surface corresponding to intermediate VI.

Furthermore, intermediate V spontaneously undergoes reductive elimination when
optimized with a solvent molecule in the vicinity of its hemiaminal part. This raises
doubts about the involvement of the key intermediate V in pathway C for benzoxazole
formation. Instead, we found that pre-coordination, facilitated by hydrogen bonding of
N-H in hemiaminal 1.92a-B with the Lewis basic oxygen of the HFIP ligand in iodane
1.99, initiates a concerted reductive elimination via TS-1 to form iodoarene and an ion
pair comprising nitrenium cation IVa,b and an HFIP anion. This concerted reaction
is exergonic with AG = -7.9 kcal mol™ and exhibits a relatively low reaction barrier of
AG* = 7.6 kcal mol™! (TS-1). Transition state TS-1 displays elongated I-O bonds (2.69 A
and 2.72 A), while the N-H and O-H bond lengths are 1.18 A and 1.31 A, respectively.
This suggests that at this point the reductive elimination is nearly completed while
the hydride transfer has yet to occur. Accordingly, the corresponding reaction
coordinate is primarily composed of the hydride transfer movement, accompanied by
only a minor stretching of the I-O bonds (refer to the stick model for transition state
TS-1 in Figure 1.32). The computed reaction barrier corresponding to transition state
TS-1 (AG* = 7.6 kcal mol, pathway C) is significantly lower in energy compared to
that for TS-3 (AG* = 18.0 kcal mol’!, pathway B). Consequently, our computational
findings strongly support pathway C (Figure 1.29) as the most likely mechanism for
the observed oxidative cyclization. This pathway involves low kinetic barriers for each
step and is thermodynamically favorable. Among the two possible scenarios within
pathway C, our results strongly favor the concerted reductive elimination via transition
state TS-1 as the most probable mechanism for benzoxazole formation.

1.3.5. Summary

Anodic oxidation of iodoarenes in HFIP as a solvent allows for convenient
preparation of iodine(III) species under essentially neutral conditions and at room
temperature. The electrochemically generated dialkoxy-A*-iodane is stable as
a solution in HFIP for more than a week at +4 °C (12% decomposition after 10 days).
In the presence of nucleophilic anions such as halides, facile reductive elimination of
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iodine(III) species to the corresponding aryl iodide, hexafluoroacetone, and HFIP
takes place. Poor compatibility of dialkoxy-A-iodanes with nucleophiles renders
anodic oxidation a convenient alternative to the traditional approaches such as
chemical oxidation or ligands exchange reaction for generation of HFIP-containing
I(IIT) species. Addition of electrochemically generated iodine(IlI) species to ortho-
imino phenols results in clean formation of benzoxazoles. The ex-cell electrochemical
synthesis of benzoxazoles is compatible with a broad range of redox-sensitive
functional groups, including alkene, bromine and carboxylic acid. Benzoxazoles
can be also synthesized in a one-pot sequential two-step process by addition of
electrochemically generated iodine(III) oxidant to the in situ formed imines. Our
combined experimental and theoretical approach suggests that oxidative cyclization
of ortho-imino phenols to benzoxazoles proceeds through 2,3-dihydrobenzoxazole
as the key intermediate. DFT studies of several conceivable pathways indicate that
a sequence via a concerted reductive elimination represents the most plausible
mechanistic scenario for the formation of benzoxazoles.
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2. ELECTROCHEMICAL SYNTHESIS OF THF
AND THP DERIVATIVES BY INTRAMOLECULAR
HOFER-MOEST REACTION

2.1. Direct electrochemical decarboxylation of carboxylic acids
in Hofer-Moest reaction

One of the oldest organic electrochemical reactions is Kolbe electrolysis."? In
the Kolbe decarboxylation, a carboxylate undergoes anodic one-electron oxidation
to produce acyloxy radicals. These radicals are rather unstable and a spontaneous
decarboxylation occurs to give a corresponding alkyl radical (Figure 2.1). Depending
on the structure of the carboxylate and on the electrolysis conditions, the formed alkyl
radical can undergo either coupling reaction (Kolbe reaction) or further oxidation to
carbenium ion. The later can react with a nucleophile and give a non-Kolbe product
(Hofer-Moest reaction).?

2.1.1. Electrolysis conditions: Kolbe vs Hofer-Moest reactions

The experimental parameters that influence the outcome of the anodic
decarboxylation reaction (Kolbe vs Hofer-Moest) are current density, anode material,
the pH of the reaction media, additives and the solvent (Table 2.1).%* Both reactions
are usually performed in an undivided cell at constant current density. One-electron
oxidation/decarboxylation results in a formation of an alkyl radical. This radical
pathway is favored by employment of high current density (> 250 mA/cm?) that favors
absorption of the carboxylate on the anode and ensures high concentration of radicals
and their homocoupling at the anode surface.®” In contrast, low current densities
facilitate the second one-electron oxidation of the alkyl radical and generation
of a carbocation. It is beneficial to use a smooth Pt anode for a successful radical
coupling reaction (Kolbe reaction), whereas the Hofer-Moest reaction is favored by
the employment of a rough anode surface (soft graphite). However, if a nonporous
carbon anode such as glassy carbon is employed, then Kolbe dimers are produced.
This implies that the actual surface areas on the different carbon-based electrodes

_ 1 .1 Kolbe reaction
Rkog ﬁﬁ/ﬂ‘_e [RJ\O'J.COQ [R] R-R

[ ® l Nu—H
Hofer-Moest
reaction
(non-Kolbe reaction)

R-Nu

Figure 2.1. General scheme for anodic decarboxylation reaction
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Table 2.1. Comparison of reaction conditions for Kolbe coupling and Hofer-Moest reaction

Kolbe decarboxylation Hofer-Moest reaction
High current density (> 250 mA/cm?) Low current density
Anode material: Pt (smooth surface) Anode material: graphite (rough surface)
Low pH Basic media
Additives should be avoided Additives are beneficial
Solvent: MeOH, aqueous MeOH MeOH, aqueous MeOH, MeCN

- Carbon cation stabilizing groups

o]

X Electrolysis X @.R? X@ R?
Xy B |
R R
€02 X =0, NH
o
B Ar% OH Electrc_)ly5|s Ar\/Rz
R? -2e &
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Figure 2.2. General structures of carboxylic acid that favor the Hofer-Moest reaction

vary, which results in different current densities. Different current densities lead to
different concentrations of radicals at the electrode. The dense glassy graphite and
smooth Pt anode provides high concentration of alkyl radicals and favors bimolecular
dimerization, while soft graphite anode with lower concentration of alkyl radicals
favors the second electron transfer and the generation of carbocation.* The nature of
cathode material is not critical for both reactions since in most cases neither a starting
carboxylate nor a product is reduced at the potential more positive than the one
required for hydrogen evolution.

The pH of the reaction solution in Hofer-Moest electrolysis can be chosen rather
freely. However, usually, basic media facilitates carboxylic acids to undergo two-
electron oxidation. In contrast, low pH values are favorable for the Kolbe reaction,
and only 2-10% of a base (alkali metal hydroxide or methoxide) are required to
ensure carboxylate formation for one-electron-oxidation. Moreover, an alkali metal
carboxylate can also serve as a supporting electrolyte. Thus, no other additives
are required for a successful Kolbe reaction. Moreover, the addition of supporting
electrolytes might have a negative impact on the outcome of the Kolbe reaction. Thus,
foreign anions, such as ClOy4, BF,, SO, H,PO,, HCOy, and F should be avoided,
because they inhibit the radical reactions and favor the formation of carbenium
species (Hofer-Moest reaction). This effect is explained by the adsorption of foreign
anions at the anode, which lowers radical concentration at the electrode. Finally,
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MeOH and aqueous MeOH usually are the solvents of choice for Kolbe oxidation.
DMF and wet MeCN also can be used, although the yields of Kolbe dimers are low in
solvents that contain more than 4% water.*>® Finally, the structure of the carboxylate
can also influence the outcome of the anodic decarboxylation reaction (Figure 2.2).
Introduction of oxygen or nitrogen atom (Figure 2.2A), or aromatic ring (Figure 2.2B)
to the a-position of a starting carboxylic acid favors the anodic generation of a carbon
cation. Moreover, bulky substituents that hinder the adsorption of radicals also favor
the Hofer-Moest reaction (Figure 2.2C).*>?

To summarize, the experimental conditions that promote the carbocation
formation during anodic decarboxylation (Hofer-Moest reaction) include low current
density, a porous graphite anode, the introduction of foreign anions (e.g. perchlorate),
elevated pH levels, as well as carbon cation stabilizing groups in the corresponding
carboxylic acid.

2.1.2. Hofer-Moest reaction

In 1902 Hofer and Moest reported the electrochemical decarboxylation reaction
of fatty acid salts in water. The electrolysis afforded alcohol that resulted from
water addition to the cationic intermediate generated during the electrochemical
decarboxylation.® In general, electrochemical generation of carbocation by oxidative
decarboxylation followed by a reaction with a nucleophile is known as non-Kolbe or
Hofer-Moest reaction (Figure 1.1).

C;p3—0 bond formation in intermolecular Hofer-Moest reaction

A new C,3-O bond is formed during Hofer-Moest reaction when an alkyl carboxylic
acid undergoes anodic decarboxylation in the presence of an O-nucleophile in
the reaction solution (Figure 2.3). For example, oxidative decarboxylation
in the presence of other carboxylic acid affords an ester. A Hofer-Moest reaction in
aqueous media might results in formation of an alcohol. Finally, if the O-nucleophile
is an alcohol, then the Hofer-Moest reaction can provide ethers, hemiaminals or ketals
(Figure 2.3).4

Readily available amino acids are suitable substrates for the electrochemical
two-electron oxidation/decarboxylation reaction, since the transient carbocation
can be stabilized by the adjacent nitrogen atom. Thus, Linstead et al. in

o
X Electrolysis X @ R?
oo S [ X
R3 R2 -2e R3
21 -CO, 2.2
lR“COZH HO J R*OH lR“OH JR“OH
o__R* OH OR* N ore O._OR*
RO RN RS RTKL RTX
R®R? O R® R2 R3R? R® R2 R®R?
esters alcohols ethers hemiaminals ketals

Figure 2.3. C4;~O bond formation in the Hofer-Moest reaction
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1951 reported the synthesis of hemiaminals 2.4 by anodic decarboxylation of
N-protected glycine or alanine 2.3 in alcoholic solvent (MeOH, EtOH, ‘PrOH)
under galvanostatic control at a current of 100-200 mA/cm? using Pt electrodes
(Figure 2.4A).10 Later, similar approach was employed to conduct alkoxylation of
proline derivatives 2.5 (Figure 2.4B). The electrolysis was performed also in alcoholic
solvent, using graphite electrodes.!! In 1989, Seebach et al. disclosed methoxylation
and acetoxylation of peptides 2.7 (Figure 2.4C).!? Tertiary amines (Et;N or DIPEA)
were used as a base and employment of Pt or GC electrodes provided a product 2.8.

In the last decade, Mazurkiewicz et al. elaborated this approach to electro-
chemical decarboxylative a-methoxylation of N-acyl-a-amino acids 2.9
(Figure 2.4D)."* The authors expanded the scope of the amino acids suitable for
the electrochemical a-methoxylation to tyrosine, asparagine, glutamine, serine,
threonine, aspartic acid, glutamic acid, histidine, lysine. However, electrolysis
of N-acylated cysteine, methionine, tryptophan resulted in complex reaction
mixtures without formation of the desired hemiaminal. Most likely it is attributed to
the presence of redox-sensitive functional groups (e.g., sulfide, indole) in the side chain
of these amino acids. NaOMe and silica gel-supported piperidine (SiO,-Pip) were
efficient bases for this reaction. The later usually provided higher yields and higher
Faradaic efficiency. Moreover, SiO,-Pip can be separated and reused.'?

Other readily available and suitable substrates for electrochemical decarboxylation
are malonates and their derivatives, e. g. N-acyl malonates. In 1970s, Iwasaki,
Horikawa et al. reported electrochemical synthesis of 2-alkoxy-2-amino acid and
2-acetoxy-2-amino acid derivatives 2.12 from the corresponding N-acyl malonic acid
derivatives 2.11 (Figure 2.5A).!141¢ All the reactions were performed in an undivided
cell at constant current in the presence of NaOMe or sodium carboxylate. The authors
showed that both Pt and graphite electrodes are suitable for this reaction. Interestingly,
the presence of ClO, or BE, completely shut down the alkoxylation reaction and
the starting material was completely recovered.!* The authors assumed that oxidation
of the solvent occurred instead of the desired anodic decarboxylation of malonates
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Figure 2.4. Electrochemical a-akoxylation of amino acids
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Figure 2.5. Electrochemical a-alkoxylation and a-acetoxylation of N-acyl malonates 2.11
(A); electrochemical Ritter reaction (B)

2.11, which was supported by the CV measurements in the presence of ClO, or
BF, anions. In the most cases the products 2.12 were isolated in excellent yields, and
no rearrangement products or Kolbe dimers were detected. Oxidation of a benzylic
moiety was not observed as well.}4-1¢

The high Faradaic efficiencies of the reported electrolysis also support
the generation of a cation intermediate. A lower current efficiency would be
observed if the reaction undergoes the radical pathway. Another strong support
for the cation intermediate involvement is the formation of 2-acetamide 2.11d
(Ritter reaction product) when the electrolysis was performed in MeCN/H,O media
(Figure 2.5B)."* The authors emphasized that electrochemical synthesis of a-alkoxy
and a-acetoxy-2-amino acid derivatives 2.12 (Figure 2.5A) should be carried out at
temperatures not higher than 25 °C due to their poor stability.!*!> When acetoxyamino
acids 2.12 were treated with AcOH at 50 °C, elimination of AcOH and formation of
2,3-dehydro-2-amino acid derivatives were observed. Likewise, the electrolysis
of N-acyl-aspartic acid monoester 2.13 was conducted at 5 °C in AcOH/THF solution
and resulted in the formation of hemiaminals 2.14 in 40-76% yield with alkene
2.15 as the major byproduct (Figure 2.6A). When the electrolysis was performed at
the temperature higher than 20 °C, compound 2.15 was the major reaction product.'

Iwasaki and co-workers also attempted to synthesize a-hydroxy amino acid
derivatives 2.19 (Figure 2.6B).1 The electrolysis was carried out in H,O/THF solvent in
a presence of KOH. Even though the decarboxylation proceeded smoothly, the formed
hemiaminal 2.19 was unstable under the electrolysis conditions, and cleavage of C-N
led to the isolation of ethyl phenylpyruvate (2.18a) or phenylacetone (2.18b).'6

Malonic acids have been widely used in organic synthesis and they are also suitable
as substrates for electrochemical decarboxylation. Anodic oxidation of a malonate
2.21 produces an unstable radical intermediate A (Figure 2.7). The subsequent
decarboxylation affords a carboxy-stabilized radical B. Next, the radical B might be
further oxidized to zwiterionic species C. The intramolecular capture of the cation C
by the carboxylate moiety leads to the a-lactone D. On the other hand, the lactone D
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Figure 2.7. Electrochemical decarboxylation of malonic acid derivative 2.20

can be formed directly from the radical B. Being in equilibrium, the species C/D react
with a nucleophile, which leads to formation of a-alkoxy carboxylate E, which is prone
to undergo Hofer-Moest reaction.'””! After anodic decarboxylation, the oxonium
ion H is formed. The intermolecular reaction of the cation H with alcohol produces
a ketal 2.22 (Figure 2.7).

The Hofer-Moest reaction of malonic acids was the first time reported by Nokami
et al.?® under constant current conditions using Pt electrodes in the two-layer system
(H,O-Et,0) in the presence of NaOH. The substrate scope for this reaction was not
explored, and the anodic decarboxylation was applied for only three 2,2-dialkyl-
malonic acids. Inspired by this work,” Marko and coworkers in 2015 developed
an electrochemical synthesis of symmetrical and asymmetrical ketals 2.24 and
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ketones 2.25 from the corresponding malonic acids 2.23 (Figure 2.8)."° The electro-
lysis was performed in an undivided cell using graphite electrodes at constant
current density of 20 mA/cm? The use of 2.1 equivalents of NH; afforded the desired
ketals 2.24 in yields up to 85%. Variety of functional groups, such as esters, alkenes,
vinylsilanes, alkynes, and aromatic groups were compatible with the anodic
oxidation conditions (for representative examples, see Figure 2.8). Acidic treatment
of the ketals 2.24 afforded ketones 2.25. Recently this methodology was expanded to
the electrochemical synthesis of diketones, ketoesters, and tetraketones.*!

Double decarboxylation of substituted ammonium malonate 2.26 under Hofer-
Moest conditions was utilized in the three-step synthesis of spiroketal 2.27, which
is a fragment of ocadaic acid (Figure 2.9).* In the first step, malonate 2.26 was
electrolyzed under constant current in MeOH using graphite electrodes to afford
a ketal 2.26-1. Next, acetoxy groups of the ketal intermediate were hydrolyzed. Acidic
treatment of the ketal 2.26-2 resulted in the intramolecular capture of the carbocation
intermediate and spiroketal 2.27 formation in 61% yield over three steps.??

In 1982, Wuts and Sutherland reported electrochemical synthesis of monocyclic
ketals 2.29 from 2-carboxy-2-allyl-tetrahydropyrans 2.28 (Figure 2.10).* The Hofer-
Moest reaction was conducted in anhydrous MeOH using Et,NCIO, as a supporting

C(*')F Fﬂ (-)C

HO,C_ CO,H NH; Nf gequ"') MeO_ OMe . o
(0 20 mA/cm? ("0 : (ﬁﬁkﬁ)n
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2.23 - . undivided cef, 2.24 2.25
56-85% 50-82%
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Meo OMe © MeO OMe MeO, OMe_ MeO_ OMe MeO_ OMe
\)NOMG OAc W \/\MXM/\/ *Ph

2.24a, 82% 2.24b, 85% 2. 24c 78% 2.24d, 56% 2.24e, 59%

Figure 2.8. Electrochemical synthesis of ketals and ketones from malonic acid derivatives
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Figure 2.9. Electrochemical synthesis of cyclic ketal 2.27
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electrolyte and K,CO; as a base. Interestingly, for a successful synthesis of ketals
2.29 the electrolysis was performed in a divided cell to prevent hydrogenation of
a double bond at the platinum cathode where the hydrogen evolution occurred.

The Hofer-Moest electrolysis was also employed for preparation of methoxymethyl
(MOM) ethers. In 1993 Klocke et al. reported anodic synthesis of methoxymethyl
alkyl ethers using high current density, undivided cell and Pt electrodes.?* Recently,
the synthesis of MOM alkyl ethers and acetals was elaborated by Lam group
(Figure 2.11A).%° The authors reported that MOM ethers 2.31 can be obtained from
a-alkoxy carboxylic acids 2.30 in high yields (75-93%) by using graphite electrodes
in MeOH as solvent. Despite good reaction yields, the Faradaic efficiency of this
reaction was low (FE 0.15%) due to concurrent anodic oxidation of the solvent.
A year later Waldvogel and coworkers reported electrochemical synthesis of aryl
MOM ethers 2.34 from aryloxy acetic acids 2.33 using similar reaction conditions
(Figure 2.11B).?® By increasing amount of NaOMe and decreasing current density to
20 mA/cm?, the authors not only prepared MOM ethers 2.34 in good yields, but they
also were able significantly to increase the Faradaic efficiency (from 0.15% to 26% for
the ether 2.32).

Pt(+)r ﬁ (-)Pt
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@COZH MeOH, Et4NCIO, @OMe

R K,COs R
2.28 100 MA 2.29
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representative examples
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Figure 2.10. Electrochemical synthesis of monocyclic ketals 2.29
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Figure 2.11. Electrochemical synthesis of methoxymethyl ethers
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In all the examples above, the solvent not only served as a reaction media, but
it also played a role of a nucleophile. In 2019, Baran and coworkers disclosed an
electrochemical synthesis of hindered dialkyl ethers 2.37 (Figure 2.12A), which might
be quite challenging by conventional organic synthesis.?” In this case only 3 equivalents
of an alcohol were required and the reaction was performed in an undivided cell at
constant current of 10 mA. 0.1 M Solution of nBu,NPF, was employed as electrolyte
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Figure 2.12. Electrochemical synthesis of hindered ethers 2.37
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Figure 2.13. Examples of control experiments
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in CH,CI, The addition of molecular sieves prevented water quench of transient
carbocation to form 2.38a (Figure 2.12B). The radical pathway and formation of
H atom addition product 2.38b or elimination product 2.38c was suppressed by
addition of 1.5 equivalent of silver salt as a sacrificial oxidant. 2,4,6-Collidine played
a crucial role in this reaction, because the desired ether 2.37 was not observed
in the absence of the base and the oxidation of alcohol 2.36 (if R* = H) took place,
generating ketone 2.38d (Figure 2.12B).?” The method is applicable for such carboxylic
acids 2.35 that allow for the generation of a stabilized carbocation after the anodic
decarboxylation (for selected examples see figure 2.12C). For example, decarboxylation
of carboxylic acid 2.35a or 2.35b afforded a tertiary carbocation. Carboxylic acids
2.35e-g contain an oxygen or nitrogen atom at the a-position capable of stabilizing
the electrochemically generated carbocation.

The formation of a cationic intermediate after decarboxylation was supported
by control experiments using acid 2.39 (Figure 2.13). Anodic decarboxylation
of 2.39 resulted in a ring contraction and the formation of a cyclopropane
2.40 (Figure 2.13A). Likewise, strain release favored the formation of cyclopentane
2.44 from bicyclic carboxylic acid 2.43 (Figure 2.13C). Interestingly, 1,2-hydride
shift and the formation of more stable carbocation occurred after decarboxylation of
carboxylic acid 2.41 (Figure 2.13B).%

Csp3—N and C,,3—F bond formation in the intermolecular Hofer-Moest reaction

The early examples of C-N bond formation during Hofer-Moest reaction were
described for the electrolysis conducted in MeCN solvent (Figure 2.14). Carboxylic
acids 2.45 were electrolyzed and the generated cations reacted with MeCN as
a N-nucleophile toward acetamides 2.46 (analogue of the Ritter reaction, Figure 2.5).%28

Nitrogen heterocycles are also suitable nucleophiles for the trapping of
the electrochemically generated carbocation (Figure 2.15).% Interestingly, when
the electrolysis was performed under dialkyl ether formation conditions (see
Figure 2.12),%”” the desired N-alkylated products 2.49 were isolated in poor yield.
The main deviation from the etherification conditions occurred when the graphite
cathode was substituted with nickel. Variables such as supporting electrolyte and
silver salt additive did not have a big impact on the yield of the decarboxylative
amination reaction. However, better results were achieved in the absence of the silver
salt. The resulting electrochemical conditions (Figure 2.15) exhibited a broad
substrate scope with respect to both carboxylic acids 2.47 and heterocycles 2.48 (for
representative examples, see Figure 2.15). Thus, a variety of functional groups were
tolerated, e.g., ester, BPin, trifluoromethyl, Boc-protected amines. A range of

H,
o N Me
®] = R [ @ } H,0 ROSE | N Me
e R-N=—Me | —— Sy \[Or
245 oo, 2.46
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Figure 2.14. Formation of acetamides 2.46 in Hofer-Moest reaction in MeCN
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Figure 2.16. Electrochemical decarboxylation of amino acids 2.50

heterocycles 2.48 including pyrazoles, triazoles, tetrazoles, imidazoles, indazoles,
succinimides, and pyrimidines could be alkylated by this method.

Echavarren et al. have also reported anodic decarboxylative C,,;~N bond formation
reaction (Figure 2.16).° In contrast to the previously described work of the group
of Baran, in this approach, the electrolysis was performed in MeCN solution, and
the addition of a base was not required for a successful transformation. Thus,
acyclic amino acids 2.50a and cyclic amino acids 2.50b as well as phenylacetic acid
derivatives 2.50e were found to be suitable as substrates for decarboxylative C-N bond
formation (for representative examples, see Figure 2.16). Primary amides 2.51a-c,
lactams 2.51d,e, and carbamates 2.51f,g turned out to be efficient N-nucleophiles in
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Figure 2.17. A paired electrochemical decarboxylative cyanation of amino acids 2.53
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Figure 2.18. Control experiments for paired decarboxylative cyanation of amino acid 2.53

the intermolecular Hofer-Moest reaction.’® In general, the electrolysis did not require
the basic additive to deprotonate the carboxylic acid 2.50. Probably, heterocyclic
N-nucleophiles played a role of a base. However, a catalytic amount of Lewis acid
(BF; x Et,0) was required to facilitate anodic decarboxylation when non-basic amides
2.51e or lactams 2.52f,g were electrochemically alkylated.

Rueping and coworkers developed a paired electrolysis for decarboxylative
cyanation (Figure 2.17).3' Thus, anodic decarboxylation of amino acid derivatives
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2.53 generated a stabilized carbocation 2.53a-D, whereas cathodic reduction of
4-CN pyridine 2.54 provided a cyanide anion that reacted with the cationic species to
produce a-amino nitrile 2.55.

The authors performed control experiments to prove that the reaction
proceeded through a nucleophilic substitution rather than the radical pathway
(Figure 2.18).%! Electrolysis of the amino acid 2.53a and 4-CN-pyridine (2.54) in
the presence of 1,1-diphenylethylene as a radical acceptor afforded only nitrile 2.55a
without the formation of the radical addition product 2.56 (eq 1). The radical
addition product 2.56 was not observed also in the absence of 4-CN-pyridine.
Instead, the authors observed enamine 2.57 that obviously formed from iminium ion
intermediate (eq 2).

Baran and coworkers have also employed the above mentioned electrochemical
decarboxylative/etherification conditions (Figure 2.12) for fluorination of carboxylic
acids 2.58.% Electrochemical decarboxylative fluorination of carboxylic acid 2.58 in
the presence of KF and crown ether afforded useful fluorinated substrates 2.59a-d.

In 2020, the Waldvogel group also demonstrated that fluoride can serve as
a nucleophile in the Hofer-Moest reaction (Figure 2.20).*> The authors accomplished

cmiﬂﬁ(—)c

19 10mA, 3h

1

RZ\T)J\OH + KF 18-crown‘-ElS 3.6 equi‘v) sti
R3 (3.6 equiv) 2,4,6-collidine (3 gquw) R®> "Nu

. AgCIO, (3 equiv)
2.58 3 AMS, CH,Cl,, rt 2.59
nBuyNPFg
undivided cell
Me_Me Me F
H
F
Boc

2.59a 2.59b 2. 590 2.59d
18% 58% 62% 35%

Figure 2.19. Electrochemical fluorination of carboxylic acids 2.58
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Figure 2.20. Electrochemical synthesis of fluoromethyl aryl ethers 2.61
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oxidative decarboxylation of aryloxycetic acids 2.60 on graphite anode applying
a current density of 5.5 mA/cm? The reaction was performed in CH,Cl, in
the presence of 2,4,6-collidine, and the oxocarbenium ion intermediate was converted
into fluoromethyl aryl ethers 2.61 using Et;Nx5HF as the fluoride source.

Intramolecular Hofer-Moest reaction

The first intramolecular Hofer-Moest reaction was disclosed by Seebach and co-
workers in 1989 (Figure 2.21).!> The authors showed that anodic decarboxylation of
dipeptides 2.62 and 2.64, followed by intramolecular trap of the generated cation with
N-nucleophile provided heterocycles 2.63 and 2.65, respectively.

A single example of intramolecular C-O bond formation upon the electrolysis
of carboxylic acid 2.67 was reported by Baran (Figure 2.22, eq 1).*” The substituted
tetrahydrofuran 2.68 was obtained in 44% yield. Echavarren and co-workers also
reported a single example of the intramolecular Hofer-Moest reaction (Figure 2.22, eq 2),
using their conditions for decarboxylative C,;;~N bond formation reaction (see
Figure 2.16).%° Under these conditions, N-protected glutamine 2.69 underwent anodic
decarboxylation/cyclization reaction, which afforded the cyclized product 2.70 in
60% yield (Figure 2.22, eq 2).%

COOH 100 mA/cm?, 2 F
0.1% NH,OAGC

o F ~ HN
el
POH

2.62 2.63
H.0 70%
COOH ) NH
N col o w ="
_ = N +
[H g 100 mA/cm?, 6.2 F NH N o
N o 0.1% NH,OAc )/ H
2.64 H0 2.65 2.66
49% 41%

Figure 2.21. Intramolecular C-N bond formation via Hofer-Moest reaction

C(*)i_‘ )_h (]

COOH 10mA, 3h NHCbz
Ho/\/\( AgPFs (1.5 equiv) o
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NHCbz  0.1M nBu,NPF, M
2.67 2,4,6-collidine(3 equiv) 2,68
3AMS, CH,Clp it 44%
10mA, 3h
C(’f)i_“_h(—)Ni
NHBoc 7mA, 4h H
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Figure 2.22. Intramolecular anodic decarboxylative cyclization examples
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Yamada and co-workers reported an intramolecular Hofer-Moest synthesis of
substituted morpholines.*® Using electrolysis conditions reported by Baran group
(see Figure 2.12),% the authors isolated morpholine 2.72a in 75% yield. Improvement
in yield of morpholine 2.72a was achieved by replacing AgPF, and nBu,NPF, with
AgClO, and nBu,NCIO,, respectively (Figure 2.23). Anodic decarboxylation of tertiary
carboxylic acids 2.71 afforded corresponding morpholines 2.72a,b in high yields.
Interestingly,  2,2-benzylphenyl-substituted ~morpholine 2.72c was obtained
in only 36% yield. The authors assumed that due to the steric repulsion and
the decomposition of the transient carbocation, the formation of morpholine
2.72¢ was less efficient. The presence of a-phenyl substituent in the carboxylic acid
2.71 is crucial for the successful formation of morpholine 2.72, as a phenyl ring
stabilizes the electrochemically generated tertiary carbocation. Thus, electrolysis of
a,a-dimethyl carboxylic acid 2.71d provided the morpholine 2.72d in only 15% yield.
The intramolecular Hofer-Moest reaction worked well with both secondary and
tertiary alcohols as nucleophiles. The authors also expanded the intramolecular Hofer-
Moest reaction to the synthesis of seven- and 8-membered heterocycles 2.72g and
2.72h, respectively (Figure 2.23).%

In summary, employment of graphite anode is beneficial in most of the Hofer-
Moest reactions described above. Cathode material usually is graphite or nickel.
A majority of the intermolecular etherification reactions are performed in alcoholic
media in the presence of a base that also plays the role of a supporting electrolyte.
Anodic decarboxylative etherification, amination, and fluorination reactions in
non-protic media (CH,Cl,, DMA) require not only an excess of a base but also an
ammonium salt to ensure conductivity of the electrolyte. Although there are several
examples of intramolecular Hofer-Moest reaction, the application of this approach
is not broadly explored in the synthesis of heterocycles and, in some cases, is limited

R’ C(*')i_b_[j(-)c R’
RZrN’TSR3 10 mA, 3h REY NS
_ 1omASh
Ho X0 KFR“ 2,4 6-collidine (3 equiv) O\)VR3

AgCIO, (1.5 equiv) R*
271 OH nBuyNCIO, (0.1 M) 2.72
3AMS, CH,Cly, rt

representative examples
Me, Me Bn Me,
Phﬁ/\N/Ts PhW\N/TS Phﬁ/\N/Ts Meﬁ/\N’Ts
oS o} o )

2.72a 2.72b 2.72¢ 2.72d
91% 93% 36% 15%
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PRy N Py NS Phﬁ/\N’TS S e
07% 0 o ) o N7
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2.72e 2.72f 2.72g 2.72h
83% 85% (dr = 3:2) 70% 39%

Figure 2.23. Electrochemical synthesis of substituted morpholines 2.72 via intramolecular
Hofer-Moest reaction
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to a few examples. Moreover, an excess of a base is required for intramolecular
anodic decarboxylative etherification if the electrolysis is performed in non-protic
media (CH,Cl,). We envisioned that the intramolecular Hofer-Moest reaction of
functionalized N-acetylamino malonates could be accomplished in an aqueous
environment without the need for an additional base, as the concurrent cathodic
reduction of water would produce hydroxide anions. The development and the results
of this approach in the synthesis of tetrahydrofuran (THF) and tetrahydropyran (THP)
fragment-containing amino acids are described in the section below.

2.2. Results and discussion
Thissectionisbasedonthepublishedarticle (Org. Lett. 2023,25,7958-7962).>*

Unnatural (non-proteinogenic) amino acids are extensively utilized as
structural components in the design of small molecule drugs and peptidomi-
metics.>>7 Specifically, a,a-disubstituted cyclic amino acids have been integrated
into clinically utilized anesthetics like carfentanil 2.73 and remifentanil 2.74, as well
as the anticancer drug candidate AZD5363 (2.75),* the FDA-approved antipruritic
medication difelikefalin 2.76, and an antipruritic drug candidate 2.77,% as well as in
the development of osteoporosis candidate balicatib 2.78 and a cathepsin C inhibitor
2.79 for treating COPD*! (Figure 2.24). a,a-Disubstituted cyclic amino acids are also
frequently employed to introduce constraints into a peptide backbone, enhancing
stability, permeability, and bioavailability of peptidomimetics.*>* The extensive use
and valuable attributes of a,a-disubstituted cyclic amino acids underscore the necessity
for designing new analogues and emphasize the need for efficient synthesis methods to
access these medically relevant structural elements.

r““
| J

(\R D-Lys-D-Leu-(D-Phe),

Ph. N@gCOZMe @%r \/©/ @%/ \:(rj\
Et/go
anestetics E antipruritic

2.73, carfentanil (R=Ph) anticancer antipruritic 2.77, S-777469
2.74, remifentanil (R=CO,Me) 2.75, AZD5363 2.76, difelikefalin (Korsuva™) cannabinoid receptor agonist

osteoporosis
2.78, balicatib treatment of COPD

cathepsin K inhibitor 2.79, cathepsin C inhibitor 3 THP-AA THF-AA

Figure 2.24. a,a—Disubstituted unusual amino acids in drug design
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We envisioned that previously unreported THP-amino acid and THF-amino acid
derivatives' could be accessed from readily available N-acetylamino malonic
acid monoester in the Hofer-Moest reaction that includes -electrochemical
decarboxylation/oxidation to transient N-acyliminium intermediate, followed by
etherification with a tethered O-nucleophile.

2.2.1. Optimization of the reaction conditions

We chose N-acetylamino malonate 2.80a as the initial substrate to develop
intramolecular etherification under Hofer-Moest conditions (Table 2.2). This acid
2.80a was readily synthesized in two steps from the commercially available diethyl
2-acetamidomalonate by an alkylation/hydrolysis sequence.”” The choice of initial
conditions for the anodic decarboxylation of acid 2.80a was guided by a review of
existing literature. In this context, graphite emerges as the most commonly utilized
anode material for the Hofer-Moest reaction,**® while Pt is conventionally employed
as a cathode to promote proton reduction.'*'* Additionally, the Hofer-Moest reaction
benefits from low current densities and polar aprotic solvents.* Consequently, the initial
electrolysis of acid 2.80a was conducted in an undivided cell under constant current
conditions (j = 10 mA/cm?) in an aqueous MeCN medium, without the inclusion of
any added base or supporting electrolyte. Pleasingly, the desired heterocycle 2.81a
was formed in 44% yield after passing 1.3 F charge (Table 2.2, entry 1). Unfortunately,
incomplete conversion of acid 2.80a was noted, and the decarboxylation process stalled
due to low conductivity (the electrolysis reached a potential of >30 V). The addition of
Li,CO; (0.5 equiv relative to acid 2.80) as a supporting electrolyte helped to enhance
conductivity, resulting in an increased yield of THF derivative 2.81a to 55% (entry 2).
A further increase in the yield of product 2.81a to 62% was achieved by substituting Pt
with the notably less expensive Ni as a cathode material (entry 3).

A screening of various salts (entries 4-6, 8-10) led to the identification of NaOAc,
LiClO,, and NaTFA as the preferred supporting electrolytes for the decarboxylative
cyclization, yielding 74-77% of product 2.81a (entries 4, 6, and 10, respectively).
The similar efficiency of the non-basic LiClO, and the relatively basic NaOAc
as supporting electrolytes indicated that an external base was not required for
the anodic decarboxylation. A brief evaluation of anode materials using NaOAc
as the supporting electrolyte confirmed the superiority of graphite over glassy
carbon (GC), reticulated vitreous carbon (RVC), and boron-doped diamond (BDD)
(entries 17-19). However, THF derivative 2.81a was obtained in higher yield when
graphite was used instead of Ni as the cathode material, both with NaOAc (76%,
entry 12) and LiClO, as the supporting electrolytes (83%, entry 13). Consequently,
graphite was selected as the material for both the anode and cathode, and LiClO, was
chosen as the non-basic and non-nucleophilic supporting electrolyte for all subsequent
experiments. An increase in current density from 10 mA/cm? to 12 mA/cm? did not
impact the yield of product 2.81a (82%, entry 15), although larger deviations led to less

I A single report exists on a photochemical synthesis of N-Ac-and N-Bz-substituted THF-AA methyl
esters.*®
I See Supporting information of featured article published in 2023 for the synthesis of carboxylic acid 2.80.
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favorable results (entries 14 and 16). Only a slight decrease in the reaction yield was
observed when the concentration of the starting carboxylic 2.81a was increased from
0.05M to 0.1 M and 0.5 M (entries 21 and 22, respectively).

Table 2.2. Optimization of anodic decarboxylative etherification

(ﬂr?](—)

COH Vi °
AcHN CO:Et ggin%:;gﬁ)ggég AGHNT GO
2.80a electrolyte 2.81a
2:1 MeCN:H,0
Entry Anode Cathode z;: Eflf::l;’ltI:f% j» mA/cm? Yield, %"
1¢ C Pt - 10 44
24 C Pt Li,CO, 10 55
34 C Ni Li,CO, 10 62
4¢ C Ni NaOAc 10 748
5¢ C Ni LiOAc 10 69
6 C Ni NaTFA 10 74
7 C Ni Li,CO, 10 71
8¢ C Ni NaOtBu 10 60
9 C Ni NH,0Ac 10 69
10°¢ C Ni LiClO, 10 77
12¢ C C NaOAc 10 768
13¢ C C LiClO, 10 83
14¢ C C LiClO, 8 72
15¢ C C LiClO, 12 82 (80")
16¢ C C LiCIO, 15 78
17¢ RVC Ni NaOAc 10 56
18¢ GC Ni NaOAc 10 63
19¢ BDD Ni NaOAc 10 31
20°¢ Pt Ni NaOAc 10 22
214 C C LiClO, 12 75
228 C C LiClO, 12 79"

@ 0.5 equiv. with respect to 2.80a; ¢ Yields were determined by 'H NMR spectroscopy of the post-electrolysis
solution using CH,Br, as the internal standard. €1.3 F; 4 F; ¢ 3 F;/ 2 F; ¢ Average yield of two runs; " Isolated
yield in parenthesis. ‘0.1 M of 2.80a.7 0.5 M of 2.80a.
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2.2.2. Scope of the developed electrochemical reaction

With the optimized conditions in hand (entry 15, Table 2.2), we explored
the scope of the developed method (Figure 2.25). N-Acetyl, N-Cbz, and N-Boc
protected aminotetrahydrofuran-2-carboxylates 2.8la-c were easily obtained in
51%-80% yield. The decarboxylative anodic oxidation demonstrated compatibility
with relatively easy-to-oxidize 3-furanoyl and 4-anisoyl substituents (heterocycles
2.81e, 2.81Kk), as well as with the presence of cyano, mesyl, and trifluoromethyl groups
in the aryl moiety of cyclic ethers 2.81jh,1 (see Figure 2.25A). It is worth noting
the compatibility with bromo substituents, which enables further transformations of
compounds 2.81i,0, such as in the Buchwald-Hartwig amination as illustrated below.
The electrochemical decarboxylation of the substrate containing pyridine (2.80f)
was sluggish, yielding only 7% of the desired product 2.81f along with multiple side-
products. Six-membered heterocycles 2.81m-o (Figure 2.25B) can also be synthesized
under the developed conditions, albeit with slightly lower yields (56-64%) compared
to their corresponding five-membered analogs 2.81a,b,i (68-80%). The diminished
yield of tetrahydropyrans 2.81m-o may be attributed to the slower formation of six-
membered ring*® from N-acyl iminium intermediates and the competing formation
of an open-chain hemiaminal in reaction with water. Indeed, hemiaminal 2.82 was
the predominant product in the attempted decarboxylative cyclization of malonate
2.80z (Figure 2.25E) that yielded only trace amounts of the desired seven-membered
heterocycle 2.81z, as evidenced by LC-MS assay of the crude reaction mixture.
The developed anodic decarboxylation/cyclization method is also applicable to amino
acid derivatives, such as the protected 2,3-diamino propionic acid derivatives 2.80p,q,
as well as the aspartic acid ester 2.80r (Figure 2.25C).

Given the widespread use of unnatural amino acids in the design of
peptidomimetics, we sought to evaluate the suitability of the developed conditions for
dipeptide synthesis. Encouragingly, the cyclization of amino acid-containing substrates
2.80s-y afforded dipeptides 2.81s-y in 50-86% yield. Notably, the decarboxylative
cyclization is compatible with an alkene moiety and a cyclopropyl subunit, as evidenced
by the formation of dipeptides 2.81y and 2.81v, respectively. All dipeptides 2.81s-y
were obtained as a 1:1 mixture of diastereomers, and the lack of diastereoselectivity
in the cyclization was also observed for Mosher amide 2.81d. The newly formed
stereogenic center is configurationally stable as evidenced by the absence of
epimerization for diastereomerically and enantiomerically pure THF derivative (S,S)-
2.81x under the cyclization conditions. In contrast, moderate diastereoselectivity
could be achieved in the cyclization of chiral secondary alcohols (Figure 2.25F), with
the highest diastereomeric ratio of 73:27 observed for the formation of the product
2.81ad from the parent (R)-benzyl alcohol. The configuration of the quaternary
stereogenic center in the major diastereomer (S,R)-2.81ad was established through
X-ray crystallography.X Finally, to demonstrate the practical synthetic utility and
scalability of the developed method, the synthesis of the five-membered heterocycle
2.81b was successfully scaled up from 0.9 mmol to 3.5 mmol, to afford 0.83 g of
the heterocycle in a single electrolysis batch. A similar upscale from 0.9 mmol to
2.8 mmol was also accomplished for the six-membered products 2.81n,0.

k' X-Ray crystallographic analysis was performed by Dr. S. Belyakov (Latvian Institute of Organic Synthesis).
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2.2.3. Elucidation of the reaction mechanism

A concise mechanistic investigation was conducted to provide experimental
support for the two-electron anodic oxidation to N-acyliminium ion (Hofer-Moest
reaction) versus the one-electron oxidation (Kolbe electrolysis). In this context,
cyclic voltammetry (CV) studies of acid 2.80a revealed a single irreversible feature at
a scan rate of 100 mV/s (Ep = +1.77 V vs. Ag/Ag"), corresponding to the oxidation
of the carboxylate (Figure 2.26).! Interestingly, carboxylic acid 2.80a exhibited two
anodic peaks at a higher scan rate (600 mV/s), suggesting the formation of an unstable
intermediate after the initial irreversible oxidation step (E,; = +1.98 V vs. Ag/Ag*),
which then undergoes a chemical transformation, followed by a second oxidation
step (Ep, = +2.24 V vs. Ag/Ag*). Therefore, the CV data suggests an ECE pathway for
the decarboxylative cyclization, involving the anodic oxidation of malonate 2.80a,
followed by decarboxylation, and subsequently, the second oxidation of the carbon-
centered radical to form the N-acyliminium ion, a scenario characteristic of the Hofer-
Moest reaction.

Further support for the ionic pathway in the cyclization process was garnered by
subjecting unsaturated acid 2.83 to the established anodic decarboxylation conditions
(Figure 2.27). It has been documented that 5-hexenyl acids, which share structural
similarity with compound 2.83, readily undergo radical 5-exo-trig cyclization under
Kolbe electrolysis conditions.”® These radical cyclizations occur at remarkably high-
rate constants (for instance, 1.6 x 103 s! for the 6-cyano-5-hexenyl radical),”! making

CO,Et 1007
AcHN ] 2 9.0
HOZCMOH 80 {——600mV/s
70 4
300 mV/s
2.80a % 60
v=100mVs": Ep=1.77V S 50 100mV/s N
V=600 mV s Epy = 1.98 V, T 40 - /
Epp =224V T L ma blank electrolyte //
[2.80a] = 12 mM 20 J
[LiCIOg]=0.1 M 10 L e
Solvent: 2:1 MeCN:H,0 0.0 -fssssmmmm S ;
Startpoint=00V -1.0 N B e e e S S e )
scanned in positive direction 0 02040608 1 12 141618 2 22 24
direction of scan E (vs. Ag/AgNO3), V

Figure 2.26. CV analysis of carboxylic acid 2.80a

®
NHAC NHAC NHAG Kolbe NHAC NHAC
H,O | i . - exO-tri
OH 2 Hofer-Moest COH electrolysis Y 5-exo-trig CO,/Bu
xCO,Bu x-CO,'Bu -é% X COBu - go 5_CO,Bu
- 2 - 2
2.85, 57% (NMR yield) 2.83 éHZCN 2.84 (not observed)

Figure 2.27. Radical clock experiment

! See Supporting information of featured article published in 2023% for the detailed description of CV

measurements.

65



e 7

o base
" 280a
S
ACHN™ “co,Et 20H +H,
2804
-1e
OH
__CO,Et
+ 26
NHAc
2.80-I1
— 1€
OH
[ jCOin Q 2H,0
2
HO AN cO,Et

NHAC

® 2.81a
2.80-l

o

Figure 2.28. Proposed mechanism for the intramolecular Hofer-Moest reaction

them valuable tools in radical clock reactions. Notably, the formation of the 5-exo-trig
cyclization product 2.84 from carboxylic acid 2.83 was not observed (Figure 2.27).
Instead, the major product formed was an unstable hemiaminal 2.85 (57% NMR yield),
along with the unreacted acid 2.83 (18%). Taken together, these mechanistic studies
offer compelling evidence in favor of the two-electron anodic decarboxylation of
carboxylic acid 2.80a and the generation of N-acyliminium ion 2.80-III (Figure 2.28).
Eventually cation 2.80-III undergoes intramolecular etherification with tethered
O-nucleophile, which affords THF and THP-containing amino acid derivatives 2.81.

2.2.4. Synthetic modifications of THF-AA and THP-AA

We proceeded to briefly investigate the reactivity of THF- and THP-AA derivatives.
It was observed that THF-amino acid remains stable under basic conditions, as
demonstrated by the hydrolysis of ester 2.81b to acid 2.86 in 78% yield using aqueous
LiOH (Figure 2.29A). Acid 2.86 is also stable at pH4 (phosphate buffer) for at least
48 hours. Additional confirmation of the relative stability of THF-AA under basic
conditions was obtained through the successful N-alkylation of ester 2.81n, yielding
amide 2.89 (40%). Pd-catalyzed hydrogenolysis of N-Cbz group in THF derivative
2.81b resulted in the ring-opening product 2.88 (87%). This indicates the instability
of the N-unprotected hemiaminal, which evidently undergoes reduction of the open-
chain imine tautomer. In the meantime, the N-Cbz protection can be swapped with
N-Boc in a two-step sequence involving the N-acylation of carbamate 2.81b with
Boc,O, catalyzed by DMAP, followed by Pd-catalyzed hydrogenolysis (86% overall
yield over two steps; Figure 2.29A).

Finally, we have synthesized THP-amino acid derivative 2.92 (Figure 2.29B) to
investigate its bioisosteric relationship with balicatib 2.78 (Figure 2.24). This involved
a sequence of reactions including Pd-catalyzed amination of compound 2.81n
with piperazine, followed by ester hydrolysis and amide bond formation, resulting
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Figure 2.29. Synthetic modifications of THF-AA and THP-AA

Table 2.3. Comparison of pharmacokinetic properties of balicatib (2.78) and its

analogue 2.92
Compound 2.78 2.92
Inhibition of Cathepsin K, IC5, (nM) 0.46 £0.08 0.34 +0.11
cLog P* 1.245 -0.015
Log P 1.60 0.95
t,,, (min) (H)* >120 >120
PPB (% free)? 45.6 55.2

¢ Calculated with ChemDraw 21.0. ® Determined by HPLC-UV method. ¢ Human liver microsomes.
4Determined in human plasma.

in the formation of balicatib analogue 2.92. As expected, the THP-AA derivative
2.92 exhibits reduced lipophilicity (Log P = 0.95)™ compared to balicatib 2.78 (Log
P =1.60) (Table 2.3). Additionally, it displays similar enzymatic activity” (0.34 nM vs.
0.46 nM, respectively), along with comparable metabolic stability and plasma protein
binding® (Table 2.3). Hence, THF and THP-containing amino acids serve as suitable

™ Log P was determined by Dr. H. Kazoka (Latvian Institute of Organic Synthesis).

" Inhibitory potency measurements were performed by Dr. I. Kanepe (Latvian Institute of Organic Synthesis).

° Plasma protein binding and metabolic stability measurements were performed by B. Gukalova (Latvian
Institute of Organic Synthesis).
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bioisosteres for the corresponding a,a-disubstituted carbocyclic amino acids, offering
a reduction in lipophilicity (Log P).

2.2.5. Summary

The electrochemical oxidative decarboxylation-intramolecular etherification of
inexpensive and readily available N-acetyl malonic acid monoesters under Hofer-
Moest conditions offers a route to previously unreported THP and THF-containing
amino acid derivatives. This decarboxylative cyclization, conducted under constant
current conditions in an undivided cell, occurs in aqueous media without any added
bases. It demonstrates compatibility with relatively easy-to-oxidize 3-furanoyl and
4-anisoyl moieties, as well as with cyano and bromo substituents within an aryl
ring. The versatility of this electrochemical synthesis method was showcased by
29 examples, yielding products with up to 86% isolated yield. When incorporated into
dipeptides and peptidomimetics, THP and THF-containing amino acids can serve
as bioisosteres for o, a-disubstituted cyclic amino acids. We successfully replaced
the 1-aminocyclohexane-1-carboxamide moiety in balicatib with a THP-amino acids
fragment, resulting in reduced lipophilicity (Log P), while preserving low nanomolar
cathepsin K inhibitory activity and comparable microsomal stability to that of
the original balicatib. Given the broad utility of a,a-disubstituted cyclic amino acids
in organic and medicinal chemistry, we believe that the oxygen-containing unnatural
amino acid scaffolds presented in this study have great potential for application in drug
discovery campaigns.
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3. DIRECT ELECTROREDUCTIVE SYNTHESIS OF
N-HYDROXY QUINAZOLIN-4-ONES

3.1. Electrochemical nitro group reduction in the synthesis of
heterocycles

Electrochemical transformations that rely on anodic reactions have found
significantly broader utilization as compared to those facilitated by cathodic
reduction. Despite the conceptual appeal of both approaches,? cathodic reduction
chemistry features several inherent challenges. For instance, many of the cathodic
reductions have to be conducted under moisture-and oxygen-free conditions due to
the competing proton and O, reduction at relatively low overpotentials. Moreover,
it can be challenging to design a suitable counter oxidation reaction at the anode.
Unlike proton-to-hydrogen reduction being the commonly used counter-reaction in
anodic oxidation, the counter-reaction for cathodic reduction such as the oxidation
of a sacrificial anode or an amine introduces undesired byproducts that may interfere
with the desired transformation.’? Despite that, recent years have witnessed a growing
interest in reactions enabled by cathodic reduction.*

The cathodic reduction of the N-O bond is probably the most extensively studied
electroreductive transformation.’ One of the reasons for this is the widespread presence
of N-O bond in e.g. nitro-substituted organic compounds. Electrochemical reduction
of nitroaryls 3.1 can lead to the formation of nitroso compounds 3.2, hydroxylamines
3.3, and amines 3.4 (Figure 3.1).° It is noteworthy that the reduction of nitroso
moiety is more facile than the reduction of a nitro group. Hence, two-electron
reduction of nitro group is difficult to stop at nitroso stage, whereas four-
electron reduction to hydroxylamines 3.3 is a facile process. Further two-electron
reduction of hydroxylamines to anilines 3.4 is challenging due to the sensitivity of
hydroxylamines 3.3 to oxidation. Of note, hydroxylamines 3.3 can react with a nitroso
intermediate 3.2 to furnish diazene oxide 3.5 that upon reduction forms azobenzenes
3.6 or hydrazobenzenes 3.7.%7 Under basic conditions, hydrazobenzene 3.7 can be
electrochemically reduced to form aniline 3.4.8

The electrochemical reduction of a nitro group in arenes provides an access to
valuable nitrogen-containing heterocycles.*® These compounds are prevalent in

+2e” +2e” o +2e”
+2H* +2H" v +2H"
Ar—NO, Ar—NO Ar—NH Ar—NH,
3.4 32 -2 3.3 -H0 3.4
-2H* T
Q +2¢e” +2¢e”
[©) A A
O‘N’Ar +2H* N~ d +2H" HN- '
N o N
- -Hy ~ _2e ~
A3 A3e o M

Figure 3.1. Possible products of electrochemical reduction of nitroarenes
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pharmaceuticals® and serve as core motifs in various biomolecules.!® The subsequent
sections will focus on the literature survey of the electroreductive synthesis of nitrogen-
containing 5- and 6-membered heterocycles from nitroarenes.

3.1.1. Synthesis of 5-membered heterocycles by cathodic nitro
reduction

A variety of nitrogen-containing heterocycles such as benzisoxazolones, indazoles
and 2-amino indoles can be synthesized from the electrochemically generated
nitroso arenes even though a direct nitro-to-nitroso conversion is challenging due to
the easier reduction of nitroso over nitro group. Moinet and co-workers were able to
electrochemically generate nitroso arene 3.9 from nitrobenzoic acid 3.8 for the ex-
cell synthesis of sulfonyl-2,1-benzisoxazolones 3.11 (Figure 3.2A).!! The authors
employed the “redox-flow” method where porous carbon cathode and porous carbon
anode were separated by a porous insulator. The reaction solution flowed through two
back-to-back electrodes: a cathode followed by an anode. Four-electron reduction of
a nitro compound 3.8 to hydroxylamine 3.12 occurred at the porous cathode. As soon
as it was formed, hydroxylamine 3.12 underwent two-electron oxidation into nitroso
intermediate 3.9 (Figure 3.2B). Once the electrolysis was completed, the sodium salt
of sulphinic acid 3.10 and HCl were added to the resulting solution. Sulfonyl-2,1-
benzisoxazolones 3.11 were formed after stirring the reaction for two hours at elevated
temperature (Figure 3.2A and B).

Similarly, 2-substituted indazoles 3.13 were synthesized from o-nitrobenzylamines
3.12 in the “redox-flow” cell (Figure 3.2C and D).!? The electrophilic character of
the nitroso group in intermediate 3.16 facilitated intramolecular cyclization and
N-N bond formation, whereas acidic media of the electrolysis solution facilitated
elimination of water in 3.17 and the in-cell formation of indazoles 3.13 (Figure 3.2D).
Indazoles 3.13 can be further electrochemically reduced in the acetate buffer at
a mercury cathode, as was demonstrated by the synthesis of 2-substituted tetrahydro-
1H-indazole 3.14. Finally, the “redox-flow” approach was also efficient for the synthesis
of 2-amino indoles 3.19 from 2-(o-nitrophenyl)ethylamines 3.18 in basic media
(Figure 3.2E).1®

The electrochemical generation of nitroso arene intermediates and their
electrophilic character were also employed in the synthesis of benzotriazoles. In
2000, Kim and co-workers attempted electrochemical synthesis of benzotriazoles
3.22 from the corresponding diazenes 3.20 (Figure 3.3A).!* In the constant potential
electrolysis with Pt electrodes in LiClO, solution of CH,Cl,/MeOH, nitro diazenes
3.20 underwent cathodic reduction and cyclization. However, benzotriazole-1-oxide
3.21 was formed instead of triazoles 3.22 (Figure 3.3A). This was circumvented by
applying more negative potentials that allowed for both nitrodiazene 3.20 reduction
and the cathodic reduction of the N-oxides 3.21 to benzotriazoles 3.22. Moreover,
the addition of NaOH facilitated the electroreduction of nitrodiazenes 3.20, probably
by improving the conductivity of the reaction media. Benzotriazoles 3.22 and their
N-oxides 3.21 were obtained in moderate to excellent yields albeit a high amount of
passed charge was required (Figure 3.3A).
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Figure 3.2. Electrochemical synthesis of N-heterocycles using “redox-flow” approach

Waldvogel group achieved galvanostatic electrosynthesis of both 2H-2(aryl)
benzo[d]-1,2,3-triazoles 3.25 and their N-oxides 3.24 from nitro azabenzenes
3.23 (Figure 3.3B)."® The electrolysis was performed in an undivided cell in
the presence of a base (NaOH or Et;N) in methanol solution, and leaded bronze was
use as the cathode. Triazoles 3.25 or their N-oxides 3.24 could be obtained depending
on applied current density. Lower current density (2.4 mA/cm?) afforded triazole
N-oxides 3.24, whereas higher current densities (4.1 mA/cm?) provided triazoles
3.25. The authors showed that the use of tetrabutylammonium salt can be omitted
since NaOH solution provides sufficient conductivity for successful electroreductive
cyclization. The authors also proposed a mechanism, where nitro arene 3.23 is reduced
to the corresponding nitroso intermediate 3.27 either via two-electron reduction or via
four-electron reduction, followed by reversible two-electron oxidation (Figure 3.3C).
Nitroso intermediate 3.27 undergoes 5-atom 6m-electrocyclization to generate
triazole N-oxide 3.24. Ultimately, two-electron reduction of triazole N-oxide 3.24 at
higher current densities produces benzotriazole 3.25. The paired anodic process was
the oxidation of methanol to sodium formate.'
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Figure 3.3. Electroreductive synthesis of benzotriazoles and their N-oxides

In 1998, Kim and co-workers described electrochemical synthesis of 2,1-benzi-
soxazoles 3.28 by electrochemical reduction of substituted 2-nitrobenzaldehyde or
2’-nitroacetophenone 3.27 under constant potential. The electrolysis was performed in
methanol solution in the presence of LiClO, as a supporting electrolyte. Good yields of
the heterocycles 3.28 were achieved when either Pt or sacrificial Pb cathode was used
(Figure 3.4A).1

Recently, Peters and co-workers showed that 2,1-benzisoxazoles 3.28 also can be
obtained under constant potential using RVC electrodes (Figure 3.4B).!” The authors have
also performed mechanistic studies. Accordingly, CV analyses of 2-nitrobenzaldehyde
3.27a exhibited three cathodic peaks. The first one corresponded to the reversible
one-electron reduction of a nitro group to radical anion 3.27a-I (Figure 3.4C).
When the electrolysis was performed at the potential of -0.2 V (vs Cd/Hg amalgam),
the starting aldehyde 3.27a was completely recovered. The second cathodic peak in the
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Figure 3.5. Electroreductive synthesis of 2H-indoles 3.30

CV measurements of aldehyde 3.27a corresponded to the three-electron reduction and
the generation of a hydroxylamine 3.27a-II. The electrolysis at this potential (-0.7 V vs
Cd/Hg amalgam) afforded the heterocyclic product 3.28a in 78% yield. Finally, the third
cathodic peak in the CV analysis represented two-electron reduction of hydroxylamine
3.27a-II to aniline 3.27a-III. When the electrolysis was performed at -1.4 V (vs
Cd/Hg amalgam), nitrobenzaldehyde 3.27a was converted to aminobenzaldehyde
3.27a-III (Figure 3.4C). The authors have also demonstrated that a proton source
must be present in the reaction mixture for a successful electroreduction of the nitro
group, and the progress of the reaction strongly depends on the strength of the proton
donor additive. 4-Chlorophenol (pKa 16.8 in DMF) was found to be the most suitable
as the additive for the electrochemical synthesis of 2,1-benzisoxazoles 3.28 under
the developed conditions (Figure 3.4B)."” Mechanistically, four-electron reduction
in the presence of a proton source generated hydroxylamine 3.27a-II that underwent
cyclization to intermediate 3.27a-IV. Eventually, the elimination of water resulted in
the formation of heterocycle 3.28 (Figure 3.4D).

The developed conditions (Figure 3.4B) were also suitable for the synthesis of
substituted 2H-indoles 3.30 from o-nitrostyrenes 3.29 (Figure 3.5).!8 The potentials for
the direct electroreduction of nitrostyrenes 3.29 were determined from the CV analysis
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data. In the presence of a proton donor, there was only one broad cathodic wave in
the cyclic voltammogram, which corresponds to the four-electron reduction of
the nitro group and formation of a hydroxylamine intermediate.

Waldvogel and co-workers have also published on the electroreductive synthesis of
2,1-benzisoxazoles 3.28 (Figure 3.6)."” In contrast to the previously described methods,
their approach did not require any protic additives, and involved the electrochemical
nitro reduction/cyclization in an undivided cell under constant current. Boron-doped
diamond (BDD) was employed as a cathode, and the electrolysis was performed in
the presence of nBu,NBF, in the HFIP/H,O mixture. The method was compatible with
electron-withdrawing substituents such as CO,Me, CF;, and CN (Figure 3.6)."°

Trazza and co-workers studied electrochemical properties of nitroanilides by
polarography and described the electrochemical synthesis of two benzimidazoles
3.32 in a divided cell under constant current using mercury pool cathode
(Figure 3.7).° This method represents the only approach toward benzimidazoles,
which proceeds via electroreduction of a nitro group.

Gultyai and co-workers employed electrochemical reduction of (nitrophenyl)
pyridinium salts 3.33 for the synthesis of pyrido[1,2-a]benzimodazoles
3.34 (Figure 3.8A).222 Notably, the electroreduction could be performed using lead
cathode and platinum anode in both undivided and divided cell (Figure 3.8A, method
A).2! In a follow-up study, the authors demonstrated that heterocycles 3.34 can be
synthesized from pyridinium salts 3.33 through indirect electrolysis using a catalytic
amount of SnCl,.>> Compared to the direct cathodic reduction of pyridinium salts
3.33, the indirect electrolysis was conducted at higher current density (4 mA/cm? vs
14 mA/cm?), which shortened the electrolysis time from 44 minutes to 13 minutes. Tin
dichloride effected the reduction of nitroarene 3.33 to hydroxylamine 3.35-I, which
underwent intramolecular cyclization into intermediate 3.35-II that was followed
by elimination of water to furnish heterocycle 3.34 (Figure 3.8B). The concomitantly
formed tin(IV) chloride was reduced at the cathode back to SnCl, that re-entered
the catalytic cycle. The counter process at the anode was water oxidation.

R? R2
~ ac)] [BoDEH) _
R 0 2.4 mAlcm?, 4 F R~ ~o
— e R U sy

NO, HFIP/H,0 .
3.27 nBu,NBF, 3.28, 65-92%
undivided cell R' = OMe, CO,Me,
CN, CF3, Br, F
R? =H, Me

Figure 3.6. Electroreductive synthesis of 2,1-benzisoxazoles 3.28
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Figure 3.7. Electroreductive synthesis of benzimidazoles 3.32
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Figure 3.8. Electroreductive synthesis of pyridobenzimidazoles 3.34

3.1.2. 6-Membered heterocycles via the cathodic reduction of
a nitro group

Tallec group investigated the electrochemical reduction of o-nitrophenylthioacetic
acid derivatives 3.36 (Figure 3.9).2>?* They discovered that the potentiostatic reduction
of nitro arene 3.36 in a mixture of aqueous 0.5 M sulfuric acid and ethanol (1:4 v/v) in
a divided cell using a mercury pool cathode resulted in benzothiazinone 3.37 formation
(80% yield), along with 20% of heterocycle 3.38.2 Mechanistic studies pointed at
the direct cathodic reduction of nitro arene 3.36 to hydroxylamine 3.39 that underwent
cyclization to heterocycle 3.37. In a competing process, hydroxylamine 3.39 reacts
with EtOH to form intermediate 3.40 in a Bamberger-type reaction. Intramolecular
cyclization of the intermediate 3.40 provides the byproduct 3.38. The substitution of
0.5 M sulfuric acid with ammonium buffer solution led to the quantitative yield of
benzothiazinone 3.37.*

Electroreductive synthesis of quinoline N-oxides was first explored by Lund and
Feoktistov already in 1969.% A substrate scope of the potentiostatic reaction was limited,
and employment of a hazardous mercury electrode was required. In 2019, Waldvogel
and co-workers reported the electroreductive synthesis of quinoline N-oxides from
3.42 substituted 2-nitrocinnamaldehydes 3.41 (Figure 3.10A) under conditions
used for the synthesis of 2,1-benzisoxazoles 3.28 (cf. Figure 3.6)."° The method was
compatible with electron-withdrawing groups such as CO,Me, CN, and CF;. Recently,
the same group showed that quinoline N-oxides 3.44 and 3.46 can be obtained by
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Figure 3.9. Electrochemical reduction of o-nitrophenylthioacetic acid derivatives
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Figure 3.10. Electroreductive synthesis of quinoline N-oxides 3.42, 3.44, and 3.46

electroreduction of the corresponding nitro arenes 3.43 and 3.45 in an undivided cell
using sodium formate buffer as the supporting electrolyte and methanol as the solvent
(Figure 3.10B and C, respectively).?® Interestingly, electrolysis of nitro compound
3.45 in a divided cell led to drop in vyields, thus emphasizing the importance of
the counter-reaction on the anode. To clarify the importance of the anodic counter-
reaction and to understand the reaction mechanism, the authors performed CV
studies of the nitro arene 3.45a (R! = Me, R* = CO,Et, Figure 3.10D). The first
reductive wave at -1.13 V (vs Fc/Fc*) corresponded to two-electron reduction of
the nitro group to nitroso intermediate 3.47. The second cathodic wave at -1.50 V (vs
Fc/Fc*) corresponded to the further reduction of nitroso arene 3.47 to hydroxylamine
3.47-1. Subsequent intramolecular condensation of hydroxylamine 3.47-I delivered
cyclic intermediate 3.47-1II that oxidized at the anode to the desired N-oxide 3.46a.
The oxidation of intermediate 3.47-II was also confirmed by the appearance of the
anodic wave at +0.46 V (vs Fc/Fc*) during CV analysis.
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Figure 3.11. Electroreductive synthesis of quinazolinones 3.49 and 3.57

Rieker and Estrada reported the paired electrosynthesis of quinazolinones
3.49 from 2-nitrobenzonitriles 3.48 using a mercury pool cathode and a carbon anode
in an undivided cell under potentiostatic control (Figure 3.11A).”” The electrolysis
was performed in the alcoholic solvent 3.51 which was oxidized to aldehyde
3.52 at the anode (Figure 3.11B). The anodically generated aldehyde 3.52 reacts
with a cathodically generated hydroxylamine intermediate 3.50 to form imine oxide
3.53 that underwent cyclization/dehydration to quinazolinones 3.49.”Additionally,
the authors demonstrated that N-hydroxy-quinazolinones 3.57 could be also obtained
from nitrobenzamides 3.56 (Figure 3.11C). It should be noted however that both
methods necessitated the use of highly toxic mercury electrodes and a potentiostatic
reaction setup. Furthermore, the scope of cathodic synthesis of quinazolinones was not
explored.?”?

To sum up, the electroreductive cyclization of aryl nitro compounds mainly
proceeds via 4e /4H' reduction of a nitro group to hydroxylamine intermediates.
The following intramolecular cyclization involving the hydroxylamine moiety provides
a variety of N-containing heterocyclic compounds. Overall, cathodic reductions
of nitroarenes in the early reports often were performed under the potentiostatic
control and required the employment of a mercury pool cathode. The substrate
scope of these reactions was not rigorously explored, or it was limited to the alkyl- or
methoxy-substituted heterocycles. In recent publications, less hazardous electrodes
such as leaded bronze, nickel or carbon-based cathodes (BDD, RVC) were successfully
employed in the galvanostatic cathodic reduction of nitro group and the synthesis of
a of N-containing heterocycles. Surprisingly, this approach has not been employed
for the electroreductive synthesis of such pharmaceutically relevant heterocycles as
N-hydroxy quinazolinone. Electroreductive synthesis N-hydroxy quinazolinone is
represented by only one example of potentiostatic electrolysis using mercury cathode.
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We envisioned development of the electroreductive method to synthesize N-hydroxy
quinazolinones from corresponding nitrobenzamides using a convenient galvanostatic
approach and environmentally benign conditions.

3.2. Results and discussion

This section is based on the published article (Chem. Sci. 2023, 14,
2669-2675).%°

Quinazolin-4-one is one particular example of the N-heterocycles that is
present in a variety of drugs and bioactive compounds.*® Thus, methaqualone
(3.58) (Figure 3.12) is a hypnotic sedative that enhances GABA A receptor
activity.’! However, due to its potential for psychological addiction, and widespread
abuse, the drug was removed from the U.S. market in 1985.%2 The medication idelalisib
(3.59) (Figure 3.12) is employed in the treatment of specific types of blood cancer
and functions as a phosphoinositide 3-kinase inhibitor.*® The naturally occurring
plant alkaloid tryptanthrine (3.60) displays a range of biological and pharmaceutical
activities, including antimicrobial, antiviral, anticancer, and antiparasitic
properties.** Additionally, the anti-metabolite and cytotoxic drug raltitrexed (3.61),
developed by AstraZeneca, is utilized in chemotherapy treatments. This folic acid
analogue acts as a selective inhibitor of thymidylate synthase.* It is worth noting that
N-oxides and N-hydroxy derivatives of these pharmaceuticals have been identified
as metabolites.*>*” However, the therapeutic potential of endocyclic N-hydroxy and
N-oxy compounds has not been investigated to the same extent. Given their metabolic
stability and the distinctive attributes of the N-O bond, this category of novel
compounds is currently a subject of pharmaceutical research.?®

The literature contains limited examples of the syntheses of N-oxides and
N-hydroxy derivatives of quinazolin-4-ones, and the few reported cases come with
various challenges. Conventional syntheses of N-hydroxy* and N-oxides* quinazolin-
4-one derivatives suffer from multiple-step synthesis, employment of harsh conditions,
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Figure 3.12. Examples of quinazolin-4-one fragment-containing biologically active
compounds
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and hazardous and toxic reagents. Reductive cyclization of nitro precursors is also
known. However, it is often achieved through hydrogenation using costly palladium
catalysts.*! Electroreductive approaches are not broadly explored, and they require
to use the highly toxic mercury electrodes (Section 3.1.2, Figure 3.11).27?® Based
on our interest in the electrochemical synthesis of heterocyclic compounds and
the demand for new approaches in the synthesis of 1H-1-hydroxy-quinazolin-4-ones,
we envisioned to develop an electroreductive cyclization of nitro benzamides to obtain
N-hydroxy quinazolin-4-one derivatives.

3.2.1. Optimization of the reaction conditions

Benzamide 3.56a was selected as a test substrate for the cathodic reduction of
a nitro group. It was easily synthesized in a single step from commercially available
2-nitrobenzamide (3.62) (Figure 3.13).P This synthesis was accomplished with acetic
anhydride in a microwave-assisted acylation reaction or in a pressured vessel approach,
both in high yields.***

The initial electrochemical conditions for the nitro reduction were established
based on earlier work from the Waldvogel lab (Table 1, entry 1).!*264* These conditions
employed a water-methanol mixture (1:1 (v/v)) as an environmentally benign
solvent capable to dissolve the nitro compound 3.56a. Based on prior investigations
into the concentration effect of the acidic component on the electrochemical
reduction,?®* a moderate concentration of sulfuric acid (0.5 M) was chosen as
the supporting electrolyte. Additionally, we anticipated that sulfuric acid might have
a dual role in the reaction, as an acidic medium is expected to be advantageous for
the intramolecular cyclization that follows the nitro group reduction. Considering
this, we conducted constant-current electrolysis (3.7 mA/cm?) of benzamide 3.56a in
an undivided cell containing a water-methanol medium using a glassy carbon anode
and a boron-doped diamond (BDD) cathode. To add, the BDD is a carbon-based
material that possesses distinctive reactivity for the electrochemical conversion of
various substrates and can be produced sustainably by utilizing methane as a carbon
source.*® To our delight, we successfully isolated the desired 1-hydroxyquinazolinone
3.57a in a 91% yield. Additionally, we applied the theoretically calculated amount of
charge required for this process (4 F), and the obtained high yield indicates a high
Faradaic efficiency (Table 1, entry 1). The molecular structure of heterocycle 3.56 was

e} O

o
@\)LNHZ Ac,0, HaSO, @\)Luk
NO, 100 °C, 50 W, 3 min NO,

3.62 3.56a
94%

Figure 3.13. Microwave-assisted acylation of 2-nitrobenzamide 3.62

P For the detailed description of the synthesis of substituted nitro benzamides 3.56a-aa, see Supporting
information of Chem. Sci. featured article published in 2023.%
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confirmed by X-ray analysis of a suitable single crystal.9 Deviations from the initial
electrolysis conditions resulted in reduced yields. Both lower and higher current
densities led to a diminished yield of 1-hydroxyquinazolinone 3.57a, achieving
only 65-78% (Table 1, entries 2, 3, and 4). Substituting methanol with alternative
solvents such as ethanol or acetonitrile (Table 1, entries 5 and 6) provided the desired
heterocycle 3.57a, albeit in slightly lower yields (84% and 71%, respectively). An acetate
buffer (Table 1, entry 7) was employed as a milder and biologically derived substitute
for sulfuric acid. However, this led to a decreased yield of product 3.57a (66%).

The replacement of BDD with lead as the cathode material significantly reduced
the yield of product 3.57a to 27% (Table 1, entry 8). Additionally, this change led to
cathodic corrosion, which resulted in the precipitation of lead salts. More stable
alternatives to lead cathodes, such as leaded bronze (Table 1, entry 9), proved entirely
ineffective in the formation of 3.57a. Platinum was similarly unsuccessful as a cathode

Table 3.1. Optimization of electrolysis parameters for the synthesis of quinazolinone 3.57a

o
ol il o,
T 003M3s6ain ;}1)\
3.56a MeOH:H,0(1:1) 3.57a OH
0.5 M H,S0,? 91%
undivided cell

Entry Deviation from standard conditions Yield 3.57a, %"

1 None 91 (91)°

2 1.7 mA/cm? 65

3 2.7 mA/cm? 78

4 5.7 mA/cm? 78

5 EtOH instead of MeOH 84

6 MeCN instead of MeOH 71

7 0.5 M acetate buffer? 66

8 Pb cathode 27

9 CuSn7Pb15 cathode 0
10 Pt cathode 0
11 Graphite cathode 84
12 GC cathode 90
13 0.06 M 3.56a 85
14 0.10 M 3.56a 73

* Concentration of H,SO, in the electrolyte, obtained by using methanol and 1 M aqueous

H,SO, (1:1 (v/v)). " Yield of 3.57a was determined by '"H NMR spectroscopy using 2,2-dimethylmalonic
acid as internal standard. ¢ Isolated yield. ¢ 0.5 M AcOH/AcONa was prepared with 90 mmol AcOH and
10 mmol NaOAc in 100 mL of distilled water and 100 mL MeOH.

4 X-Ray analysis and structural elucidation was performed by D. Schollmeyer (JGU Mainz). For details see,
Supporting information of Chem. Sci. featured article published in 2023.%
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material (Table 1, entry 10), likely due to its low overpotential for the side reaction
of hydrogen evolution. Aside from BDD, other carbon-based cathode materials like
graphite and glassy carbon yielded product 3.57a in comparable yields of 84% and
90% (Table 1, entries 11 and 12). Nonetheless we decided to continue with BDD cathode
due to its sustainability and chemical resilience. Electrolysis at higher concentrations
of benzamide 3.57a resulted in diminished yields (Table 1, entries 13 and 14). Higher
concentrations of the starting material probably led to the formation of high molecular
weight byproducts, which were observed as a brownish residue after the electrolysis.

3.2.2. Scope of the reductive cyclization

The effectiveness of the optimized reaction conditions was demonstrated across
a diverse range of substrates (Figure 3.14). Initially, we explored the impact of
substitution patterns at the C-2 position of quinazolin-4-ones 3.57b-i (Figure 3.14A).
This involved studying the influence of primary, secondary, and tertiary alkyl
substitutions in the synthesis of heterocycles 3.57a-c, yielding the products in very
good yields (78-91%). Notably, the tert-butyl derivative 3.57¢c, featuring a sterically
demanding substituent, exhibited the lowest yield (78%). Additionally, the hydrophobic
chain-containing quinazolin-4-one (3.57d) was obtained in a moderate yield
(52%). Both the 2-unsubstituted quinazolin-4-one 3.57e and its 2-phenyl analogue
3.57h were obtained in 65% and 79% yield, respectively. The alkene and benzylic
moieties, susceptible to anodic oxidation, demonstrated good compatibility in
the electrochemical reduction process. This allowed for successful synthesis of
the desired heterocycles 3.57g and 3.57i in 67% and 81% yields, respectively. Notably,
the 2-chloromethyl substituted product 3.57f was isolated in 24% yield, likely due to its
inherent instability.

Subsequently, a variety of functional groups in the aromatic component of
1-hydroxyquinazolin-4-ones 3.57j-r were examined (Figure 3.14B). In all cases,
the products 3.57j-r were obtained in good yields (50-92%), irrespective of
the electronic nature of the substituent. Benzamides featuring an electron-donating
methoxy group and an electron-withdrawing ester moiety produced the corresponding
heterocycles 3.57q and 3.57r in similar yields (77% and 85%, respectively). Similarly,
the trifluoromethyl derivative 3.57n and the methyl-substituted quinazolin-4-
ones 3.570,p were obtained in 73-92% yields. Notably, the 6-methyl derivative
3.570 represents an N-hydroxy analog of a precursor to raltitrexed (3.61), adding
industrial significance to this transformation. Halides serve as redox-active groups in
electrochemical reactions. We were pleased to find that fluoro-, chloro-, and bromo-
substituted quinazolin-4-ones 3.57j-1 were obtained in 76-85% yields. Additionally,
the developed electrochemical method successfully provided the iodo-substituted
product 3.57m, albeit in a moderate yield (50%), which is likely attributed to its
susceptibility to oxidation. It is worth noting that heteroaromatic amides derived from
pyridines and imidazoles are compatible with the developed conditions (Figure 3.14C).
The pyrido-pyrimidinone 3.57s was obtained in 82% vyield, and the presence of
the bromo substituent allows for various post-functionalization reactions. N-Hydroxy
purine 3.57t was also obtained in a favorable yield (57%).
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Figure 3.14. Scope of the electrochemical reductive cyclization and isolated yields
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Furthermore, N-acetyl-N-aryl benzamides 3.56u,v were transformed into
the corresponding N-oxy-quinazolin-4-ones 3.63a,b in good yields (Figure 3.14D).
Notably, compound 3.63b has been documented as a metabolite of methaqualone
(3.58). Additionally, tertiary amides serve as viable substrates, as demonstrated
in the synthesis of pyrrolidone-based N-oxy-quinazolin-4-one 3.63c (72% yield).
Lastly, the developed methodology has also been successfully applied in the synthesis
of 1-hydroxy-quinazoline-2,4-diones 3.64a-d through the electrochemical
reduction of methyl-(2-nitrobenzoyl)carbamates (Figure 3.14E). In this context,
the unsubstituted derivative 3.64a exhibited the highest yield (77%). The electron-
withdrawing trifluoromethyl- and chloro-substituted products 3.64b,d were isolated in
59% and 48% yield, respectively. The methyl-substituted derivative 3.64c was obtained
in a moderate yield of 66%.

To demonstrate the synthetic utility and scalability of the developed method,
the synthesis of 1H-1-hydroxy-2-methyl-quinazolin-4-one (3.57a) was successfully
scaled up to 15 mmol in a single electrolysis batch (Table 3.2)." The 5-fold scale-up
was performed with BDD and GC cathodes to demonstrate the robustness and
applicability of the described method (entries 2 and 3, Table 3.2). Encouragingly, 20-
fold scale-up (3.00 mmol) in a 100 mL electrolysis cell afforded the desired product
3.57a without loss in yield or Faradaic efficiency (entry 4). Gram-scale electrolysis
was also performed at 7.5 mmol and 15.0 mmol loading in a 250 mL electrolysis
cell, affording 1.13 g and 2.19 g of the desired 1-hydroxy-quinazolin- 2-one 3.57a,
respectively (entries 5 and 6). The trend of decreased yield at higher concentrations
was also observed in the optimization results (Table 3.1, entries 13 and 14).

Table 3.2. Scale-up electroreduction of nitrobenzamide 3.56a

Entry Scale/mmol Current (electrolysis time) Yield 3.57a
10 0.15 5.6 mA (2.9 h) 24 mg (91%)
2 0.75 222mA (3.6h) 120 mg (91%)
30¢ 0.75 222mA (3.6 h) 118 mg (89%)
4¢ 3.00 22.2mA (14.5h) 481 mg (91%)
54 7.50 109.9 mA (7.3 h) 1.13 g (86%)
6%/ 15.0 109.9 mA (14.6 h) 2.16 g (83%)

“ Constant current condition. ? Surface area of the electrodes 1.5 cm? ¢ Surface area of the electrodes 6.0 cm?;
4 Surface area of the electrodes 29.7 cm?; ¢ GC cathode;/0.06 M 3.56a.

" The scale-up experiments were performed by T. Prenzel and J. Winter (JGU Mainz).
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3.2.3. Mechanistic studies

A plausible mechanism for the electrochemical cyclization sequence is proposed
based on the earlier studies on nitro reduction and cyclic voltammetry* measurements
of benzamide 3.56a (Figure 3.15).26284445 The process starts with the reduction of
the nitro group on the BDD cathode, which is evidenced by a single broad, irreversible
wave (-0.94 V vs. Fc/Fc*) corresponding to the 4e/4H" reduction to the hydroxylamine
3.66. It has been previously suggested that the reaction proceeds through two 2e" steps
via nitroso intermediate 3.65 and hydroxyl amine 3.66. However, since only one broad
wave was observed rather than two distinct or overlapping waves during CV analysis,
this indicates that one reduction event takes place, directly converting nitro compound
3.56a into intermediate 3.66. The irreversible reduction to hydroxylamine 3.66 points
to a rapid cyclization step to the product 3.57a, as no corresponding oxidative wave
was detected.

Furthermore, it is important to consider the impact of the counter reaction on
the electrochemical conversion. The oxidation of water at the glassy carbon anode is
potentially the primary counter reaction.”® There was no evidence of glassy carbon
anode corrosion after the electrolysis. Additionally, there were no indications of
methanol oxidation — a phenomenon observed only under harsh basic conditions
in previous studies.® Overall, the high performance of the reported method was
enabled by the electrochemical stability of the product, the selective reduction to
the hydroxylamine, and the fast cyclization process.

9 9
2H,0 N)J\

-4e”
- 4H*

‘fLN
0O, = i

-2e” o

. o

3.57a CI>H

Figure 3.15. Proposed mechanism for reductive cyclization of nitrobenzamide 3.56

s The cyclic voltammetry measurements were performed by M. J. Gélvez-Vézquez and T. Prenzel.
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3.2.4. Summary

In conclusion, this established method offers a straightforward and sustainable
approach to access N-hydroxy- and N-oxyquinazolin-4-ones through a cathodic
reduction sequence. The electrolytic conditions allow for a reproducible transformation
in commercially available experimental setup. The most basic undivided cell setup was
operated under constant current, employing easily accessible and sustainable carbon-
based electrodes along with a water-methanol mixture as environmentally benign
solvent. The sulphuric acid additive served as a supporting electrolyte and an acidic
catalyst. The versatility of this method was demonstrated by 27 examples, with up to
92% isolated yields. The electrolysis exhibited tolerance towards various functional
groups, including both electron-withdrawing and electron-donating substituents, as
well as sterically demanding and redox-sensitive moieties like bromides and iodides.
CV measurements confirmed that nitro reduction to the hydroxylamine was the key
step in the mechanism. Furthermore, the scalability of this electrochemical protocol
was demonstrated by multigram-scale electrolysis.
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CONCLUSIONS

The electrochemically generated dialkoxy-A*-iodane mediates the oxidative
cyclization of ortho-imino phenols to benzoxazoles. The formation of
the heterocyclic product proceeds through a concerted process that involves
the oxidation of 2,3-dihydrobenzoxazole intermediate and the reduction of
the electrochemically generated A*-iodane.
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concerted process

Electrochemically generated dialkoxy-A3-iodane is virtually impossible to isolate as
it undergoes facile reductive elimination in the presence of anionic species.
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Mechanistic studies have confirmed that anodic decarboxylation/etherification of
N-substituted 2-amino malonate monoesters proceeds via two-electron transfer.
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A stereogenic center in the N-acyl substituent of amino malonate does not
influence the diastereoselectivity of the intramolecular Hofer-Moest cyclization.
In contrast, a stereogenic center on the nucleophilic tethered alcohol controls
diastereoselectivity with up to 73:27 dr.
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5. The synthesized THP and THF-containing amino acid derivatives are relatively
stable under ester hydrolysis conditions (LiOH in THF/water).

6. The conditions of the developed intramolecular Hofer-Moest reaction are
compatible with relatively easy-to-oxidize 3-furanoyl and 4-anisoyl moieties as well
as with cyano and bromo substituents in the aryl ring.

% l CO Et /©)\ CO,Et /©)L CO,Et Q)L CO,Et

60 % 68 % 60 % 84 %

7. THP-amino acid fragment serves as a bioisoster for the 1-aminocyclohexane-1-
carboxamide moiety in balicatib allowing for the reduction of lipophilicity (LogP),
while retaining low nanomolar cathepsin K inhibitory potency.

» ° NHCN ;\< NHCN
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3 PrN\) i PrN\) balicatib

IC5 (NM) 0.34 £0.11 0.46 £0.08
Log P 0.95 1.60

8. Any carbon-based cathode such as BDD, GC, and C is suitable for the cathodic
reduction of nitrobenzamides and a subsequent formation of substituted 1H-1-
hydroxy-quinazolin-4-ones and quinazolin-4-one-N-oxides in good yields.
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9. The electronic nature of a substituent in the aromatic ring of nitrobenzamide does
not influence the developed electroreductive cyclization reaction.
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ABSTRACT: The indirect (“ex-cell”) electrochemical syn-
thesis of benzoxazoles from imines using a redox mediator
based on the iodine(T)/iodine(IIT) redox couple is reported.
Tethering the redox-active iodophenyl subunit to a tetra-
alkylammonium moiety allowed for anodic oxidation to be
performed without supporting electrolyte. The mediator salt
can be easily recovered and reused. Our “ex-cell” approach
toward the electrosynthesis of benzoxazoles is compatible with
a range of redox-sensitive functional groups. An unprecedented
concerted reductive elimination mechanism for benzoxazole
formation is proposed on the basis of control experiments and
DFT calculations.
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H INTRODUCTION

Aryliodonium species constitute a versatile and efficient class of
reagents with numerous applications in carbon—carbon and
carbon—heteroatom cross-coupling reactions," in oxidative
rearrangements,” and as terminal oxidants in metal-catalyzed
syntheses.” Stoichiometric amounts of preformed aryliodonium
reagents are routinely employed in these oxidative trans-
formations, resulting in coproduction of aryl iodide byproduct
together with the target molecule. Synthetic approaches relying
on the in situ generation of aryliodonium catalysts from
substoichiometric amounts of iodoarenes and terminal oxidants
such as m-CPBA and Oxone have been recently developed to
minimize the aryl iodide byproduct and to reduce loadings of
relatively expensive iodine(III) reagents.”* Although the overall
cost may be reduced by the catalytic process, terminal oxidants
still remain the source of stoichiometric waste. Electrochemical
synthesis provides an attractive solution to the waste reduction
and the increase of atom economy and cost-efficiency because
inexpensive electric current is employed as the terminal oxidant
for the generation of I(III) reagents from iodoarenes.®” Further
improvement of atom economy can be accomplished by
recovery and electrochemical reoxidation of the iodoarene
species. Surprisingly, there are only few examples of separation
and multiple reuse of the redox-active iodoarene reagents. This
has been achieved by covalent attachment of iodoarene subunits
to task specific ionic liquids® or to a polymer support.” In
addition, Francke and Broese have recently demonstrated that
merging of the redox-active iodoarene subunit with a tetra-

< ACS Publications  © 2017 American Chemical Society
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alkylammonium moiety not only facilitated efficient separation
and reuse of the jodoarene reagent but also allowed for efficient
electrochemical generation of I(III) reagent without added
external supporting electrolyte.'” Hence, the ionically tagged
phenyl iodide served both as redox mediator and supporting
electrolyte in direct oxidative C—N and C—C bond-forming
reactions.'® As a part of our ongoing research on electro-
chemical synthesis of heterocycles,'" we report herein an
application of the recyclable I(III) mediator—electrolyte system
for electrosynthesis of 2-substituted benzoxazoles.

Benzoxazole is frequently encountered in biologically active
natural products'” and pharmaceuticals.'® Several marketed
drugs such as benoxaprofen, caboxamycin, flunoxaprofen,
tafamidis, and pseudopteroxazole possess the benzoxazole
subunit. Among a plethora of methods for synthesis of
benzoxazoles,"* electrochemical synthesis is one of the most
appealing as it provides excellent atom economy and
sustainability. For instance, benzoxazoles have been recently
prepared by direct electrosynthesis of anilides under galvano-
static conditions (eq 1).'* The developed approach is
operationally simple; however, the method has been only
demonstrated for substrates possessing specific substituents (F,
Cl, or MeO) para to aniline nitrogen. Anodic oxidation of 2-
phenoxypyrimidines followed by chemical reaction of cyclized
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cationic intermediate with piFeﬂdine provided an access to 2-
aminobenzoxazoles (eq 2)."® Unfortunately, this approach
features decreased atom economy due to the need for a
postelectrochemical functionalization step. Direct electrochem-
ical oxidation of imines is also possible (eq 3); however, it
required addition of LiOMe to facilitate the formation of
benzoxazoles.'” The presence of the strongly basic methoxide
decreases the functional group compatibility. Indirect electro-
synthesis using redox mediators such as DDQ'® or sodium
iodide'” allows for electrochemical generation of benzoxazole
under considerably milder conditions (eq 3). However,
stoichiometric additives such as carbonate buffer (in Nal-
mediated reaction) or 2,6-lutidine and supporting electrolyte (in
DDQ:mediated process) were necessary to accomplish the
indirect electrosynthesis. Furthermore, relatively electron-rich
imines were only used in the oxidative cyclization (R = Me, Cl;
see eq 3), and nitro-substituted imines were unreactive. Herein,
we report an alternative approach which is based on the
electrochemical generation of I(III) mediator prior to the
addition of imine (“ex-cell” process). Furthermore, the redox-
active I(III) mediator possesses a quaternary ammonium
moiety, which serves as supporting electrolyte and facilitates
separation and reuse of the redox-active salt. The developed “ex-
cell” approach does not require any additives; the oxidative

formation of benzoxazoles proceeds under very mild conditions
(room temperature), and the method is compatible with a broad
range of functional groups as will be demonstrated below.”’

B RESULTS AND DISCUSSION

Mediator Properties. For the electrochemical generation of
2 from iodoarene 1, previously reported optimized electrolysis
parameters were agplied (j=15mA cm™, Q=1F per mole 1,
[1] = 02 M, rt)."” Due to its excellent anodic stability and its
ability to stabilize iodine(III) species, the choice of 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) as a solvent for electrolysis
turned out to be the key to a successful oxidation of iodoarene 1
to 2 (Figure 1)."° Unfortunately, the exact structure of the
electrochemically prepared I(III) reagent 2 could not be
determined because it undergoes decomposition as soon as
HFIP is removed, and all attempts to isolate 2 in a pure form
were not successful. The "H NMR spectrum of HFIP solution of
2 (acquired immediately after electrolysis with added 50 vol %
CH,Cl,-d,) shows signals corresponding to parent aryl iodide 1
(6 7.95 and 7.67 ppm) together with a downfield-shifted para-
substituted aromatic spin system (& 8.28 and 8.13 ppm; see
Figure 1). The downfield signals were assigned to the aromatic
subunit of I(III) reagent 2 based on the similarity between 'H
and C chemical shift values with those of hypervalent
iodonium species 3 and 4, prepared by chemical methods
(Figure 1). Additional indirect support for the electrochemical
formation of the I(III) reagent was obtained in a control
experiment, where electrochemically prepared HFIP solution of
I(III) reagent 2 effected clean oxidation of hydroquinone to 1,4-
benzoquinone within 15 min at room temperature. Importantly,
I(III) reagent 2 resulting from anodic oxidation of 1 is stable in
HFIP solution at room temperature for several days (entry 1,
Table 1). The observed stability of 2 is unusual because
hypervalent I(III) species have been reported to oxidize
secondary alcohols to the corresponding ketones.”' In fact,
relatively fast reduction of I(III) reagent 3 to aryl iodide § (ca.
40% after 1S min and ca. 65% after 20 h) with concomitant
oxidation of HFIP to hexafluoroacetone (as evidenced by the
appearance of a signal at —82.9 ppm in "F spectrum) was
observed at room temperature (eq 1, Figure 1).

Several control experiments were performed to gain a better
understanding of the unusual stability of the electrochemically
generated I(IIT) species 2 and the observed facile decomposition

®
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Hy 3@ 0
CIOs 1
+2 (CF3),CHOH
+2e -2¢
®
2H  +  (F3C);HCO—I—OCH(CF3),
a a'
b b’
®
MesN
3@ o
clo;
2

[o}

3: X=Y=Cl
4: X=0OH, Y=0Ts

(CF3),CHOH !
(10 equiv)

CD,Cl

+

2HCI + (CF3),C=0 (1)

Figure 1. Indirect anodic oxidation of 1 to 2 in HFIP (15 mA cm™%; WE, glassy carbon; CE, Pt sheet).
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Table 1. Stability of Electrochemically Generated I(III) Species 2

(F3C),HCO—1—OCH(CF3), >‘< H><C 3 (F5C),HCO J >§CF3 ¥
(FCpHco—2-d CFs CFs I
) cioP
additive X — o) YFP
1:1 HFIP-CD,Cl, * |:3(;)]\(;F3 ’
nt (¢]
onghes © N ©NMe;
[0y ®NMe; @®NMe; °
2 6A 6B Clos 1
(X=F, CI, Br, I)
entry additive (equiv) time 1, % conv 2, %
1 none 10 days 12° 12
2 anhydrous HCI (1.4) 5 min 20° 765
3 H,S0, (1.4) 60 min 12¢ 12°
4 Bu,NCI (10) 10 min 15 367
s Bu,NF (10) 10 min 61 61
6 Bu,NBr (10) 10 min 76 76
7 Bu,NI (10) 10 min 86 86
8 1:1 Bu,NI/TEMPO (1) 10 min 44 44
9 Bu,NHSO, (10) 2%h 12 12
10 DIPEA (1) 24h 6 6

“Determined by 'H NMR using 1-methyl-1H- pyrrole -2,5-dione as internal standard. “Electrochemically generated solution of 2 was stored at +4 °C.
CH,Cl, was employed as the internal standard. “Inseparable mixture of unidentified side products was also formed.

of structurally related 4*-iodane 3 in HFIP solution (eq 1, Figure
1). We reasoned that formation of HCl in the ligand exchange
between 3 and HFIP could facilitate reductive elimination of 3
to iodoarene S and hexafluoroacetone (Figure 1, eq 1). Indeed,
addition of anhydrous HCI to electrochemically generated 2
resulted in rapid formation of aryl iodide 1 (entry 2, Table 1).
The nature of the anion in the acid is more important than the
acidity of the proton, as evidenced by considerably slower
conversion of 2 to 1 in the presence of sulfuric acid (entry 3).
Furthermore, addition of excess Bu,NCI (10 equiv) as a chloride
source triggered the reductive elimination of 2 to 1 under
essentially neutral conditions (entry 4). Importantly, other
halide anions were much more efficient (entries 5—7), with
iodide effecting the most rapid decomposition of 2 (entry 7).
Addition of stoichiometric amounts of TEMPO did not affect
the iodide-mediated conversion of 2 to 1 (entry 8), ruling out
the reductive decomposition of 2 via a radical chain process.
Finally, stability of the electrochemically generated 2 in the
presence of added tertiary amine base (entry 10) as well as in the
presence of a non-nucleophilic hydrogen sulfate additive (entry
9) led us to propose that nucleophilic reactivity of added halides
is responsible for conversion of 2 to 1. Hence, a plausible
mechanism for halide anion-facilitated reductive decomposition
of 2 is proposed involving addition of halide anion X to 2 to
form equilibrating isomers of tetracoordinated [12-1-4] iodate 6
(scheme in Table 1).”> Subsequent intramolecular B-elimination
results in the oxidation of HFIP and concomitant reduction of
I(III) species to iodoarene 1.>* The stability of electrochemically
generated iodonium (III) species 2 apparently is attributed to
the lack of nucleophiles in the electrolyte. Hence, electrosyn-
thesis opens the door for preparation of new hypervalent I(III)
species that are difficult to access using chemical methods such
as oxidation or ligand exchange.”®

Benzoxazole Synthesis. Next, the electrochemically
generated I(III) reagent 2 was employed for oxidative
cyclization of 2-(benzylideneamino)phenol 7 to benzoxazole
8. The redox couple 1/2 has a higher oxidation potential (Ep(1)

=22Vvs Ag/AgNO3) compared to that of imine 7 ((Ep(7b) =
0.8 V vs Ag/AgNO;).” Therefore, electrochemical generation
of redox mediator 2 in the presence of 7 (an “in-cell” process) is
not possible because in this scenario the phenolic substrate 7
would be oxidized before iodoarene 1. Consequently, imine 7
has to be added to the electrolyte after completion of anodic
conversion of 1 to 2 (an “ex-cell” process). Indeed, addition of
imine 7a to electrochemically generated stoichiometric amounts
of I(IIT) mediator 2 afforded 2-phenyl benzoxazole 8a (Figure
2) in 87% yield (3.3 F mol™" of passed charge with regard to the
substrate 7a). The I(IIl)-mediated, “ex-cell” electrochemical
cyclization is compatible with a broad range of functional groups
such as alkene moiety (7fgi), bromine (7b,0,q), nitro group
(7¢,m,0,p),”” ether moiety (7e,fp), ester (7n), and even
carboxylic acid (7q). A variety of imines derived from non-
enolizable aldehydes such as electronrich (7d—gp) and
electron-deficient (7c) aromatic aldehydes, pyridyl-2-aldehyde
(7h), cinnamaldehyde (7i), and pivalic aldehyde (7j) are
suitable for the I(III)-mediated cyclization (Figure 2). The
formation of benzoxazoles is not sensitive to steric hindrance in
the imine moiety because ortho-substituted imines (7c,dfg)
undergo facile oxidative cyclization (Figure 2). 27" 1t should be
noted that simple ester hydrolysis in benzoxazole 8n leads to the
formation of the FDA-approved drug Tafamidis.*® Benzoxazoles
8 can be also synthesized in a one-pot sequential two-step
process from ortho-aminophenol and non-enolizable aldehyde
without isolation of intermediate imine 7. Accordingly, addition
of I(IIT) mediator 2 to the in situ formed imine 7b,j furnished
the corresponding benzoxazoles in high yields (Figure 2).
Finally, both HFIP and 1 can be recovered after completion of
the cyclization. After HFIP removal by distillation, the redox-
active iodoarene 1 possessing the tetra-alkylammonium moiety
can be recovered and purified by dissolving the solid residue in
acetone followed by precipitation upon addition of diethyl ether
(typical recovery yield is 92—94%).

Mechanistic Studies. A series of control experiments have
been carried out to elucidate the mechanism of benzoxazole
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Figure 2. Scope of substrates. “Yield of sequential one-pot two-step
synthesis.

formation. First, a single-electron transfer (SET) from relatively
electron-rich arene 7a-A to A*-iodane 2 was considered as a
possible mechanistic scenario (pathway A, Figure 3).” The
formed radical cation intermediates Ilab would undergo
another SET to form nitrenium-type species IVb, affording
benzoxazole 8a upon loss of a proton (Figure 3). A radical
inhibition test was performed to examine the possibility of
benzoxazole formation via the SET pathway. Accordingly, the
reaction of 7a-A with 2 was performed in the presence of added
radical scavengers such as TEMPO™ (1 equiv) or N-tert-butyl-
a-phenylnitrone® (1 equiv). However, neither of the additives
influenced the yield of benzoxazole 8a (87% yield in both cases;
see Figure 2).

Next, imine 7g containing an ortho-allyl moiety as a radical
clock probe was employed to test for the intermediacy of radical
cation species such as II in the synthesis of benzoxazoles (Figure
4). Based on the analogy with a previous study on the cyclization
of 2-allylbenzyl radicals, where a rapid S-exu -trig cyclization was
reported (rate constant k = 3 X 10s71),>" one would expect the
formation of 2-methyl-2,3-dihydro-1H-indene VI after abstrac-
tion of a hydrogen atom from the medium (eq 1, Figure 4).
However, in our hands, benzoxazole 8g was obtained as the
major product, and no detectable amounts of the cyclization
product VI were observed (eq 2, Figure 4). These data provide
evidence that the I(III)-mediated benzoxazole formation occurs
without involvement of benzyl radicals such as ITb (pathway A,
Figure 3).

In an alternative possibility, pathway B involves reaction of
nucleophilic phenolic oxygen with 2 in a ligand exchange
process to form aryloxy-A*-iodane III. Decomposition of III via
oxidation of the phenol followed by cyclization would afford
intermediate IV, which is transformed into benzoxazole 8a upon
loss of a proton (Figure 3). To verify the intermediacy of
aryloxy-A*-iodane III in the benzoxazole formation, substrates
7q and 9 that contain a propionic acid moiety para to the
phenolic oxygen were synthesized (eqs 3 and 4, Figure 4). It is

Pathway A

lla

o
ArX, @“vph <IN Pl [Arix,]"
ArIXz]'e gH - Af'
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< Ph
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Figure 3. Plausible pathways for benzoxazole formation.
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well-known that the tethered carboxylic acid is suitable as a
nucleophile for intramolecular trapping of phenol oxidation
products, derived from fragmentation of transient aryloxy-A-
iodanes.” Indeed, electrochemically generated I(III) reagent 2
reacted with phenol 9 to form spirocycle 10 within 2 h at rt (eq
3, Figure 4). In sharp contrast, structurally related 7q was
converted to benzoxazole 8q under similar conditions (1 h, rt,
90% yield), and none of the spirocyclization products could be
observed in the reaction mixture (eq 4, Figure 4). Hence, the
involvement of aryloxy-A*iodane III in the formation of
benzoxazoles can be questioned.

As a third option, pathway C involves equilibrium formation
of cyclic hemiaminal 7a-B from imine 7a-A. Cyclic tautomer 7a-
B reacts with I(III) species 2 to form a new hypervalent
iodine(III) intermediate V,>* which undergoes reductive
elimination of Ar—I to form 8a. Alternatively, benzoxazole 8a
can be formed directly from cyclic hemiaminal 7a-B by a
concerted reductive elimination via transition state TS-1 (Figure
3). Although cyclic hemiaminal 7a-B has not been observed by
NMR methods in a 1:1 HFIP/CD,Cl, solution of imine 7a-B
(only signals at § = 8.67 ("H-C=N) and 6 = 159.1 (*C=N)
could be seen), its equilibrium formation cannot be excluded.
Furthermore, the cyclic tautomer 7a-B may react with I(III)
reagent 2 considerably faster than does imine 7a-A (Curtin-
Hammett conditions). In fact, such a scenario is in agreement
with the observed distinct reactivity of phenols 7q-A and 9 with
I(III) reagent 2 (eqs 3 and 4, Figure 4). To verify the
involvement of the cyclic tautomer 7a-B in the benzoxazole
formation, structurally related ketimine 11 with tethered
carboxylic acid was synthesized. As anticipated, NMR spectra
of ketimine 11 in 1:1 HFIP/CD,Cl, solution only showed the
presence of the cyclic hemiaminal tautomer (evidenced by '*C
signal at § = 98.7, ] = 32.2 Hz). Notably, clean transformation of
ketimine 11 to spirocycle 12 (as a 1:1 mixture of diastereomers)

11673

was observed upon addition of I(III) reagent 2 under standard
conditions (HFIP, rt, 10 min, 55% yield; see eq S, Figure 4).
Facile formation of spirocycle 12 from the cyclic ketimine 11
and the absence of spirocyclization products for the noncyclic
aldimine 7g-A renders the pathway C (Figure 3) as the most
plausible mechanism of benzoxazole formation. Further support
for pathway C as the most viable mechanistic scenario as well as
evidence in favor of the concerted reductive elimination (via
transition state TS-1) as opposed to intermediate V in the
pathway C was obtained by theoretical investigations as shown
below.

Computational Studies. The proposed reaction pathways
B and C (Figure 3) have been probed by quantum chemical
calculations on a model comprising substrate 7a, iodine reagent
13,* and an additional solvent molecule (Figure 5). Technical

4
(F3C);HCO—I—OCH(CF3), ,:
e (X
y &
N,
L=
g .
13 “\NQ

Figure S. Model system containing iodine(III) species 13, imine 7a,
and an additional HFIP molecule.

details together with a description of the chosen theoretical
approach are provided in the Experimental Section and the
Supporting Information. Computed reaction pathway B
involved transfer of a phenolic proton of 7a-A to the HFIP
ligand of mediator 13 to induce a ligand substitution at the I(III)
center and formation of intermediate III (Figure 6). The
substitution is computed to be exothermic by 5.6 kcal mol™.

DOI: 10.1021/acs.joc.7b01686
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Furthermore, the corresponding transition state TS-2 could be
identified. It is associated with a reaction barrier of 7.2 kcal
mol™!, and its reaction coordinate is dominated by the proton
transfer from the substrate to the HFIP ligand. After the
substrate is bound to the I(III) center, a reductive elimination
from the iodine center triggers the ring closure to give
intermediates IVa,b. The total reaction enthalpy for this step
is AG = —7.4 keal mol ™" and is thus thermodynamically feasible.
Unfortunately, despite intense efforts, the optimization of the
corresponding transition state did not meet the convergence
criteria. Nevertheless, our thorough search of the potential
energy surface yielded a configuration with a single imaginary
harmonic frequency that is associated with a symmetric mode of
the iodine—oxygen bonds. Since such a motion eventually leads
to the desired minima (as we have verified by separate relaxed
surface scans), we strongly believe that the obtained structure
resembles the true transition state. Thus, the obtained value of
AG¥ = 18.0 keal mol™ corresponding to TS-3 is a reasonable
approximation for the reaction barrier.

At this point, it should be noted that in order to obtain
realistic reaction enthalpies for the reductive elimination, it is of
great importance to explicitly include an additional solvent
molecule (see Figure 5) that acts to stabilize the generated HFIP
anion through formation of a strong hydrogen bond. Another
important aspect of the explicit inclusion of a HFIP molecule is
that it is required as structural aid during the ring closure.
Without any solvent molecule in the vicinity of the imine group,
no ring closure is observed. After the solvent-induced ring
annulation, the formed nitrenium cation IV is stabilized by the
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adjacent alkoxide ion (X~). However, this ion pair IVab is
metastable. When the HFIP anion is manually placed in the
vicinity of the proton in a-position to the nitrenium ion, the
proton is abstracted without a barrier, resulting in the final
product and a gain of AG = —41.1 keal mol™. This manual
procedure simulates a solvent-mediated motion of the HFIP
anion which we anticipate to readily occur at room temper-
ature.>® Alternatively, provided the concentration of mediator
and substrate is sufficiently high, a HFIP anion from a
neighboring reaction center could act as the required base. In
both cases, the final product is formed under considerable heat
production.

Next, theoretical investigations of the two alternative reaction
coordinates (TS-1 vs intermediate V) in pathway C were
performed (cf. Figure 3). Intermediate V can be formed from
imine 7a-A and 13 through tetracoordinated [12-I-4] iodate
VIL>* However, stationary points on a potential energy surface
corresponding to intermediate VII could not be found (Figure
6). Alternatively, I(III) reagent 13 may react with cyclic
hemiaminal 7a-B to form iodate VI, which loses a HFIP
molecule to afford intermediate V (cf. Figure 3). The latter
pathway involves cyclic hemiaminal 7a-B, a species that could
not be observed by 'H NMR methods (vide supra). Notably,
our calculations indicate that the tautomerization of imine 7a-A
to hemiaminal 7a-B in the presence of I(IIl) species 13 is
favored by 5.7 keal mol ™ (see Figure 6). As the relative stability
is reversed when the Gibbs free energies of 7a-A and 7a-B are
calculated without 13 and an additional HFIP molecule
(AG(7a-A/7a-B) = 2.1 kcal mol™"), this suggests a possible

DOI: 10.1021/acs.joc.7b01686
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stabilization of the cyclic hemiaminal tautomer by I(III) species
13. In the meantime, calculations did not lead to stationary
points on the potential energy surface corresponding to
intermediate VI. Furthermore, intermediate V spontaneously
undergoes reductive elimination when optimized with a solvent
molecule in the vicinity of its hemiaminal part. Hence, lack of
evidence for the formation of parent species VI and VII and its
own instability puts in question the involvement of the key
intermediate V in the pathway C for benzoxazole formation.
Instead, we have found that precoordination through hydrogen
bonding of N—H in 7a-B with Lewis basic oxygen of the HFIP
ligand in 13 triggers a concerted reductive elimination via TS-1
to form iodoarene and ion pair comprising nitrenium cations
IVab and a HFIP anion. The concerted reaction is exergonic
with AG = —7.9 keal mol™", and it has a relatively low reaction
barrier of AG¥ = 7.6 keal mol™ (TS-1). Transition state TS-1
exhibits elongated I-O bonds (2.69 and 2.72 A), whereas the
N—H and O—H bond lengths are 1.18 and 1.31 A, respectively.
Hence, it appears that at this point the reductive elimination is
almost completed while the hydride transfer has yet to take
place. Accordingly, the corresponding reaction coordinate is
mainly composed of the hydride transfer movement accom-
panied by only a minor stretching of the I-O bonds (see stick
model for transition state TS-1 in Figure 6).

The computed reaction barrier corresponding to transition
state TS-1 (AG* = 7.6 keal mol™", pathway C) is considerably
lower in energy compared to that for TS-3 (AG* = 18.0 keal
mol ™, pathway B). Hence, our computational results support
the pathway C (Figure 3) as the most plausible mechanism for
the observed oxidative cyclization as it involves only low kinetic
barriers, and each step is thermodynamically favorable. Among
the two possible scenarios within the pathway C, our results
strongly favor the concerted reductive elimination via transition
state TS-1 as the most likely mechanism for benzoxazole
formation.

Bl CONCLUSIONS

Anodic oxidation of iodoarenes in HFIP as a solvent allows for
convenient preparation of I(IIT) species under essentially neutral
conditions and at room temperature. The electrochemically
generated dialkoxy-4>-iodane is stable as a solution in HFIP for
more than a week at +4 °C (12% decomposition after 10 days).
In the presence of nucleophilic anions such as halides, facile
reductive elimination of I(III) species to the corresponding aryl
iodide, hexafluoroacetone, and HFIP takes place. Poor
compatibility of dialkoxy-4*-iodanes with nucleophiles renders
anodic oxidation a convenient alternative to the traditional
approaches such as chemical oxidation or ligands exchange
reaction for generation of HFIP-containing I(III) species.
Addition of electrochemically generated I(III) species to
ortho-iminophenols results in clean formation of benzoxazoles.
The “ex-cell” electrochemical synthesis of benzoxazoles is
compatible with a broad range of redox-sensitive functional
groups, including alkene, bromine, and carboxylic acid.
Benzoxazoles can also be synthesized in a one-pot sequential
two-step process by addition of electrochemically generated
I(III) oxidant to the in situ formed imines. Our combined
experimental and theoretical approach suggests that oxidative
cyclization of ortho-iminophenols to benzoxazoles proceeds
through 2,3-dihydrobenzoxazole as the key intermediate. DFT
studies of several conceivable pathways indicate that a sequence
via a concerted reductive elimination represents the most

plausible mechanistic scenario for the formation of benzox-
azoles.

B EXPERIMENTAL SECTION

General Information. Unless otherwise noted, all chemicals were
used as received from commercial sources, and all reactions were
performed under nitrogen or argon atmosphere. Anhydrous CH,Cl,
was obtained by passing the commercially available solvent through
activated alumina columns. Analytical thin-layer chromatography
(TLC) was performed on precoated silica gel F-254 plates. Nuclear
magnetic resonance spectra were recorded on NMR spectrometers at
the following frequencies: 'H, 400 or 300 MHz; *C{'H}, 100.6, 75, or
63 MHz; °F, 376.3 MHz. Chemical shifts are reported in parts per
million (ppm) relative to TMS or with the residual solvent peak as an
internal reference. High-resolution mass spectra (HRMS) were
recorded on a mass spectrometer with a time-of-flight (TOF) mass
analyzer using the ESI technique. Electrolysis was performed under
galvanostatic control in an undivided cell. Glassy carbon (SIGRADUR
G-plate, 10 X 50 X 5 mm) served as a working electrode; a Pt sheet (10
X 50 X 0.1 mm) served as a counter electrode.

Cyclic Voltammetry. The experiments were carried out in a three-
electrode cell using a glassy carbon disc (diameter: 3 mm) as a working
electrode and a platinum wire as a counter electrode. The glassy carbon
disc was polished using polishing alumina (0.0S ym) prior to each
experiment. An Ag/AgNO; electrode (silver wire in 0.1 M NBu,ClO,/
CH,4CN solution; c(AgNO;) = 0.01 M) was used as a reference, and
this compartment was separated from the rest of the cell with a Vycor
frit. A 0.1 M solution of NBu,ClO, (electrochemical grade) in HFIP
was used as electrolyte. The electrolyte was purged with argon for at
least S min prior to recording the CVs.
N-[4-(4-Iodophenyl)-4-oxobutyl]-N,N,N-trimethyl i per-
chlorate (1) was synthesized in three steps from iodobenzene and 4-
chlorobutanoyl chloride according to the procedure reported in the
literature.'® "H NMR data are identical to those reported in the
literature: "H NMR (400 MHz, DMSO, ppm) § 7.96—7.94 (m, 2H),
7.75—7.72 (m, 2H), 3.33=3.29 (m, 2H), 3.12 (t, ] = 6.8 Hz, 2H), 3.08
(s, 9H), 2.08—1.99 (m, 2H); BC{'H} NMR (100.6 MHz, CDCl,
ppm) & 198.0, 137.7, 135.6, 129.6, 102.0, 64.7, 52.2, 34.4, 16.8. Anal.
Calcd for C;3H ¢CIINOg: C, 36.17; H, 4.44; N, 3.24. Found: C, 36.25;
H, 438; N, 321

Procedure for the Electrochemical Generation of I(Ill)
Reagent 2. The electrolysis in an undivided cell was performed
following the procedure reported in literature.'® A glassy carbon piece
(immersed surface area: A = 1 cm?) served as a working electrode and a
platinum sheet as a counter electrode. The experiment was carried out
as follows: aryl iodide 1 (864 mg, 2 mmol) was dissolved in 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP, 10 mL), and molecular sieves (4 A, 2.0
g) were added. After the cell was purged with argon, the clear solution
was electrolyzed with a current density of 15 mA/cm? until a charge 1 F
per mole of 1 was passed. Upon completion of the electrolysis, an
aliquot (0.3 mL) from the light-yellow electrolysis solution was diluted
with CD,Cl, (0.3 mL). "H NMR analysis of the aliquot helped to
determine the Faraday efficiency of 67% for the electrolysis.
Accordingly, the concentration of the electrolysis solution was 0.67
M in 2: 'H NMR (400 MHz, CD,Cl,, ppm) & 8.32—8.29 (m, 2H),
8.16—8.13 (m, 2H), 439 (septet, J = 5.9 Hz, 2H), 3.40-3.32 (m, 2H,
the signal overlaps with those of 1), 329 (t, ] = 6.4 Hz, 2H), 3.17 (s,
9H), 2.31-2.19 (m, 2H, the signal overlaps with those of 1); *C{'"H}
NMR (100.6 MHz, CD,Cl,, ppm) & 200.4, 140.0, 153.3, 132.0, 104.0
(the signal overlaps with those of 1), 67.9, 54.7 (the signal overlaps with
those of 1), 35.5, 18.2. "F NMR (376.3 MHz, CD,CL,) 6 =75.07 (d, ]
= 5.8 Hz).
1-(4-(Dichloro-A*-iodanyl)phenyl)ethan-1-one (3) was synthesized
according to the literature procedure.®® Thus, 4’-iodoacetophenone
(492 mg, 1 mmol) was dissolved in MeCN (4 mL), and aqueous 5.84%
NaOCl solution (12 mL) was added, followed by the slow addition of
aqueous concentrated HCI (4 mL). A light yellow precipitate was
formed. After 20 min at room temperature, the precipitate was filtered
off and washed with H,O and hexanes. Drying at room temperature
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overnight in the dark afforded the title compound 3 as a light yellow
solid (620 mg, 98% yield). Pure material was obtained by
recrystallization from hexanes/CH,Cl,, mp 76.5—75.5 °C (decomp.):
'H NMR (400 MHz, CD,Cl,, ppm) & 8.33—8.30 (m, 2H), 8.03—7.99
(m, 2H), 2.63 (s, 3H); *C{'H} NMR (100.6 MHz, CD,Cl,, ppm) &
196.7, 140.2, 134.6, 131.5. 129.5, 27.2; HRMS (ESI-TOF) m/z [M]*
caled for CgH,CIIO* 280.9230; found 280.9234.

(4-Acetylphenyl)(hydroxy)-A*-iodanyl 4-Methylbenzenesul-
fonate (4). To a stirred solution of 4’-iodoacetophenone (49 mg,
0.2 mmol) in 1:1 CH,Cl,/TFE (2 mL) was added mCPBA (49 mg, 0.2
mmol), followed with TsOH-H,O (38 mg, 0.2 mmol). The resulting
yellow solution was stirred at room temperature for 1 h and then
concentrated under a stream of air. Et,0 (4 mL) was added to the
remaining residue, and the resulting precipitate was filtered off to afford
iodane 4 as an off-white solid (62 mg, 71%). Pure material was obtained
after precipitation from a mixture of MeOH/CH,Cl,/hexanes: 'H
NMR (400 MHz, DMSO-dg, ppm) & 8.32- 829 (m, 2H), 8.11-8.09
(m, 2H), 7.49—7.47 (m, 2H), 7.13—7.11 (m, 2H), 2.63 (s, 3H), 2.28 (s,
3H); BC{'"H} NMR (100.6 MHz, DMSO-d,, ppm) & 197.5, 145.4,
139.2, 137.9, 134.4, 130.5, 128.2, 127.7, 125.6, 27.1, 20.9. Anal. Calcd
for CygH,I0,S: C, 41.49; H, 3.48. Found: C, 41.54; H, 3.49.

General Procedure A for the Synthesis of Imines 7a—q.>”
Benzaldehyde (2 mmol, 1.0 equiv) was added to a mixture of ortho-
aminophenol (2 mmol, 1.0 equiv), anhydrous Na,SO, (3 equiv), and
anhydrous CH,Cl, (5 mL) under argon atmosphere. The suspension
was stirred at room temperature for 16 h, whereupon Na,SO, was
removed by filtration. The filtrate was concentrated under reduced
pressure, and the crude solid residue was recrystallized from EtOH to
afford the corresponding imine.

General Procedure B for the Synthesis of Imines 7a—q.>” A
mixture of ortho-aminophenol (2 mmol, 1.0 equiv) and aldehyde (2
mmol, 1.0 equiv) was stirred under reflux in anhydrous EtOH (4 mL)
for 4 h. After being cooled to room temperature and concentration
under reduced pressure, the crude solid residue was recrystallized from

(63 MHz, CDCl,, ppm) & 152.8, 1520, 1494, 134.7, 1334, 1314,
130.5, 130.2, 129.5, 124.7, 1204, 1164, 115.5.
(E)-2-((2,4,6-Trimethylt lidene)amino)phenol (7d) was ob-
tained as a brown amorphous solid (84 mg, 70%) according to general
procedure C from ortho-aminophenol (0.5 mmol) and 2,4,6-
trimethylbenzaldehyde (0.5 mmol). "H NMR spectral data are identical
to those reported in the literature:** 'H NMR (400 MHz, CDCl,,
ppm) & 9.09 (s, 1H), 7.28-7.26 (m, 1H), 7.23—7.19 (m, 1H), 7.05—
7.03 (m, 1H), 6.97 (s, 2H), 6.97—6.92 (m, 1H), 2.58 (s, 6H), 2.35 (s,
3H); C{'"H} NMR (100.6 MHz, CDCl,, ppm) § 157.9, 152.2, 140.6,
139.2, 137.0, 1303, 130.1, 128.7, 1202, 115.6, 114.9, 21.7, 21.4.
(E)-2-(4-Methoxybenzylideneamino)phenol (7e) was obtained as a
yellow amorphous solid (186 mg, 41%) according to general procedure
A. 'H NMR spectral data are identical to those reported in the
literature:*' "H NMR (300 MHz, CDCl,, ppm) & 8.63 (s, 1H), 7.91—
7.86 (m, 2H), 7.30—7.27 (m, 1H), 7.21-7.15 (m, 1H), 7.03-6.99 (m,
3H), 694—6.88 (m, 1H), 3.90 (s, 3H); 3C{'H} NMR (63 MHz,
CDCl,, ppm) & 162.5, 156.6, 152.0, 1359, 130.6, 128.9, 128.3, 1200,
1157, 114.8, 114.3, 44.5.
(E)-2-((2-(Allyloxy)benzylidene)amino)phenol (7f) was obtained as
a dark brown oil (493 mg, 99% yield) according to general procedure
C: IR (film, cm™") 3412 (O—H), 1594 (C=N); '"H NMR (400 MHz,
CDCl,, ppm) 8 9.22 (s, 1H), 8.17 (dd, ] = 7.7, 1.8 Hz, 1H), 7.44 (m,
1H), 7.32 (dd, ] = 7.9, 1.5 Hz, 1H), 7.14 (td, ] = 7.8, 1.5 Hz, 1H), 7.06
(t, ] = 7.5 Hz, 1H), 7.02 (dd, ] = 8.1, 1.4 Hz, 1H), 6.96 (d, ] = 8.4 Hz,
1H), 691 (td, ] = 7.7, 1.4 Hz, 1H), 6.16-6.06 (m, 1H), 5.46 (dd, ] =
17.2, 1.6 Hz, 1H), 5.35 (dd, ] = 10.5, 1.5 Hz, 1H), 4.66 (d, ] = 5.2 Hz,
2H); *C{'"H} NMR (100.6 MHz, CDCl,, ppm) & 158.8, 153.3, 152.4,
136.4, 133.0, 132.9, 128.7, 127.6, 124.8, 121.2, 120.2, 118.1, 116.2,
1149, 112.7, 69.4; HRMS (ESI-TOF) m/z [M + H]* caled for
CygH1NO, 254.1181; found 254.1180.
(E)-2-((2-Allylbenzylidene)amino)phenol (7g) was obtained as a
brown oil (260 mg, 90%) according to general procedure C from ortho-
phenol (1.5 mmol) and 2-allylbenzaldehyde** (1.2 mmol): IR

EtOH to afford the corresponding imine.

General Procedure C for the Synthesis of Imines 7a—q.° A
mixture of ortho-aminophenol (2 mmol, 1.0 equiv) and aldehyde (2.4
mmol, 1.2 equiv) was stirred at 70 °C in anhydrous MeOH (4 mL) in
the presence of molecular sieves 4 A (1.5 g) for 20 h. After being cooled
to ambient temperature, the reaction mixture was filtered to remove the
molecular sieves, and the filtrate was concentrated under reduced
pressure. The crude product was recrystallized from MeOH, EtOH, or
a mixture of MeOH/CH,Cl,/hexanes to yield the corresponding
imine.

(E)-2-(Benzylideneamino)phenol (7a) was obtained as a light yellow
amorphous solid (319 mg, 81%) according to general procedure A. 'H
NMR spectral data are identical to those reported in the literature:* 'H
NMR (300 MHz, CDCl,, ppm) & 8.71 (s, 1H), 7.97-7.92 (m, 2H),
7.54—7.49 (m, 3H), 7.33 (dd, J = 7.9, 1.5 Hz, 1H), 729 (br s, 1H),
7.25-7.20 (m, 1H), 7.05 (dd, ] = 8.1, 1.1 Hz, 1H), 6.96—6.91 (m, 1H);
BC{'H} NMR (75 MHz, CDCl,, ppm) & 157.1, 152.3, 135.8, 135.5,
131.7, 128.9, 128.8, 128 7 120.1, 115.82, 115.0.

(E)-2-(4-Bromob ino)phenol (7b) was obtained as a
yellow solid (447 mg, 81%) accordmg to general procedure A. Pure
material was obtained by recrystallization from EtOH, mp 127-128
°C: IR (film, cm™) 3312 (O—H), 1626 (C=N); '"H NMR (400 MHz,
CD,Cl,, ppm) & 8.68 (s, 1H), 7.85—7.801 (m, 2H), 7.67—7.62 (m,
2H), 7.34 (dd, ] = 8.0, 1.4 Hz, 1H), 7.26—7.15 (m, 2H), 6.99 (dd, ] =
8.1, 1.4 Hz, 1H), 692 (td, ] = 7.7, 1.4 Hz, 1H); *C{"H} NMR (100.6
MHz, CDCly, ppm) & 155.7, 152.5, 135.2, 1349, 132.3, 130.2, 1294,
126.4, 120.3, 115.9, 115.3; HRMS (ESI-TOF) m/z [M + H]" caled for
C,5H;;BrNO 276.0024; found 276.0032.
(E)-2-(2-Nitrobenzylideneamino)phenol (7c) was obtained as a
yellow solid (391 mg, 54%) according to general procedure B from
ortho-aminophenol (3 mmol) and 2-nitrobenzaldehyde (3 mmol). 'H
NMR spectral data are identical to those reported in the literature: 01y
NMR (300 MHz, CDCl,, ppm) & 9.18 (s, 1H), 8.28 (dd, J = 7.7, 1.5
Hz, 1H), 8.08 (dd, ] = 8.2, 1.2 Hz, 1H), 7.79—=7.74 (m, 1H), 7.68—7.62
(m, 1H), 737 (dd, ] = 7.9, 1.5 Hz, 1H), 7.30~7.24 (m, 1H), 7.15 (s,
1H), 7.05 (dd, J = 8.1, 1.3 Hz, 1H), 6.97—6.92 (m, 1H); *C{'H} NMR

104

(film, “em 1) 3412 (O-H), 1587 (C=N); 'H NMR (400 MHz,
CDCl,, ppm) 8 8.96 (s, 1H), 8.12 (dd, ] = 7.7, 1.5 Hz, 1H), 7.44 (td, ] =
7.4, 1.5 Hz, 1H), 7.39—7.35 (m, 1H), 7.29—7.23 (m, 2H), 7.22-7.18
(m, 1H),7.02 (dd, J = 8.1, 1.3 Hz, 1H), 6.93—6.89 (m, 1H), 6.08 (ddt, ]
=17.1,10.2, 5.8 Hz, 1H), 5.17—5.11 (m, 1H), 5.02—4.94 (m, 1H), 3.75
(d,J = 5.8 Hz, 2H); *C{*H} NMR (100.6 MHz, CDCl,, ppm) & 156.0,
152.5, 1404, 137.3, 136.3, 133.9, 131.6, 131.0, 129.0, 128.5, 127.1,
1202, 116.6, 1160, 115.1, 37.4; HRMS (ESI-TOF) m/z [M + H]*
caled for C,4H,NO 238.1232; found 238.1236.
(E)-2-((Pyridin-2-yl)methyleneamino)phenol (7h) was obtained as a
green solid (282 mg, 47%) according to general procedure B from 2-
pyridinecarboxaldehyde (3 mmol) and ortho-aminophenol (3 mmol).
Pure material was obtained by recrystallization from hexanes/CH,Cl,,
mp 104-105 °C: IR (flm, cm™") 3362 (O—H), 1588 (HC=N); 'H
NMR (300 MHz, acetone-dg, ppm) & 8.82 (s, 1H), 8.70 (dd, ] = 4.8, 0.8
Hz, 1H), 8.43 (d, ] = 8.0 Hz, 1H), 7.91 (td, ] = 7.5, 1.2 Hz, 1H), 7.49—
7.45 (m, 2H), 7.28—7.4 (m, 1H), 6.98—6.89 (m, 2H); *C{'H} NMR
(100.6 MHz, acetone-ds, ppm) & 159.3, 155.7, 153.7, 150.5, 137.4,
136.6, 130.1, 126.1, 122.4, 120.8, 118.2, 116.6; HRMS (ESI-TOF) m/z
[M + H]* caled for CpHy,N,0 198.0788; found 198.0782.
(2E)-2-((E)-3- lallylid ino)phenol (7i) was obtained as a
light yellow solld (1 12 mg, 25%) accordmg to general procedure A. 'H
NMR spectral data are identical to those reported in the literature: By
NMR (300 MHz, CDCl,, ppm) & 8.51 (d, J = 7.7 Hz, 1H), 7.59-7.55
(m, 2H), 7.47—7.38 (m, 3H), 7.27—7.16 (m, 4H), 7.01 (dd, J = 8.1, 1.1
Hz, 1H), 6.92—6.87 (m, 1H); *C{'"H} NMR (63 MHz, CDCl,, ppm)
6 158.2, 152.3, 144.2, 135.6, 135.5, 129.8, 129.0, 128.9, 128.5, 127.6,
120.0, 115.5, 115.0.

(E)-2-(Benzylid ino)-S-methylphenol (7k) was obtained as a
yellow solid (413 mg, 98%) according to general procedure B. Pure
material was obtained by recrystallization from EtOH, mp 94—96 °C:
IR (film, cm™) 3332 (O-H), 1580 (C=N); 'H NMR (300 MHz,
CDCl,, ppm) & 8.70 (s, 1H), 7.94—7.90 (m, 2H), 7.52—7.47 (m, 3H),
7.28 (brs, 1H), 7.24 (d, ] = 8.1 Hz, 1H), 6.86 (m, 1H), 6.75—6.72 (m,
1H), 2.35 (s, 3H); “C{'H} NMR (75 MHz, CDCl,, ppm) & 155.7,
152.3,139.4, 136.0, 132.9, 131.4, 128.8, 128.6, 120.8, 115.5, 115.4, 21.5;
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HRMS (ESI-TOF) m/z [M]* caled for C,H;sNO 211.0992; found
211.0984.
(E)-2-(Benzylid ino)-4-methylphenol (71) was obtained as a
light yellow amorphous solid (17 mg, 4%) according to general
procedure B. "H NMR spectral data are identical to those reported in
the literature:** '"H NMR (300 MHz, CDCl, ppm) & 8.70 (s, 1H),
7.95—7.91 (m, 2H), 7.53—7.48 (m, 3H), 7.14—7.13 (m, 1H), 7.09 (br s,
1H), 7.05-7.01 (m, 1H), 6.94—6.91 (m, 1H), 2.34 (s, 3H); SC{'H}
NMR (63 MHz, CDCl;, ppm) & 156.7, 150.1, 1359, 135.1, 1316,
129.5, 128.8, 128.7, 1163, 114.6, 20.8.
(E)-2-(Benzylid ino)-S-nitrophenol (7m) was obtained as a
yellow amorphous solid (353 mg, 55%) according to general procedure
C. The pure product was obtained after precipitating from a mixture of
MeOH/DCM/hexanes: "H NMR (400 MHz, acetone-d, ppm) § 8.88
(s, 1H), 8.11—8.08 (m, 2H), 7.80 (dd, ] = 8.7, 2.5 Hz, 1H), 7.75 (d, ] =
2.5 Hz, 1H), 7.62—7.53 (m, 3H), 7.49 (d, ] = 8.6 Hz, 1H); *C{'H}
NMR (100.6 MHz, acetone-dg, ppm) & 163.9, 152.9, 147.7, 144.8,
136.8, 133.2, 130.5, 129.7, 119.5, 116.2, 111.3; HRMS (ESI-TOF) m/z
[M + H]* caled for Cj3H;;N,0; 243 0770; fmmd 243.0765.
(E)-Methyl 4-(3,5-dichlorol -3-hydroxyt
(7n) was obtained as a yellow solid (486 mg, 75%) according to
general procedure A. Pure material was obtained by recrystallization
from EtOH, mp 207—208 °C: IR (film, cm™!) 3394 (O—H), 1714
(C=0), 1562 (C=N); "H NMR (300 MHz, DMSO, ppm) & 8.73 (s,
1H), 8.09 (d, ] = 2.1 Hz, 2H), 7.79 (t, J = 2.0 Hz, 1H), 7.47 (s, 1H),
7.46 (dd, J = 6.0, 1.9 Hz, 1H), 7.29-7.26 (m, 1H), 3.83 (s, 3H);
BC{'H} NMR (63 MHz, DMSO, ppm) & 165.9, 158.9, 151.0, 141.5,
1393, 134.6, 130.7, 128.7, 127.4, 1206, 119.7, 116.8, 52.1; HRMS
(ESI-TOF) m/z [M + H]* caled for C,sH,C,NO; 324.0194; found
324.0190.
(E)-2-((4-Bromobenzylidene)amino)-4 phenol (70) was ob-
tained as a yellow amorphous solid (238 mg, 37%) according to general
procedure C. Pure product was obtained after precipitating from a
mixture of MeOH/DCM: "H NMR (400 MHz, CDCl,, ppm) & 8.69 (s,
1H), 7.86—7.81 (m, 4H), 7.67 (d, ] = 8.4 Hz, 2H), 7.34 (d, ] = 8.7 Hz,
1H), 7.17 (s, 1H); *C{'"H} NMR (100.6 MHz, CDCl,, ppm) & 160.4,
1522, 147.7, 1412, 134.0, 132.6, 130.8, 128.0, 116.6, 116.1, 110.8;
HRMS (ESI-TOF) m/z [M + H]* caled for Cj3H,oBrN,O, 320.9875;
found 320.9867.
(E)-4-Nitro-2-((3,4,5-trimethoxybenzylidene)amino)phenol (7p)
was obtained as a yellow solid (215 mg, 72%) accordmg to general
procedure C from 2-amino-4-nitrophenol (0.9 mmol) and 34,5-
trimethoxybenzaldehyde (0.9 mmol). Pure material was obtained by
recrystallization from CH,Cl,, mp 187—188 °C: IR (film, cm™) 3349
(0=H), 1581 (C=N), 1462 (NO,); 'H NMR (400 MHz, CDCl,
ppm) 8 8.70 (s, 1H), 8.22 (d, ] = 2.6 Hz, 1H), 8.14 (dd, ] = 9.0, 2.6 Hz,
1H), 7.19 (s, 2H), 7.10 (d, ] = 8.9 Hz, 1H), 3.97 (s, 6H), 3.96 (s, 3H);
BC{'H} NMR (100.6 MHz, CDCl,, ppm) & 160.4, 157.7, 153.8, 142.5,
141.4, 1359, 130.3, 124.5, 115.1, 112.3, 106.6, 61.2, 56.5; HRMS (ESI-
TOF) m/z [M + H]* caled for C,4H,;N,04 333.1087; found 333.1091.
3-(3-Amino-4-hydroxyphenyl)propanoic acid (14). To a
solution of 3-(4-hydroxy-3-nitrophenyl)propanoic acid (815 mg, 3.86
mmol) in absolute EtOH (S0 mL) was added 10% Pd—C (402 mg, 10
mol %), and H, gas was passed through the resulting suspension at
room temperature for 2 h. The progress of the hydrogenation was
followed by UPLC-MS analysis. Once the reaction was completed, it
was filtered through a plug of Celite. The filtrate was concentrated to
obtain the product as pale green foam (636 mg, 91%) that was used in
the next step without additional purification: IR (film, cm™) 3370,
3335 (N—H), 2934 (O—H); 'H NMR (400 MHz, CD,0D, ppm) &
6.64 (d, ] = 2.2 Hz, 1H), 6.61 (d, ] = 8.0 Hz, 1H), 647 (dd, ] = 8.0, 22
Hz, 1H), 2.74 (t, ] = 7.8 Hz, 2H), 2.50 (t, ] = 7.8 Hz, 1H); *C{'H}
NMR (100.6 MHz, CD;0D, ppm) & 177.6, 145.0, 135.4, 133.8, 1202,
117.7, 115.6, 37.6, 31.7; HRMS (ESI-TOF) m/z [M + H]* caled for
C4H,,NO, 182.0817; found 182.0817.
(E)-3-(3-((4-Bromobenzylidene)amino)-4-hydroxyphenyl)-
propanoic acid (7q) was obtained as a brown amorphous solid (106
mg, 25%) according to general procedure C from 3-(3-amino-4-
hydroxyphenyl)propanoic acid (14; see above) (1.2 mmol) and 4-
bromobenzaldehyde (1.5 mmol); product 7q was used in the next step

without additional purification because of its instability: IR (film, cm™")
3409 (O-H), 1699 (C=0), 1586 (C=N); 'H NMR (300 MHz,
CD,0D, ppm) 88.67 (s, 1H), 7.92—7.89 (m, 2H), 7.65—7.63 (m, 2H),
7.13 (d, ] = 2.1 Hz, 1H), 7.01 (dd, J = 8.2, 1.9 Hz, 1H), 6.81 (d, ] = 82
Hz, 1H), 2.86 (t, ] = 7.7 Hz, 2H), 2.52 (t, ] = 7.7 Hz, 2H); “C{'H}
NMR (100.6 MHz, CD,0D, ppm) & 1769, 159.2, 151.2, 138.3, 1369,
1339, 133.0, 1315, 129.1, 126.6, 119.1, 116.7, 37.1, 31.4; HRMS (ESI-
TOF) m/z [M + H]" caled for C¢H sBrNO; 348.023S; found
348.0237

General Procedure D for the Synthesis of Substituted
Benzoxazoles from Imines. A solution of electrochemically prepared
I(III) oxidant 2 (67 mM in HFIP) was added under argon to a solution
of imine (0.3 mmol) in HFIP (0.5 mL). The resulting solution was
stirred at room temperature until complete conversion of 7 (usually 10
min), and the progress of the reaction was monitored by GC-MS and
'H NMR. Diethyl ether (50 mL) was then added, and the resulting
suspension was kept at +4 °C for 15 min. The formed precipitate
(iodoarene 1) was removed by filtration and washed with Et,O. Drying
under air allowed for 92—94% recovery of mediator 1. The combined
filtrates were concentrated under reduced pressure, and the residue was
purified by column chromatography on silica gel to yield the
corresponding substituted benzoxazole.

General Procedure E for a One-Pot Two-Step Synthesis of

Substituted Benzoxazoles from the Aldehyde and Aniline. A
light brown solution of ortho-aminophenol (0.4 mmol, 1 equiv) and
aldehyde (0.48 mmol, 1.2 equiv) in CHCl; (2 mL; for benzoxazole 8j)
or in HFIP (2 mL; for benzoxazole 8b) was stirred at room temperature
for 6 h. Then freshly prepared I(III) reagent 2 (67 mM solution in
HFIP) was added under argon atmosphere, and stirring at room
temperature was continued for 30 min. Addition of diethyl ether (S0
mL) afforded a suspension that was cooled at +4 °C for 15 min. The
formed sand-colored precipitate (iodoarene 1) was removed by
filtration. The filter cake was washed with Et,O and dried under air.
The filtrate was concentrated, and the residue was purified by column
chromatography on silica gel to yield the corresponding benzoxazole.
2-Phenylbenzo[d]oxazole (8a) was obtained as a white solid (51 mg,
87%) according to general procedure D. The crude product was
purified by column chromatography on silica gel using gradient elution
from 0% EtOAc in heptane to 9% EtOAc in heptane. Analytical TLC
on silica gel, 1:9 EtOAc/heptane, Rf 0.4. Pure material was obtained
by recrystallization from heptane, mp 105.5-106.5 °C. lH NMR
spectral data are identical to those reported in the literature:*” '"H NMR
(300 MHz, CDCl,, ppm) & 8.31—8.25 (m, 2H), 7.82—7.77 (m, 1H),
7.62—7.58 (m, 1H), 7.57—7.52 (m, 3H), 7.40—7.34 (m, 2H); “C{'H}
NMR (75 MHz, CDCl,, ppm) 8 163.0, 150.7, 142.1, 1315, 1289,
1276, 127.1, 125.1, 124.5, 120.0, 110.5; GC-MS (EI) m/z [M]* found
for C;3HgNO 195.38.
2-(4-B phenyl)benzo[d] le (8b) was obtained as a white
solid (71 mg, 87%) according to general procedure D. The crude
product was purified by column chromatography on silica gel using
gradient elution from 0% EtOAc in heptane to 9% EtOAc in heptane.
Analytical TLC on silica gel, 1:9 EtOAc/heptane, R; = 0.4S. Pure
material was obtained by recrystallization from heptane, mp 158.5—
159.5 °C. 'H NMR spectral data are identical to those reported in
literature:*” "H NMR (300 MHz, CDCls, ppm) § 8.14—8.10 (m, 2H),
7.80-7.74 (m, 1H), 7.69—7.64 (m, 2H), 7.61~7.55 (m, 1H), 7.40—
7.34 (m, 2H); ®C{'H} NMR (63 MHz, CDCl,, ppm) § 162.1, 150.7,
1420, 1322, 129.0, 1262, 126.1, 125.4, 124.8, 120.1, 110.6; GC-MS
(EI) m/z [M]* found for C;;HgBINO 273.44.

Use of general procedure E afforded benzoxazole 8b in 81% yield
(66 mg).
2-(2-Nitrophenyl)benzo[ d]oxazole (8c) was obtained as pale yellow
solid (64 mg, 89%) according to general procedure D. The crude
product was purified by column chromatography on silica gel using
gradient elution from 0% EtOAc in heptane to 33% EtOAc in heptane.
Analytical TLC onssilica gel, 1:9 EtOAc/heptane, Ry=0.1. Pure material
was obtained by recrystallization from heptane, mp 104.5—105.5 °C.
'H NMR spectral data are identical to those reported in literature:* 'H
NMR (300 MHz, CDCl,, ppm) & 8.17—8.14 (m, 1H), 7.92—7.89 (dd, J
=79, 1.5 Hz, 1H), 7.85-7.79 (m, 1H), 7.78—7.67 (m, 2H), 7.62—7.55
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(m, 1H), 7.45—7.37 (m, 2H); *C{'H} NMR (75 MHz, CDCl,, ppm)
5 158.8, 1510, 141.5, 132.3, 131.8, 131.4, 126.0, 124.9, 124.2, 121.5,
120.7, 110.9; GC-MS (EL) m/z [M]" found for C,3HgN,0, 240.38.
2-Mesitylbenzo[d]oxazole (8d) was obtained as a yellow thick oil (56
mg, 79%) according to general procedure D. The crude product was
purified by column chromatography on silica gel using gradient elution
from 3% EtOAc in hexanes to 15% EtOAC in hexanes. Analytical TLC
on silica gel, 1:10 EtOAc/hexanes, Ry= 0.48. 'H NMR spectral data are
identical to those reported in literature:*” "H NMR (400 MHz, CDCl,,
ppm) & 7.86—7.79 (m, 1H), 7.62—7.56 (m, 1H), 7.41-7.35 (m, 2H),
698 (s, 2H), 2.36 (s, 3H), 2.29 (s, 6H); “C{'H} NMR (100.6 MHz,
CDCl,, ppm) & 163.4, 150.8, 141.7, 140.4, 138.6, 128.8, 125.1, 125.0,
124.3, 1203, 1107, 21.4, 20.5; UPLC-MS (ESI) m/z [M + H]* found
for C,4H;NO 238.29.

2-(4-Methoxyphenyl)benzo[d]oxazole (8e) was obtained as light
brown solid (51 mg, 75%) according to general procedure D. The
crude product was purified by column chromatography on silica gel
using gradient elution from 0% EtOAc in heptane to 33% EtOAc in
heptane. Analytical TLC on silica gel, 1:9 EtOAc/heptane, R = 0.2.
Pure material was obtained by recrystallization from heptane, mp 99—
100 °C. '"H NMR spectral data are identical to those reported in
literature:*” 'H NMR (300 MHz, CDCl,, ppm) 6 8.23—8.18 (m, 2H),
7.78=7.72 (m, 1H), 7.59—7.53 (m, 1H), 7.37-7.29 (m, 2H), 7.06—
7.01 (m, 2H), 3.90 (s, 3H); *C{'H} NMR (63 MHz, CDCl,, ppm) &
1632, 162.3, 1507, 142.3, 129.4, 124.6, 1244, 119.7, 119.6, 114.3,
110.4, 55.4; GC-MS (EI) m/z [M]* found for C,;H,,NO, 225.44.
2-(2-(Allyloxy)phenyl)benzo[d]oxazole (8f) was obtained as a light
orange amorphous solid (33 mg, 46%) according to general procedure
D. The crude product was purified by column chromatography on silica
gel using gradient elution from 3% EtOAc in hexanes to 10% EtOAc in
hexanes. Analytical TLC on silica gel, 1:4 EtOAc/hexanes, Ry= 0.55: 'H
NMR (400 MHz, CDCl,, ppm) 8 8.15 (dd, ] = 7.7, 1.8 Hz, 1H), 7.83—
7.79 (m, 1H), 7.61-7.57 (m, 1H), 7.48—7.44 (m,1H), 7.40—7.30 (m,
2H), 7.11-7.03 (m, 2H), 6.15—6.06 (m, 1H), 5.64 (dq, ] = 17.3, 1.8
Hz, 1H), 533 (dq, ] = 10.7, 1.6 Hz, 1H), 475 (dt, ] = 4.7, 1.8 Hz, 2H);
BC{'H} NMR (100.6 MHz, CDCl,, ppm) § 162.1, 157.6, 150.7, 142.1,
132.9, 1327, 131.6, 125.0, 124.4, 121.1, 1202, 117.4, 1169, 113.8,
110.6, 69.7; HRMS (ESI-TOF) m/z [M + H]* caled for C;¢H,;,NO,
252.1025; found 252.1029.

2-(2-Allylphenyl)benzo[d] le (8g) was obtained as a light yellow
oil (28 mg, 40%) according to general procedure D. The crude product
was purified by column chromatography on silica gel using isocratic
elution with 2% EtOAc in hexanes. Analytical TLC on silica gel, 1:10
EtOAc/hexanes, R; = 0.58: 'H NMR (400 MHz, CDCl;, ppm) & 8.18—
8.15 (m, 1H), 7.83=7.79 (m, 1H), 7.62—7.58 (m, 1H), 7.49—7.45 (m,
1H), 7.41=7.35 (m, 4H), 6.14—6.04 (m, 1H), 5.11—5.04 (m, 2H), 4.05
(d,] = 6.6 Hz, 1H); *C{"H} NMR (100.6 MHz, CDCl,, ppm) & 163.1,
150.5, 142.2, 140.8, 137.3, 1312, 1311, 130.4, 126.6, 1262, 12522,
124.5, 1203, 116.0, 110.6, 38.6; HRMS (ESI-TOF) m/z [M + H]*
caled for C,¢H ,NO 236.1075; found 236.1074.
2-(Pyridin-2-yl)benzo[d]oxazole (8h) was obtained as an off-white
solid (56 mg, 95%) according to general procedure D. The crude
product was purified by column chromatography on silica gel using
gradient elution from 0% EtOAc in heptane to 33% EtOAc in heptane.
Analytical TLC on silica gel, 1:4 EtOAc/heptane, Ry = 0.15. Pure
material was obtained by recrystallization from heptane, mp 100.5—
101.5 °C. "H NMR spectral data are identical to those reported in the
literature:** 'H NMR (300 MHz, CDCly, ppm) 6 9.41 (br s, 1H), 8.71
(d,J = 4.3 Hz, 1H), 8.54—8.51 (m, 1H), 7.80—7.77 (m, 1H), 7.61-7.56
(m, 1H), 7.48 (dd, J = 7.8, 5.0 Hz, 1H), 7.42—7.35 (m, 2H); *C{'H}
NMR (63 MHz, CDCl,, ppm) 6 160.3, 151.2, 150.7, 147.9, 1415,
135.3, 125.8, 125.0, 123.9, 123.8, 120.3, 110.8; GC-MS (EL) m/z [M]"*
found for C;,HgN,O 196.41.

(E)-2-Styrylbenzo[ d]oxazole (8i) was obtained as a pale yellow solid
(52 mg, 78%) according to general procedure D. The crude product
was purified by column chromatography on silica gel using gradient
elution from 0% EtOAc in heptane to 9% EtOAc in heptane. Analytical
TLC on silica gel, 1:9 EtOAc/heptane, Ry = 0.23. Pure material was
obtained by recrystallization from heptane, mp 83.5—84.5 °C. "H NMR
spectral data are identical to those reported in the literature:"” "H NMR
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(300 MHz, CDCly, ppm) 6 7.81 (d, ] = 164 Hz, 1H), 7.76=7.71 (m,
1H), 7.63-7.59 (m, 2H), 7.57-7.51 (m, 1H), 7.47-7.39 (m, 3H),
7.38=7.32 (m, 2H), 7.10 (d, ] = 16.4 Hz, 1H); “C{'"H} NMR (75
MHz, CDCl,, ppm) & 162.8, 150.4, 142.2, 139.5, 135.1, 129.8, 129.0,
127.6, 1252, 124.5, 1199, 113.9, 110.3; GC-MS (EI) m/z [M]* found
for C,H,,NO 22145.

2-tert-Butylbenzo[d]oxazole (8j) was obtained as an off-white
amorphous solid (52 mg, 74%) according to general procedure E.
The crude product was purified by column chromatography on silica
gel using gradient elution from 0% EtOAc in heptane to 33% EtOAc in
heptane. Analytical TLC on silica gel, 1:9 EtOAc/heptane, R;= 0.33. 'H
NMR spectral data are identical to those reported in the literature:** 'H
NMR (300 MHz, CDCl,, ppm) & 7.73—7.68 (m, 1H), 7.50—7.46 (m,
1H), 7.32-7.26 (m, 2H), 1.50 (s, 9H); *C{'"H} NMR (63 MHz,
CDCl,, ppm) 8 173.5, 150.8, 141.2, 124.3, 123.9, 119.7, 110.3, 34.1,
28.4; GC-MS (EI) m/z [M]" found for C;;H,;3;NO 175.32.
6-Methyl-2-phenylb [d] le (8k) was obtained as an off-white
solid (47 mg, 75%) according to general procedure D. The crude
product was purified by column chromatography on silica gel using
gradient elution from 0% EtOAc in heptane to 10% EtOAc in heptane.
Analytical TLC on silica gel, 1:9 EtOAc/heptane, Ry = 0.35. Pure
material was obtained by recrystallization from heptane, mp 92—93 °C.
"H NMR spectral data are identical to those reported in the literature:**
'H NMR (300 MHz, CDC,, ppm) & 8.27—8.23 (m, 2H), 7.65 (d, ] =
8.1 Hz, 1H), 7.55—7.50 (m, 3H), 7.39 (dt, ] = 1.6, 0.6 Hz, 1H), 7.19—
7.16 (m, 1H), 2.52 (s, 3H); *C{'H} NMR (75 MHz, CDC,, ppm) &
162.5, 151.0, 139.9, 135.5, 131.2, 128.8, 127.4, 127.3, 125.8, 119.3,
110.7, 21.8; GC-MS (EI) m/z [M]" found for C,;H;,NO 209.43.
5-Methyl-2-phenylt [d] le (81) was obtained as an off-white
amorphous solid (54 mg, 86%) according to general procedure D. The
crude product was purified by column chromatography on silica gel
using gradient elution from 0% EtOAc in heptane to 10% EtOAc in
heptane. Analytical TLC on silica gel, 1:9 EtOAc/heptane, R;= 0.36. 'H
NMR spectral data are identical to those reported in the literature:*” 'H
NMR (300 MHz, CDCly, ppm) & 8.29—8.24 (m, 2H), 7.57(dt, J = 1.7,
0.8 Hz, 1H), 7.56—7.51 (m, 3H), 7.48—7.45 (d, ] = 7.9 Hz, 1H), 7.19—
7.15 (m, 1H), 2.50 (s, 3H); *C{'H} NMR (75 MHz, CDCl,, ppm) &
163.1, 149.0, 142.3, 134.4, 131.4, 1289, 127.5, 127.33, 126.2, 1199,
109.9, 21.5; GC-MS (EI) m/z [M]* found for C;,H;;NO 209.44.
6-Nitro-2-phenylb [d] le (8m) was obtained as a light yellow
amorphous solid (44 mg, 61%) according to general procedure D. The
crude product was purified by column chromatography on silica gel
using gradient elution from 0% EtOAc in heptane to 33% EtOAc in
heptane; analytical TLC on silica gel, 1:9 EtOAc/heptane, R;= 0.19. 'H
NMR spectral data are identical to those reported in literature:** 'H
NMR (300 MHz, (CD3),0, ppm) 8 8.62 (dd, ] = 2.2, 0.5 Hz, 1H), 8.37
(dd, J = 8.8, 2.2 Hz, 1H), 8.34—8.31 (m, 2H), 7.98 (dd, ] = 8.8, 0.5 Hz,
1H), 7.72—7.64 (m, 3H); *C{'"H} NMR (63 MHz, CDCl,, ppm) &
167.4, 149.9, 147.4, 145.1, 132.9, 129.2, 1283, 126.0, 120.9, 119.8,
107.2; GC-MS (EI) m/z [M]* found for C,;HgN,O 24043,

Methyl 2-(3,5-dichlorophenyl)benzo[d]oxazole-6-carboxylate (8n)
was obtained as a white solid (87 mg, 90%) according to general
procedure D. The crude product was purified by column chromatog-
raphy on silica gel using gradient elution from 0% EtOAc in heptane to
10% EtOAc in heptane. Analytical TLC on silica gel, 1:9 EtOAc/
heptane, R;= 0.35. Pure material was obtained by recrystallization from
heptane, mp 171.5—172.5 °C: IR (film, cm™) 1725 (C=0); '"H NMR
(250 MHz, CDCl,, ppm) 6 827 (dd, ] = 1.6, 0.6 Hz, 1H), 8.15 (d, ] =
1.9 Hz, 2H), 8.12 (dd, ] = 8.4, 1.6 Hz, 1H), 7.80 (dd, J = 8.5, 9.6 Hz,
1H), 7.54 (t, ] = 1.9 Hz, 1H), 3.98 (s, 3H); *C{'"H} NMR (75 MHz,
CDCl, ppm) & 1664, 162.8, 150.5, 145.5, 135.9, 1319, 129.3, 127.9,
1267, 126.1, 1200, 113.5, 52.5; HRMS (ESL.TOF) m/z [M + H]*
caled for C,H,,CLNO; 322.0037; found 322.0035.

2-(4-B phenyl)-5-nitrob [d] le (80) was obtained as a
sand-colored solid (62 mg, 69%) according to general procedure D.
The crude product was purified by column chromatography on silica
gel using gradient elution from 3% EtOAc in hexanes to 10% EtOAc in
hexanes. Analytical TLC on silica gel, 1:10 EtOAc/hexanes, R = 0.44.
Pure material was obtained by recrystallization from hexanes/CH,Cl,,
mp 176—177 °C. "H NMR spectral data are identical to those reported
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in the literature:*” "H NMR (400 MHz, CDCl;, ppm) & 8.48 (dd, J =
2.2, 0.5 Hz, 1H), 8.32 (dd, J = 8.7, 2.2 Hz, 1H), 8.15—8.12 (m, 2H),
7.84 (dd, J = 8.7, 0.5 Hz, 1H), 7.72—7.69 (m, 2H); *C{'H} NMR
(100.6 MHz, CDCly, ppm) & 166.6, 150.1, 147.4, 145.4, 132.7, 129.7,
128.0, 125.0, 121.1, 120.1, 107.4; HRMS (ESI-TOF) m/z [M + H]*
caled for C,3HgBrN,O; 318.9718; found 318.971S.
S§-Nitro-2-(3,4,5-trimethoxyphenyl)benzo[d] le (8p) was ob-
tained as a pale yellow solid (78 mg, 93%) according to general
procedure D from (E)-4-nitro-2-((3,4,5-trimethoxybenzylidene)-
amino)phenol (7p) (84 mg, 0.25 mmol). Crude 8p was purified by
column chromatography on silica gel using gradient elution from 9%
EtOAc in hexanes to 20% EtOAc in hexanes. Analytical TLC on silica
gel, 1:4 EtOAc/hexanes, Ry = 0.28. Pure material was obtained by
recrystallization for hexanes/CH,Cl,, mp 187—188 °C: IR (film, cm™)
1498 (NO,); 'H NMR (400 MHz, CDCly, ppm) 8 8.62 (d, ] = 2.3 Hz,
1H), 8.32 (dd, ] = 8.9, 2.4 Hz, 1H), 7.67 (d, ] = 8.9 Hz, 1H), 7.51 (s,
2H), 4.00 (s, 6H), 3.96 (s, 3H); *C{'"H} NMR (100.6 MHz, CDCl,,
ppm) 5 166.0, 154.4, 153.8, 145.6, 142.8, 142.2, 1212, 121.0, 1162,
110.7, 105.4, 612, 56.6; HRMS (ESI-TOF) m/z [M + H]* calcd for
CyH 5N, 05 331.0930; found 331.0937.
3-(2-(4-B phenyl)benzo[d] 1-5-yl)propanoic acid (8q) was
obtained as an amorphous sand-colored solid (37 mg, 91%) according
to general procedure D from (E)-3-(3-((4-bromobenzylidene)amino)-
4-hydroxyphenyl)propanoic acid (7q) (90 mg, 0.1 mmol). Crude 8q
was purified by column chromatography on silica gel using gradient
elution from 3% MeOH in CH,Cl, to 15% MeOH in CH,Cl,.
Analytical TLC on silica gel, 1:40 MeOH/CH,CL,, Ry = 0.26: IR (film,
em~) 3410 (O—=H), 1700 (C=0); 'H NMR (400 MHz, CD;OD,
ppm) & 8.14—8.11 (m, 2H), 7.77—7.74 (m, 2H), 7.62 (d, ] = 1.6 Hz,
1H), 7.58 (d, ] = 8.5 Hz,1H), 7.33 (dd, ] = 8.4, 1.7 Hz, 1H), 3.07 (t, ] =
7.5 Hz, 2H), 2.66 (t, ] = 7.6 Hz, 1H); “C{'H} NMR (100.6 MHz,
CD;0D, ppm) & 163.9, 1507, 143.0, 139.7, 133.5, 130.1, 127.5, 127.4,
127.2, 1202, 111.5, 111.4, 32.0, 29.5; HRMS (ESI-TOF) m/z [M +
H]* caled for C,¢H,;BrNO; 346.0079; found 346.0087.
1-Oxaspiro[4.5]deca-6,9-diene-2,8-di (10) was obtained as light
yellow amorphous solid (37 mg, $8%) according to general procedure
D from 3-(4-hydroxyphenyl)propanoic acid (65 mg, 0.35 mmol).
Crude 10 was purified by column chromatography on silica gel using
gradient elution from 20% EtOAc in hexanes to 33% EtOAc in hexanes.
"H NMR spectral data are identical to those reported in the literature:*
'H NMR (400 MHz, CDCL,, ppm) § 6.87—6.83 (m, 2H), 629-6.25
(m, 2H), 2.77 (t, ] = 8.3 Hz, 2H), 2.37 (t, ] = 8.3 Hz, 2H); *C{'H}
NMR (100.6 MHz, CDCly, ppm) & 184.2, 175.2, 145.7, 129.3, 78.5,
324,28.1.
6-Bromo-2-phenyl-2-(trifluoromethyl)-2,3-dihydrobenzo[d]-
oxazole (15). A mixture of 2-amino-S-bromophenol (950 mg, $
mmol) and neat trifluoroacetophenone (1.54 mL, 11 mmol, 2 equiv)
was stirred at 140 °C for 18 h under argon atmosphere. The dark brown
reaction solution was cooled to room temperature, whereupon a dark
solid was formed. The crude reaction mixture was dissolved in CH,Cl,
and purified by column chromatography on silica gel using isocratic
elution with 4% EtOAc in hexanes as a mobile phase. The fractions
containing product were combined and concentrated. The residue was
repeatedly purified by reverse-phase chromatography using gradient
elution from 10% MeCN in water to 100% MeCN to afford 15 as a
sand-colored amorphous solid (1.29 g, 68%); analytical TLC on silica
gel, 1:10 EtOAc/hexanes, R; = 0.26: IR (film, cm™) 3356 (N-H); 'H
NMR (400 MHz, CDCl,, ppm) & 7.68—7.68 (m, 2H), 7.51—7.47 (m,
3H),7.08 (d,] = 1.8 Hz, 1H), 6.9 (dd, ] = 8.1, 1.8 Hz, 1H),6.70 (d,] =
8.1 Hz, 1H), 4.38 (s, 1H); *C{'H} NMR (100.6 MHz, CDCl,, ppm) §
1514, 1352, 1347, 1304, 129.1, 125.8, 125.0, 122.83 (q, J = 287.7 Hz),
1147, 113.5, 112.5, 98.8 (g, J = 32.6 Hz). °F NMR (376.3 MHz,
CDCl;) & —83.87; HRMS (ESI-TOF) m/z [M + H]' caled for
C,4H,(BrF;NO 343.9898; found 343.9886.

Benzyl (E)-3-(2-Phenyl-2-(trifluoromethyl)-2,3-dihydro-
benzo[d]oxazol-6-yl)acrylate (16). A vial (5 mL) was flushed with
argon and charged with 6-bromo-2-phenyl-2-(trifluoromethyl)-2,3-
dihydrobenzo[d]oxazole (15) (200 mg, 0.58 mg), Pd(OAc), (13 mg,
10 mol %), and DMF (0.87 mL). Then, benzyl acrylate (178 uL, 1.16
mmol) was added, followed by triethylamine (122 yL, 0.87 mmol). The

vial was sealed, and the dark brown solution was heated at 100 °C for 6
h, whereupon the reaction was cooled to room temperature, diluted
with CH,Cl, (20 mL), and washed with water (2 X 20 mL) and brine
(20 mL). The organic layer was dried over Na,SO,, filtered, and
concentrated under reduced pressure. The crude product was purified
by column chromatography on silica gel using gradient elution from
20% CH,Cl, in hexanes to 97% CH,Cl, in hexanes. Product 16 was
obtained as yellow thick oil (247 mg, 91%); analytical TLC on silica gel,
1:4 EtOAc/hexanes, Ry = 0.39: IR (film, cm™) 3309 (N—H), 1696
(C=0); 'H NMR (400 MHz, CDCl;, ppm) § 7.67—7.62 (m, 2H),
749745 (m, 3H), 7.43—7.35 (m, 4H), 7.12 (d, ] = 1.5 Hz, 1H), 7.00
(dd, J = 7.8, 1.6 Hz, 1H), 6.77 (d, ] = 7.9 Hz, 1H), 6.33 (d,] = 15.9 Hz,
1H), 5.25 (s, 2H), 4.81 (s, 1H); *C{'"H} NMR (100.6 MHz, CDCl,,
ppm) 8 167.2, 150.7, 145.1, 138.3, 1363, 134.7, 1303, 1292, 1287,
128.34, 128.33, 125.75, 125.73, 125.0, 122.8 (q, J = 288.0 Hz), 1157,
111.3,106.6,98.3 (q, ] = 32.4 Hz), 66.4; '°F NMR (376.3 MHz, CDCl,,
ppm) & —83.69; HRMS (ESI-TOF) m/z [M + HJ* caled for
CaH oFsNO, 426.1317; found 426.1327.

3-(2-Phenyl-2-(trifluoromethyl)-2,3-dihydrobenzo[d]oxazol-
6-yl)propanoic acid (11). To a yellow solution of benzyl (E)-3-(2-
phenyl-2-(trifluoromethyl)-2,3-dihydrobenzo[ d] oxazol-6-yl)acrylate
(15) (379 mg, 0.89 mmol) in absolute EtOH (13 mL) was added 10%
Pd—C (379 mg, 40 mol %), and H, gas was passed through the
resulting suspension at room temperature for 2 h. The progress of the
hydrogenation was followed by UPLC-MS analysis. Once the reaction
was completed, it was filtered through a plug of Celite. The filtrate was
concentrated under reduced pressure to obtain the product that was
used in the next step without additional purification: 'H NMR (400
MHz, CD,CN, ppm) § 7.68—7.65 (m, 2H), 7.52—7.49 (m, 3H),
6.819—6.818 (m 1H), 6.75—6.70 (m, 2H), 5.53 (s, 1H), 2.81 (t, = 7.6
Hz, 2H), 255 (s, ] = 7.7 Hz, 2H); “C{’H} NMR (100.6 MHz,
CD,CN, ppm) & 1744, 150.9, 1362, 135.6, 135.4, 131.1, 129.8, 126.87,
126.86, 1242, (q, ] = 287.4 Hz), 122.8, 1127, 109.3, 99.1 (q, ] = 31.9
Hz), 36.0, 31.2; F NMR (376.3 MHz, CD,CN, ppm) & —84.56;
HRMS (ESI-TOF) m/z [M + H]* caled for C;,H sF;NO; 338.1004;
found 338.1008.
2-Phenyl-2-(trifluoromethyl)-3’,4’-dihydro-2H,5’H-spiro[ benzo-
[d]oxazole-6,2"-furan]-5"-one (12) was obtained according to general
procedure D from 3-(2-phenyl-2-(trifluoromethyl)-2,3-dihydrobenzo-
[d]oxazol-6-yl)propanoic acid (11). Purification by silica gel column
chromatography using gradient elution from 9% EtOAc in hexanes to
33% EtOAc in hexanes afforded 12 as a 1:1 mixture of diastereomers
(55 mg of red oil, 55%); analytical TLC on silica gel, 1:4 EtOAc/
hexanes, R = 0.16. IR (film, cm™) 1784 (C=O0), 1639 (C = N);
HRMS (ESI-TOF) m/z [M + H]* calcd for Cp,H,;F;NO, 336.0848;
found 336.0848.

Individual pure diastereomers were obtained by preparative HPLC
using isocratic elution with 20% EtOAc in hexanes as a mobile phase.

Diastereomer 12a: "H NMR (400 MHz, CDCL;, ppm) § 7.74—7.72
(m, 2H), 7.46—7.42 (m, 3H), 6.77 (d, ] = 9.9 Hz, 1H), 6.62 (dd, ] = 9.9,
2.2 Hz, 1H), 5.54 (d, ] = 2.1 Hz, 1H), 2.74 (td, ] = 8.3, 1.6 Hz, 2H),
2.34-229 (m, 2H); BC{'"H} NMR (100.6 MHz, CDCl,, ppm) &
1752, 1597, 153.2, 145.3, 132.6, 130.3, 128.6, 127.6, 122.2.(q, ] = 286.1
Hz), 1204, 1114 (q, J = 30.9 Hz), 100.7, 834, 34.5, 28.5; ’F NMR
(3763 MHz, CDCl,) & —80.13.

Diastereomer 12b: "H NMR (400 MHz, CDCL,, ppm) § 7.73—7.70
(m, 2H), 7.46=7.42 (m, 3H), 6.77 (d, ] = 9.8 Hz, 1H), 6.62 (dd, ] = 9.8,
2.1 Hz, 1H), 5.54 (d, ] = 2.1 Hz, m, 1H), 2.76 (td, ] = 8.4, 2.3 Hz, 1H),
243-2.39 (m, 2H); “C{'H} NMR (100.6 MHz, CDCl;, ppm) &
1752, 159.8, 153.0, 145.4, 133.3, 130.3, 128.6, 127.6, 122.1 (q, ] = 286.2
Hz), 1207, 1115 (q, J = 312 Hz), 1009, 83.3, 344, 28.5; °F NMR
(3763 MHz, CDCl,) & —80.23.

Computational Methods. The presented theoretical consider-
ations of the electrochemical cyclization of phenolic imines are
predicated on calculations of a model system that comprises one
substrate molecule with R' = H and R* = Ph (7a), one model
iodine(III) molecule 13 (see also ref 34), and one additional solvent
(HFIP) molecule as depicted in Figure S. The application of the model
system shown in Figure 1 serves the dual purpose of retaining a
constant number of nuclei and electrons throughout the entire reaction
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and stabilizing transitory charges by the extra solvent molecule.
Moreover, as discussed above, the presence of at least one explicit
solvent molecule is required as impetus for critical structural
rearrangements. Nevertheless, it should be noted that the benefit of
having a constant number of nuclei and electrons comes at the cost of
underestimating the translation contributions to the enthalpy and
entropy. In reality, each generated molecule, such as the released HFIP
from 2, gives rise to three translational degrees of freedom, whereas in
the quantum chemical description of the applied model system, the
number of translational degrees of freedom is constantly three. While
the effect of this underestimation is small for all reaction steps that leave
the number of independ lecul it is more pr ed
during the reduction of iodine where the number of molecules in the
model is increased by two. In this regard, we just note in passing that
the effect will act to stabilize the product side of the reaction.

All quantum chemical calculations presented in this work have been
conducted with the ORCA program package in its version 3.0 and
employed the TPSS functional.”” The considerable scalar relativistic
effects arising from the presence of iodine are taken into account by the
zeroth order regular approximation (ZORA).** Accordingly, the scalar
relativistically recontracted form of the def2-TZVP basis set was used.*>
Solvent effects that are not covered by the explicitly incorporated
solvent molecule are modeled by the conductor-like screening model
(COSMO) with a dielectric constant of & = 17.8.°* The generation of
Coulomb integrals was accelerated by the well-established resolution of
identity scheme together with the auxiliary basis set introduced by
Weigend in 2006 (def2/]).** Dispersion effects were described using
the semiempirical pairwise correction scheme by Grimme in its
formulation of 2010 with Becke—Johnson damping (D3BJ).*® Efficient
numerical integration was ensured by using a dense integration grid
(ORCA Grid 4). Harmonic vibrational frequencies were calculated
numerically to verify the nature of the stationary points. Minimum
energy points correspond to exclusively positive eigenvalues of the
Hessian matrix, whereas transition states feature one negative
eigenvalue. Thermochemical contributions were calculated using the
ideal gas, rigid rotor, and harmonic oscillator approximations at a
temperature of 298.15 K.
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ABSTRACT: Broad application of a,a-disubstituted cyclic amino acid
derivatives in medicinal chemistry urges for analogue design with

N
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chemical approach toward unnatural THF- and THP-containing amino "
acid derivatives that relies on anodic decarboxylation-intramolecular

constant current H ! X: CH, = O
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+ scalable H + reduced lypophilicity
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etherification of inexpensive and readily available N-acetylamino

malonic acid monoesters under Hofer—Moest reaction conditions. The decarboxylative cyclization proceeds under constant
current conditions in an undivided cell in an aqueous medium without any added base. A successful bioisosteric replacement of the
1-aminocyclohexane-1-carboxylic acid subunit by the THP-containing amino acid scaffold in cathepsin K inhibitor balicatib helped
to reduce lipophilicity while retaining low nanomolar enzyme inhibitory potency and comparable microsomal stability.

nnatural (non-proteinogenic) amino acids (AAs) are

widely employed structural fragments in the design of
small molecule drugs and peptidomimetics.' Among them,
a,a-disubstituted cyclic AAs have been incorporated into
clinically used anesthetics carfentanil 1 and remifentanil 2,
anticancer drug candidate AZDS5363 (3),” FDA-approved
antipruritic medication difelikefalin 4 and antipruritic drug
candidate 5,° development candidate balicatib 6,* and
cathepsin C inhibitor 7 for treatment of COPD® (Figure
1A). a,a-Disubstituted cyclic AAs are also commonly used to
introduce constraints into a peptide backbone and improve
stability, permeability, and bioavailability of peptidomimetics.®
Wide application and valuable properties of @,a-disubstituted
cyclic AAs justify the design of new congeners and also urge
the development of efficient synthetic methods to access these
medicinally relevant structural fragments. Herein we disclose
an electrochemical synthesis of previously unreported THP-
and THF-containing AA derivatives” (Figure 1A) and
demonstrate their bioisosteric relationship with the corre-
sponding a,a-disubstituted carbocyclic AAs.

We envisioned that both THP-AA and THF-AA could be
accessed from readily available N-acetylamino malonic acid
monoester by electrochemical decarboxylation/oxidation to a
transient N-acyliminium intermediate, followed by ether-
ification with a tethered O-nucleophile (Figure 1B, eq 3).
The electrochemical oxidative decarboxylation under Hofer—
Moest (HM) conditions® has recently become increasingly
popular to generate transient N-acetyliminium® and oxocarbe-
nium'® species as well as stabilized benzylic and tertiary
carbocations'' for inter- and intramolecular C—O bond
formation. A wide variety of a-amino, a-alkoxyoxy, a-aryloxy,
and tertiary carboxylic acids have found application in the HM
reaction. However, only a handful of reports exist on
electrochemical decarboxylation of malonic acid derivatives
© XXXX The Authors. Published by

American Chemical Society

A4 ACS Publications

(Figure 1B). Thus, Markd and Ma et al. disclosed electro-
chemical oxidative decarboxylation of disubstituted malonic
acids under constant current electrolysis in methanol as a
solvent to furnish dimethyl ketals (Figure 1B, eq 1).'* Anodic
decarboxylation of N-acylamino malonic acid monoesters in
alcoholic solvents to afford a-alkoxy @-amino acid derivatives
was also reported by Iwasaki and Matsumoto et al. in the late
1970s (eq 2)."* The above-mentioned electrolyses proceeded
in alcoholic media and required the addition of an external
base. We realized that the anodic decarboxylation of N-
acetylamino malonates does not require the added base if
performed in aqueous media because paired cathodic
reduction of water would generate hydroxide anions.
Combined with low costs of malonic acid derivatives and
rich malonate functionalization chemistry, the developed
decarboxylation approach features operational simplicity and
high cost efficiency.

N-Acetylamino malonate 8a was selected as a model
substrate for the development of intramolecular etherification
under HM conditions. The acid 8a was easily prepared in two
steps from commercially available diethyl 2-acetamidomalo-
nate by an alkylation/hydrolysis sequence (see the Supporting
Information). The selection of starting conditions for the
anodic decarboxylation of 8a was based on a literature survey.
Accordingly, graphite is the most frequently employed anode
material for HM reaction,'* whereas Pt is routinely used as a
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Figure 1. (A) a,a-Disubstituted unnatural AA in drug design. (B)
Electrochemical decarboxylation of malonic acid derivatives.

cathode to favor proton reduction.””'* HM reaction also
benefits from low current densities and polar aprotic
solvents."** Hence, the initial electrolysis of 8a was carried
out in an undivided cell under constant current conditions (j =
10 mA/cm?) in aqueous MeCN and without any added base
or supporting electrolyte. Pleasingly, the desired 9a was formed
in 44% yield after passing 1.3 F charge (Table 1, entry 1).
Unfortunately, incomplete conversion of 8a was observed, and
the decarboxylation stalled because of low conductivity (>30 V
cell potential was reached during the electrolysis). The
addition of Li,CO; (0.5 equiv with respect to 8a) as a
supporting electrolyte helped to improve conductivity and
increased the yield of 9a to $5% (entry 2). Further increase in
the yield of 9a to 62% was accomplished by replacement of Pt
for considerably less expensive Ni as a cathode material (entry
3). Screening of various salts (entries 4—9) helped to identify
NaOAc, LiClO,, and NaTFA as the preferred supporting
electrolytes for the decarboxylative cyclization (74—77% yield
of 9a; entries 4, 6, and 9, respectively). Comparable efficiency
of a non-basic LiClO, and a relatively basic NaOAc as
supporting electrolytes indicated that the anodic decarbox-
ylation does not require an external base. A brief survey of
anode materials using NaOAc as the supporting electrolyte
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Table 1. Optimization of Decarboxylative Etherification

FH mrFﬂH

COH 't undivided cell ;
dhide AcHN”CO,Et

AcHN"co,Et
0.025 M supporting
8a electiolyte %
2:1 MeCN:H,0
Entry  Cathode  Supporting electrolyte”  j, mA/cm®  Yield, %"
1# Pt 10 44
24 Pt Li,CO; 10 55
3 Ni Li,CO,4 10 62
4 Ni NaOAc 10 748
5 Ni LiOAc 10 69
¢ Ni NaTFA 10 74
74 Ni NaOfBu 10 60
8 Ni NH,OAc 10 69
o Ni LiCIO, 10 77
10° c LiClO, 10 83
11° c LiCIO, 12 82 (80)"

0.5 equiv with respect to 8a. “Yields were determined by 'H NMR

post-electrolysis using C]-‘I]Brz as an internal standard. Performed on a

0 15 mmol scale. °1.3 F. %4 F. °3 F./2 F. $Average yield of two runs.
"solated yield in parentheses.

confirmed the superiority of graphite over glassy carbon (GC),
reticulated vitreous carbon (RVC), and boron-doped diamond
(BDD; see the Supporting Information). However, 9a was
formed in higher yield when graphite was used instead of Ni as
the cathode material with both NaOAc (see the Supporting
Information) and LiClO, as the supporting electrolytes (83%,
entry 10). Hence, graphite was chosen as both anode and
cathode material, and LiClO, was selected as the non-basic and
non-nucleophilic supporting electrolyte for all subsequent
experiments. Current density increase from to 12 mA/ cm? did
not affect the yield of 9a (82%, entry 13); however, larger
deviations lead to inferior results (see the Supporting
Information, page S3).

With the optimized conditions in hand (entry 11, Table 1),
the scope of the developed method was investigated (Figure
2). N-Acetyl, N-Cbz, and N-Boc protected aminotetrahydro-
furan-2-carboxylates 9a—c were readily obtained in 51-80%
yield. The decarboxylative anodic oxidation is compatible with
relatively easy-to-oxidize 3-furanoyl and 4-anisoyl substituents
(heterocycles 9e, 9k) as well as with the presence of cyano,
mesyl, and trifluoromethyl groups in the aryl moiety of cyclic
ethers 9j,h,1 (Figure 2A).

Noteworthy is the compatibility with bromo substituent that
allows for further transformations of 9i,0, e.g,, in Buchwald—
Hartwig amination as shown below. The electrochemical
decarboxylation of pyridine-containing substrate 8f was slow
and afforded the desired 9f in only 7% yield together with
multiple side-products. Six-membered heterocycles 9m—o
(Figure 2B) are also accessible under the developed conditions
albeit in slightly lower yields (56—64%) as compared to the
corresponding S-membered analogues 9a,b,i (68—80%). The
reduced yield of tetrahydropyranes 9m—o can be possibly
attributed to the slower formation of a 6-membered ring"
from N-acyl iminium intermediates and the competing
formation of an open-chain hemiaminal in the reaction with
water. Indeed, hemiaminal 10 was the major product in the
attempted decarboxylative cyclization of 8z (Figure 2E) that
afforded only trace amounts of the desired 7-membered
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Ph 9 o
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Figure 2. Scope of the decarboxylation/cyclization reaction. “Performed

at the 1.17 g scale. At 1.00 g scale. ‘At 2.0 g scale. “NMR yield. ‘Obtained

according to the procedure from ref 11b. /Obtained according to the procedure from ref 11a. sEllipsoids are shown at 50% probability, with

hydrogen atoms omitted for clarity.

heterocycle 9z as evidenced by LC-MS assay of the crude
reaction mixture.

The developed anodic decarboxylation/cyclization is appli-
cable also to AA derivatives such as protected 2,3-diamino
propionic acid derivatives 8p,q and aspartic acid ester 8r
(Figure 2C). Wide application of unnatural AA in the design of
peptidomimetics prompted us to examine the suitability of the
developed conditions for dipeptide synthesis. Gratifyingly,
cyclization of AA-containing substrates 8s—y afforded
dipeptides 9s—y in S0—86% yield (Figure 2D). Notably, the
decarboxylative cyclization is compatible with the alkene
moiety and cyclopropyl subunit (9y and 9v, respectively). All
dipeptides 9s—y were obtained as a 1:1 mixture of
diastereomers, and the absence of diastereoselectivity in the
cyclization was also observed for Mosher amide 9d.'® In
contrast, moderate diastereoselectivity could be achieved in the
cyclization of chiral secondary alcohols (Figure 2F) with the
highest 73:27 dr observed for the formation of 9ad from the
parent (R)-benzyl alcohol. Configuration of the quaternary

stereogenic center in the major diastereomer (S,R)-9ad was
established by X-ray crystallography. Finally, to demonstrate
the synthetic utility and scalability of the developed method,
the synthesis of five-membered heterocycle 9b was successfully
scaled up from 0.9 to 3.5 mmol to afford 0.83 g of the
heterocycle in a single electrolysis batch. An upscale from 0.9
to 2.8 mmol was also successful for six-membered products
9n,0.

A brief mechanistic study was performed to gain
experimental evidence for the two-electron anodic oxidation
to N-acyliminium ion (HM reaction) vs one-electron oxidation
(Kolbe electrolysis) as a mechanistic scenario for the
developed cyclization. Accordingly, cyclic voltammetry (CV)
studies for acid 8a showed a single irreversible feature at a scan
rate of 100 mV/s (Ep = 1.77 V vs Ag/Ag") that corresponds to
carboxylate oxidation (for details, see p S69 of the Supporting
Information). Notably, 8a exhibited two anodic peaks at a
higher scan rate (600 mV/s) suggesting the formation of an
unstable intermediate after the first irreversible oxidation step

[« https://doi.org/10.1021/acs.orglett.3c02687
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(Ep; = 1.98 V vs Ag/Ag") that undergoes chemical
transformation followed by a second oxidation step (Ep, =
224 V vs Ag/Ag"). Hence, CV data point to the ECE pathway
for the decarboxylative cyclization that involves anodic
oxidation of 8a, followed by decarboxylation and the second
oxidation of the carbon-centered radical to N-acyliminium ion,
a scenario that is characteristic for the HM reaction.

Additional evidence favoring the ionic pathway for the
cyclization was obtained by exposing unsaturated acid 11 to
the developed anodic decarboxylation conditions. S-Hexenyl
acids that are structurally closely related to 11 have been
reported to undergo facile radical 5-exo-trig cyclization under
Kolbe electrolysis conditions.'” Radical $-exo-trig cyclizations
proceed with extremely high rate constants (e.g, 1.6 X 10°s™!
for 6-cyano-S-hexenyl radical),'® and therefore, they have
found applications as radical clock reactions. Notably, the
formation of S-exo-trig cyclization product 12 from 11 was not
observed (Figure 2G). Instead, unstable hemiaminal 13 was
formed as the major product (57% NMR yield) together with
unreacted 11 (18%). Taken together, a mechanistic study
provides strong evidence for the two-electron anodic
decarboxylation to the N-acyliminium ion as the most plausible
mechanism for the electrosynthesis of AA derivatives 9a—
y,aa—ad.

Next, we briefly explored the reactivity of the THF- and
THP-AA derivatives. THF-AA is stable under basic conditions
as evidenced by aqueous LiOH hydrolysis of ester 9b to acid
14 in 78% yield (Figure 3A)." An additional proof of the

A o
CbzHN" CO,H
14, 78%
1 LioH, THF-H,0,

COEt  EIOH  CbzHN” COEt K,COs DMF = e
16, 87% 9b (n=1) 15,40%

9n (n=2)
| Boc,0, DMAP, MeCN, 55 °C

o IS
Hz, PIC o

CbzN" 'CO,Et
zgnc e EtOH BocHN” “CO,Et
17,87% 9c, 99%
B
HN NPr 2 o) I 0
- /©)kN Ot H,NCH,CN O NHON
on - N -
H
Pdy(dbals O HWATU, NEY o
BINAP N (N
Cs,00, PIN_J 18 R=E120% i PN, 20, 55%
100°C, toluene J THE-H0

19,R=H,84%

Figure 3. Synthetic modifications of THF-AA and THP-AA.

THF-AA stability under basic conditions was obtained by
successful N-alkylation of ester 9n to afford amide 15 (40%).
Pd-catalyzed hydrogenolysis of N-Cbz in 9b afforded ring-
opening product 16 (87%), suggesting the instability of N-
unprotected hemiaminal that obviously undergoes the
reduction of the open chain imine tautomer. In the meantime,
N-Cbz protection can be swapped for N-Boc in a two-step
sequence comprising N-acylation of carbamate 9b with Boc,O
and catalytic DMAP, followed by Pd-catalyzed hydrogenolysis
(86% over two steps; Figure 3A).

Finally, THP-AA derivative 20 was synthesized to examine
its bioisosteric relationship with balicatib 6 (Figure 3B). Thus,
Pd-catalyzed amination of 9n with piperazine followed by ester
hydrolysis and amide bond formation furnished 20. As
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anticipated, the THP-AA derivative 20 features reduced
lipophilicity (LogP = 0.95) as compared to that of balicatib
6 (LogP = 1.60), while possessing similar enzymatic activity
(034 nM vs 046 nM, respectively) as well as comparable
metabolic stability and plasma protein binding (see the
Supporting Information, Table S3, page $S76). Hence, THF-
and THP-containing AA are suitable as bioisosters of the
corresponding a,a-disubstituted carbocyclic AA, offering a
reduction in lipophilicity (Log P).

In summary, electrochemical decarboxylation-intramolecular
etherification of inexpensive and readily accessible N-acetyl
malonic acid monoesters under HM conditions provides a
route to previously unreported THP- and THF-containing AA
derivatives. The decarboxylative cyclization under constant
current conditions in an undivided cell proceeds in aqueous
media without any added base. When incorporated into
dipeptides and peptidomimetics, THP- and THF-containing
AAs may serve as bioisosters of a,a-disubstituted cyclic AAs. A
successful bioisosteric replacement of the 1-aminocyclohexane-
1-carboxamide subunit in balicatib by a THP-AA moiety was
demonstrated, allowing for the reduction of lipophilicity
(Log P), while retaining low nanomolar cathepsin K inhibitory
potency and comparable microsomal stability to that of
balicatib. Given the broad use of @,a-disubstituted cyclic AA
in organic and medicinal chemistry, we believe that oxygen-
containing unnatural AA scaffolds described in this work have
great potential for application in drug discovery campaigns.
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Introduction

Nitrogen containing heterocycles are ubiquitous in pharma-
ceuticals’ and biomolecules as core motifs.> One particular
example is quinazolin-4-ones. Derivatives are present in
a variety of drugs and biomolecules with anticancer, diuretic,
anti-inflammatory, anticonvulsant, and antihypertensive
properties.*

Methaqualone (1) (Chart 1), known by its brand name
Quaalude, is a hypnotic sedative that increases GABA, receptor
activity.* The drug was withdrawn from the U.S. market in 1985,
primarily because of its psychologically addictive potential,
widespread abuse, and illicit recreational use.” The medication
idelalisib (2) (Chart 1) is used to treat certain types of blood
cancer and acts as a phosphoinositide 3-kinase inhibitor.® This
drug alone amounted to a $72 million annual revenue for Gilead
Sciences, Inc.” The naturally occurring plant alkaloid tryp-
tanthrine (3) exhibits a broad spectrum of biological and
pharmaceutical activity including antimicrobial, antiviral,
anticancer, and antiparasitic properties.® In addition, the
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applications is demonstrated by a 100-fold scale-up for gram-scale electrolysis.

AstraZeneca anti-metabolite and cytotoxic drug raltitrexed (4) is
used in chemotherapy treatments. The folic acid analogue acts
as a selective inhibitor of thymidylate synthase.” Notably, N-
oxides and N-hydroxy derivatives of these pharmaceuticals were
found to be metabolites of these drugs.'®** However, the ther-
apeutic effects of endocyclic N-hydroxy and N-oxy compounds
have not been researched to the same degree. Considering their
metabolic stability and the unique features of the N-O bond,
this class of novel compounds are the subject of current phar-
maceutical research.?

The synthesis of N-oxides and N-hydroxy derivatives of
quinazolin-4-ones is scarce in the literature and the few pub-
lished examples present various challenges. The synthesis of 1-
oxy-2-alkylquinazolin-4-ones was described by Tennant starting
from N-(1-cyano-alkyl)-2-nitro benzamides (Scheme 1, top).* Its
base-catalysed cyclisation approach does not require additional

i SHeN
oY A

idelalisib (2)
e}
Yon

methaqualone (1)

tryptanthrine (3)

°>\_/*\ o]
HO HN‘&\
Vst o
>
QL
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H

raltitrexed (4)

Chart 1 Important biologically active substances with quinazolin-4-
one motif.
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N 'O + sustainable conditions
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+ carbon electrodes

Scheme 1 Synthetic approaches to 1H-1-hydroxy-quinazolin-4-
ones. MPP = monoperoxyphthalate.

reagents, but does use harsh reaction conditions.”® The
synthesis of 1-hydroxyquinazoline-2,4-diones by Yamanaka
comprises a multi-step sequence from 4-methoxyquinazoles
and involves two oxidizers: hazardous monoperoxyphthalate for
the generation of the 1-oxide and highly toxic chromium(vi)
oxide for the oxidation of the C-2 (Scheme 1, top)."* Reductive
cyclisation of nitro precursors is also known, typically via
hydrogenation with expensive palladium catalysts.” In addi-
tion, Tallec described an electrochemical synthesis within
polarographic studies (Scheme 1, middle). However, highly
toxic mercury electrodes were required in a sophisticated
potentiostatic reaction setup that was run on a small scale with
a limited scope.’®

Herein, a versatile, scalable, and high-yielding electro-
chemical reductive cyclisation of widely available, easy to
prepare, and inexpensive nitro arenes’ into 1-hydroxy-
quinazolin-4-ones is presented. The method uses a simple
constant current setup and applies conditions that consider
sustainable and environmental aspects (Scheme 1, bottom). In
particular, this methodology can easily pay off for high value-
added products.*® The field of electrosynthesis is experiencing
a renaissance as an alternative to conventional synthesis
protocols®2' and is emerging as a key discipline for future
synthetic applications.* The use of electric current as a reagent
enables inherently safe processes by precise control of the
reaction. Practically, turning off the electricity immediately
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stops the conversion and, unlike with traditional reagents,
thermal runaway reactions are not possible. The absence of
toxic and hazardous reagents and the use of sustainable elec-
tricity makes these methods almost waste- and pollutant-free,
especially when solvents and supporting electrolytes are
reused.”*** However, several parameters and counter reactions
seem to play a crucial role for success.**** Carbon-based elec-
trode materials such as graphite, glassy carbon (GC), and boron-
doped diamond (BDD) are sustainable and widely available.?” In
particular, these are superior in the synthesis of pharmaceuti-
cals or APIs where trace metal impurities must be avoided.****

Results and discussion
Optimisation of the electrolysis conditions

Benzamide 5a was chosen as a test substrate for cathodic
reduction of a nitro group, and it was easily synthesised in
a single step from commercially available 2-nitrobenzamide by
treatment with acetic anhydride in a microwave-assisted acyla-
tion reaction or in a pressured vessel approach, both in high
yields (see ESIf for detailed description).?® Based on previous
work by the Waldvogel lab, a foundation for the electrochemical
conditions for nitro reduction were initially tested (Table 1,
entry 1).3°**

The starting conditions used a water-methanol mixture (1: 1
(v/v)) as a green solvent capable of dissolving the nitro
compound 5a. A moderate concentration of sulphuric acid (0.5

Table 1 Screening of electrolysis parameters for the optimisation of
the synthesis of 1H-1-hydroxy-2-methyl-quinazolin-4-one (6a)
0.03 M 5ain

o o
@ﬁ”k d
H
NO,
MeOH:H,0 (1:1)

5a 0.5M H,S0,* 6a 91%
undivided cell

GC || BDD
3.7 mAlcm? 4 F

Entry Deviation from standard conditions Yield 6a”/%
1 None 91% (91%)°
2 2.7 mAcm™> 78%

3 5.7 mA em™? 78%

4 EtOH instead of MeOH 84%

5 MeCN instead of MeOH 71%

6 0.5 M acetate buffer 66%

7 Pb cathode 27%

8 CuSn7Pb15 cathode 0%

9 Pt cathode 0%

10 Graphite cathode 84%

11 GC cathode 90%

12 0.06 M 5a 85%

13 0.10 M 5a 73%

“ Concentration of sulphuric acid in the electrolyte, obtamed by using
methanol and 1 M aqueous sulphuric acid (1 1 (viv). ? Yield of 6a
was determined by 'H NMR spectroscopy usmg 2,2-dimethylmalonic
acid as internal standard. ° Isolated yield. ¢ 0.5 M AcOH/AcONa was
prepared with 90 mmol acetic acid and 10 mmol sodium acetate in
100 mL of distilled water and 100 mL methanol. BDD = boron-doped
diamond; GC = glassy carbon.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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M) was used as the supporting electrolyte based on previous
investigations into the concentration effect of the acidic
component on the electrochemical reduction.’*** Moreover, it
was envisioned that sulphuric acid may play a dual role in the
reaction since acidic media should be beneficial for cyclisation
after a nitro group reduction. Taking this into account, we
examined constant current electrolysis (3.7 mA ecm™? current
density) of benzamide 5a in an undivided cell in water-meth-
anol media, using a glassy carbon anode and a boron-doped
diamond (BDD) cathode. BDD as a carbon-based material
offers unique reactivity towards electrochemical conversion of
a multitude of substrates and can be manufactured in
a sustainable manner by utilizing methane as carbon source.*

To our delight, the desired 1-hydroxyquinazolinone 6a was
isolated in 91% yield. Furthermore, the theoretical amount of
charge required for this process (4 F) was applied and the high
yield obtained shows that this process has a high current effi-
ciency (Table 1, entry 1). The molecular structure of heterocycle
6a was confirmed by X-ray analysis of a suitable single crystal.

Deviation from the starting electrolysis conditions obtained
by electrosynthetic screening resulted in lower yields.?*?"24%%
Both lower or higher current densities led to a decreased yield of
1-hydroxyquinazolinone 6a to 78% (Table 1, entries 2 and 3).
Replacement of methanol with other solvents such as ethanol
and acetonitrile (Table 1, entries 4 and 5) afforded the desired
heterocycle 6a in slightly lower yields of 84% and 71%,
respectively. Acetate buffer (Table 1, entry 6) was used as
a weaker and biogenic alternative to sulphuric acid; however,
the yield of 6a decreased to 66%. Substitution of BDD as
cathode material for lead significantly decreased the yield of 6a
to 27% (Table 1, entry 7). Furthermore, cathodic corrosion was
observed resulting in the precipitation of lead salts.

More stable alternatives to lead cathodes such as leaded
bronzes*® (Table 1, entry 8) failed entirely in the formation of 6a.
Platinum was equally unsuccessful as cathode material (Table
1, entry 9), completely avoiding the desired reaction likely due
its low overpotential for the hydrogen evolution side-reaction.*”

Besides BDD, other carbon-based cathode materials such as
graphite and glassy carbon provided product 6a in comparable
yields of 84% and 90% (Table 1, entries 10 and 11). Neverthe-
less, we decided to proceed with BDD due to its sustainability
and chemical durability.*® Electrolysis at higher benzamide 5a
concentrations resulted in lowered yields by up to nearly 20%
(Table 1, entries 12 and 13). It is likely that higher concentra-
tions of starting material result in the formation of high
molecular weight side products which were observed as a brown
plaque after the electrolysis was finished.

Scope of the reductive cyclisation

The broad applicability of the optimised reaction conditions
was demonstrated on a versatile scope of substrates (Chart 2).
First, we explored the effect of substitution pattern at the C-2
position of quinazolin-4-ones 6b-i (Chart 2, top). The influ-
ence of primary, secondary, and tertiary alkyl substitutions was
investigated in the synthesis of heterocycles 6a-c, resulting in
good yields of 78-91%. Here, the tert-butyl derivative 6¢ with its

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sterically demanding substituent gave the lowest yield.
Furthermore, 1H-2-heptyl-1-hydroxy-quinazolin-4-one (6d) with
a hydrophobic chain was obtained in a moderate yield of 52%.

Both the 2-unsubstituted quinazolin-4-one 6e and the 2-
phenyl analogue 6h were obtained in moderate to good yields
(65% and 79%, respectively). Alkene as well as a benzylic
moieties, usually prone to anodic oxidation, were well tolerated
in the electrochemical reduction, and the desired heterocycles
6g and 6i were obtained in 67% and 81% yield. Interestingly,
even the 2-chloromethyl substituted product 6f was isolated in
24% yield despite its inherent instability.

Next, various functional groups in the aromatic subunit of 1-
hydroxyquinazolin-4-ones 6j-r were tested (Chart 2, middle). In
all cases, the products were obtained in good to excellent yields
regardless of the substituent's electronic nature. Benzamides
with an electron-donating methoxy group and an electron-
withdrawing ester moiety afforded the corresponding hetero-
cycles 6q and 6r in comparable yields (77% and 85%, respec-
tively). Likewise, the trifluoromethyl derivative 6n and methyl
quinazolin-4-ones 60 and 6p were obtained in 73-92% yield.

The 6-methyl derivative 60 is an N-hydroxy analogue of
a precursor to raltitrexed (4), thus its successful formation adds
industrial relevance to this transformation.*® Halides are redox-
active groups in electrochemical reactions. To our delight, flu-
oro-, chloro- and bromo-substituted quinazolin-4-ones 6j-1 were
obtained in 76-85% yield. Moreover, the developed electro-
chemical method also afforded the iodo-substituted product
6m, albeit in moderate yield (50%) likely due to its susceptibility
to oxidation.

It is noteworthy that heteroaromatic amides such as those
derived from pyridines and imidazoles are applicable with the
developed conditions (Chart 2, middle left). The pyrido pyr-
imidinone 6s was obtained in 82% yield and the bromo
substituent offers availability for a variety of post-
functionalization reactions. Even the N-hydroxy purine 6t was
obtained in a good yield of 57%.

Furthermore, N-acetyl-N-aryl benzamides were converted into
the corresponding N-oxy-quinazolin-4-ones 7a and 7b in
moderate yields, likely due to their tendency to rearrangement
reactions (Chart 2, middle right).* Interestingly, 7b is a reported
metabolite of methaqualone (1).' Furthermore, tertiary amides
are also suitable as substrates as exemplified by the synthesis of
pyrrolidone-based N-oxy-quinazolin-4-one 7¢ (72%).

Finally, the presented methodology has also been applied to
the synthesis of 1-hydroxy-quinazoline-2,4-diones 8a-d by elec-
trochemical reduction of methyl-(2-nitrobenzoyl)carbamates,
which gave up to 77% yield (Chart 2, bottom). Here, the
unsubstituted derivative 8a had the best yield of 77%. The
electron-withdrawing trifluoromethyl- and chloro-substituted
products 8b and 8d were isolated in 59% and 48% yield. The
methyl-substituted derivative 8¢ was obtained in moderate yield
of 66%.

Scale-up of electrolysis

To demonstrate the synthetic utility and scalability of the
developed method, the synthesis of 1H-1-hydroxy-2-methyl-
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Chart 2 Scope of electrochemical reductive cyclisation and isolated yields. ?

Concentration of sulphuric acid in the electrolyte, obtained by

using 12.5 mL methanol and 12.5 mL 1 M aqueous sulphuric acid (1 : 1 (v:v)), undivided 25 mL beaker-type glass cell; ? isolated yield as formate

adduct; € variation in yield with repeated electrolysis;

quinazolin-4-one (6a) was successfully scaled up to 15 mmol in
a single electrolysis batch (Table 2). The 5-fold scale-up was
performed with BDD and GC cathodes to demonstrate the
robustness and applicability of the described method. Encour-
agingly, 20-fold scale-up (3.00 mmol) in a 100 mL electrolysis

2672 | Chem. Sci,, 2023, 14, 2669-2675

120

isolated yield as acetate adduct.

cell afforded the desired product 6a without loss in yield or
faradaic efficiency. Gram-scale electrolysis was also performed
at7.5 mmol and 15.0 mmol loading in a 250 mL electrolysis cell,
affording 1.13 g and 2.19 g of the desired 1-hydroxy-quinazolin-
2-one 6a, respectively. The trend of decreased yield at higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scale-up of the electroreduction of 1H-1-hydroxy-2-methyl-quinazolin-4-one (6a)*
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Electrolysis cell Scale/mmol Current (electrolysis time) Yield 6a
0.15 5.6 mA (2.9 h) 24 mg (91%)
0.75 120 mg (91%)
0.757 118 mg (89%)
22.2 mA (3.6 h)

3.00 22.2 mA (14.5 h) 481 mg (91%)
7.50 109.9 mA (7.3 h) 1.13 g (86%)

15.0° 109.9 mA (14.6 h) 2.19 g (83%)

“ Constant current conditions; surface areas of the electrodes: 5 mL Teflon™ cell (1.5 em ?), 25 mL and 100 mL glass cell (6.0 cm?), 250 mL glass cell

(29.7 em?). » GC cathode. © 0.06 M 5a.

concentrations was also observed in the optimisation results
(Table 1, entries 12 & 13).

Mechanistic studies

A plausible mechanism for the electrochemical cyclisation
sequence is proposed based on earlier nitro reduction studies
and cyclic voltammetry (CV) measurements of benzamide 5a
(Scheme 2; for detailed information see ESIT).'**'-3* Accord-
ingly, the reactions starts with the reduction of the nitro group
on the BDD cathode which is evidenced by a single broad,
irreversible wave (—0.94 V vs. FcH/FcH'") corresponding to the
4e”/4H" reduction to the hydroxylamine. It has been previously
suggested that the reaction proceeds with two 2e™ steps via
intermediates Int-I and Int-II. However, because only one broad
wave was observed rather than two distinct or overlapping
waves, this suggests one reduction event occurs and that 5a is
reduced directly to Int-II The irreversible reduction to Int-II
indicates a fast cyclisation step as no corresponding oxidative
wave was observed. Further reduction of the N-hydroxy moiety
was not observed for non-cyclised Int-II or the product 6a. The
impact of the counter reaction on the electrochemical conver-
sion must also be considered; the oxidation of water at the
glassy carbon anode is possibly the main counter reaction.? The
corrosion of the glassy carbon anode was not observed after
electrolysis. There was no indication of the oxidation of meth-
anol, which was only observed under harsh basic conditions in
previous studies.** Overall, the high performance of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

reported method was enabled by the electrochemical stability of
the product, the selective reduction to the hydroxylamine, and

the fast cyclisation process.

glassy carbon
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Conclusions

In summary, the established method provides simple, direct,
and sustainable electrochemical access to N-hydroxy- and N-oxy-
quinazolin-4-ones by a cathodic reduction sequence. The elec-
trolytic conditions allow for a reproducible transformation in
commercially available experimental setups. The simplest
undivided cell was operated under constant current with widely
available and sustainable carbon-based electrodes and a water—
methanol mixture as an environmentally benign solvent. The
sulphuric acid additive served a dual role as supporting elec-
trolyte and acidic catalyst. The broad applicability of this
method was demonstrated by 27 examples with up to 92%
isolated yield. The electrolysis tolerates various functional
groups, including electron-withdrawing and -donating, steri-
cally demanding, and redox labile moieties such as bromides
and iodides. The N-hydroxy analogue precursor of the cytotoxic
drug raltitrexed was obtained in 89% yield. Selective nitro
reduction to the hydroxylamine was confirmed by CV
measurements to be a key step in the mechanism. The scal-
ability of this electrochemical protocol was demonstrated by
multigram-scale electrolysis.
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data.
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Electrochemical decarboxylation of N-substituted 2-aminomalonic
acid monoesters in intramolecular Hofer-Moest reaction

Olesja Koleda, Katrina Prane, Edgars Suna

Latvian Institute of Organic Synthesis, Riga, Latvia

Malonic acid is an inexpensive and readily available substrate that can be
easily functionalized, e.g. by alkylation reactions. Highly functionalized substrates
can be obtained even after decarboxylation of the malonate. Hence, malonic acid
derivatives are well-suited for electrochemical decarboxylation. Herein we report
a previously unreported intramolecular Hofer-Moest reaction of N-substituted
2-aminomalonic acid monoesters (Scheme 1). A stabilized cation 2 is formed after
anodic decarboxylation of a malonic acid monoester 1. Subsequent cyclization affords
quaternary carbon-containing tetrahydrofurans and tetrahydropyrans in high yields.
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Scheme 1. Intramolecular Hofer-Moest reaction of N-substituted 2-aminomalonic

acid monoesters.
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Electrochemical decarboxylation of N-substituted 2-aminomalonic acid
monoesters in intramolecular Hofer-Moest reaction

Olesja Koleda, Katrina Prane, Edgars Suna
Latvian Institute of Organic Synthesis, Aizkraukles 21, Riga, LV-1006
e-mail: olese@osi.lv

Kolbe reaction is one of the oldest electroorganic reactions, where an alkyl
radical is generated upon anodic decarboxylation.! In contrast, in Hofer-Moest
reaction a carbocation is generated after anodic decarboxylation followed by a reaction
with a nucleophilic solvents, alcohols or amines.>?

Malonic acid is an inexpensive and readily available substrate that can be
easily functionalized, e.g. by alkylation reactions. Highly functionalized substrates
can be obtained even after decarboxylation of the malonate. Hence, malonic acid
derivatives are well-suited for electrochemical decarboxylation. Herein we report
a previously unreported intramolecular Hofer-Moest reaction of N-substituted
2-aminomalonic acid monoesters (Scheme 1). A stabilized cation 2 is formed after
anodic decarboxylation of a malonic acid monoester 1. Subsequent cyclization affords
quaternary carbon-containing tetrahydrofurans and tetrahydropyrans in high yields.
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Scheme 1. Intramolecular Hofer-Moest reaction of N-substituted
2-aminomalonic acid monoesters.
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