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The development of protocols for direct catalytic acceptorless dehydrogenation of N-heterocycles with
metal-free catalysts holds the key to difficulties in green and sustainable chemistry. Herein, an N-oxyl
radical (TEMPOQ) acting as an oxidant in combination with electrochemistry is used as a synthesis system

under neutral conditions to produce N-heterocycles such as benzimidazole and quinazolinone. The key
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feature of this protocol is the utilization of the TEMPO system as an inexpensive and easy to handle

radical surrogate that can effectively promote the dehydrogenation reaction. Mechanistic studies also

DOI: 10.1039/d1ra08919f

rsc.li/rsc-advances heteroarenes.

Catalytic acceptorless dehydrogenation (CAD) is an important
reaction in which hydrogen is liberated to change the
substrate." In terms of atom-economy and waste generation,
this approach has obvious advantages compared with tradi-
tional methods using stoichiometric amounts of oxidant or
sacrificial hydrogen acceptors. In addition, acceptorless dehy-
drogenative coupling condensation of substituted alcohols with
o-substituted anilines is an atom-economical and environ-
mentally friendly method for the construction of new C-N
bonds,> which has recently emerged as an important process to
afford many useful organic compounds such as imines, amides,
amines, or nitrogen-containing heterocyclic compounds.®
Toward this direction, acceptorless dehydrogenation is
mainly catalysed by transition metal catalysts by the liberation
of hydrogen gas without the use of stoichiometric oxidants in
the process.* In 1981, an initial example of N-alkylation of
alcohols by using a variety of amines via dehydrogenative
coupling was showcased by Watanabe which required a noble
metal catalyst ruthenium as RuCl,(PPh;); at a very high
temperature of >200 °C.> More recently, Fujita and coworkers
reported the first catalytic system for the reversible
dehydrogenation/hydrogenation of quinoline derivatives using
an iridium-based complex in 2009.® What is more, several of
metal-free catalyst representatives for this important
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suggest that oxidative TEMPOs redox catalytic cycle participates in the dehydrogenation of 2,3-dihydro

transformation of diamines and alcohols have been reported.”
In 2019, Malakar and co-workers demonstrated the metal-free 3-
nitropyridine-catalyzed facile synthesis of 2-functionalized
benzoxazoles, naphthoxazoles, benzothiazoles and benzimid-
azoles at 110 °C.” In contrast, although significant advances
have been made in metal- or metal-free-catalyzed acceptorless
dehydrogenation, the use of metal complexes with multistep
synthesized ligands or harsh catalytic conditions has restricted
its applicability on large scales. From the standpoint of
sustainable chemistry, the development of a new mild strategy
via CAD from easily available starting materials is highly
desirable.

Nitroxyl radicals are N,N-disubstituted NO radicals with an
unpaired delocalized electron.® These open-shell species have
diverse reactivity and can undergo reactions such as a single-
electron transfer (SET) to access three discrete oxidation states
(i.e., TEMPO /TEMPO/TEMPO") or abstract hydrogen atoms
from C-H/X-H bonds.® Transition metals such as ruthenium,
rhodium, palladium or copper with the assistance of co-catalyst
TEMPO have been proved efficient co-catalysts, and have been
utilized to CAD." More recently, TEMPO has been extensively
used as a catalyst cooperating with electrocatalysis in CAD
which is a green and atom-economical alternative.'* In general,
the electrochemical reaction with electrons as the oxidizing/
reducing agent can be performed at room temperature
without the use of chemical oxidants, which makes it safe and
low cost.” Recently, Gong's group has developed an electro-
chemical dehydrogenation method for synthesis of quinazolin-
4(3H)-ones under metal-free and oxidant-free conditions by
combining acid-catalyzed annulation and TEMPO as the cata-
lyst."** Inspired by the Gong work, we envisaged electrocatalysis
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combined with nitroxyl radicals as a new strategy to direct
catalytic acceptorless dehydrogenation of N-heterocycles under
neutral conditions (Scheme 1).

Furthermore, our previous reports on electrochemical
synthesis show high reactivity for acceptorless dehydrogenation
of primary alcohols to aldehydes.”® Therefore, simultaneous
electron transfer and TEMPO-induced chemical reaction is
a powerful tool to realize highly selective and relatively envi-
ronmentally friendly CAD. Herein, we report such a reaction
catalyzed by TEMPO to selectively generate nitrogen heterocy-
cles under neutral conditions, with the evolution of H, as the
only byproduct.

In the preliminary studies, benzyl alcohol and o-phenyl-
enediamine were selected as the substrates in MeCN/H,O
solvent in the presence of the catalyst TEMPO (0.2 equiv.) and
electrolyte tetrabutylammonium hexafluorophosphate (TBAPF,
0.15 M) to produce a 93% yield of 3aa at constant current (80
mA) at room temperature. As illustrated in Table 1, entries 1-5
show that related nitroxyl derivatives were important catalysts
for electrochemical CAD of the catalysts examined, but TEMPO
exhibited the highest performance. This may be due to the
introduction of an electron-donating group reducing the elec-
tron acquisition capacity of the TEMPO cation, leading to
difficulty in dehydrogenation of 2,3-dihydro heteroarenes. A
change of the electrolyte from TBAPF, to tetrabutylammonium
bromide (TBAB) or tetrabutylammonium iodide (TBAI) led to
a decrease of the product yield (Table 1, entries 6 and 7). These
results showed that the role of the halogen salts was not only as
the electrolyte, but also as a redox mediator which competes to
inhibit TEMPO oxidation. Further investigative experiments
indicated that the product yield decreased when single or mixed
solvents DMSO, DMF, THF, 1.4-dioxane and/or H,O were used
instead of MeCN, indicating that MeCN/H,O was superior to the
other solvents (Table 1, entries 8-12). The solvent effect may be

a) Previous Methods

(1) The work of Watanabe group
@NH2 + R OH

(2) The work of Fujita group
Transition-metal catalysis
N (RhCl5(PPhg);
H

(3) The work of Malakar group

Transition-metal catalysis

O

(RUCIZ(PPh3)3
O
=
N

NH, N
. ~ Metal-free catalysis I
R + Ry oH — o 2
o 3-nitropyridine, NaO'Bu = ~d

(4) The work of Gong group

o
Electrocatalysis { X NH

o
A -
R w o L
= N7 R
NH, 2

TEMPO,p-TsOH+H ,0 T A 2

b) This work

_NH,

Pt I U Pt N
Xy XN
Re- v R o ——— 5 R )

= NH, TEMPO or 4-oxo-TEMPO = N R

H

Neutral conditon

Scheme 1 Methods for acceptorless dehydrogenative reactions.

5484 | RSC Adv, 2022, 12, 5483-5488

View Article Online

Paper

Table 1 Optimization of the reaction conditions of benzimidazole®

s

TEMPO (0.2 equiv)

TBAPF; (0.15 M)
1=80 mA, rt., 3h
MeCN/H,0=1:2

Cr-O

Entry Variations from the standard conditions Yield” (%)
1 None 93

2 4-Amino-TEMPO instead of TEMPO 57

3 4-Hydroxy-TEMPO instead of TEMPO 64

4 4-Oxo-TEMPO instead of TEMPO 58

5 No TEMPO Trace
6 TBAB instead of TBAPF, 36

7 TBAI instead of TBAPFg 23

8 DMSO/H,0 (v/v = 1: 2) as solvent 76

9 DMF/H,0 (v/v = 1: 2) as solvent 33

10 THF/H,O (v/v = 1: 2) as solvent 46

11 1,4-Dioxane/H,O (v/v = 1 : 2) as solvent Trace
12 H,O as solvent 73

13 No current Trace
14 40 mA 49

15 60 mA 64

16 C (+)/Pt (-) 31

17 5h 92

¢ Standard conditions: undivided cell, Pt anode (1.0 cm x 1.0 cm), Pt
cathode (1.0 cm x 1.0 cm), 1a (0.5 mmol), 2a (0.8 mmol), TEMPO (0.1
mmol), TBAPF (0.15 M), CH;CN/H,O (v/v =1:2,3 mL), I = 80 mA at
room temperature for 3 h. ? Isolated yield.

related to the conductivity of the system. A decrease in electrical
conductivity results in a decrease in yield. 1.4-Dioxane dimin-
ished the conductivity of the system drastically and hence did
notyield 3aa. Moreover, organic compounds had poor solubility
in H,0, leading to conductivity issues, and thus produced
inferior yields of 3aa. We next turned our attention to investi-
gating the effect of current on the yield. Decreased or trace
desired produced was formed if the reaction was conducted at
reduced or in the absence of current (Table 1, entries 13-15).
When the reaction was conducted at lower constant current (40
and 60 mA), there was an obvious decrease in the yields (Table
1, entries 14 and 15). A decrease in current leads to a decrease in
current density, which results in differing concentrations of
electron oxidation products, inhibiting further oxidation of 2a.
It was also noteworthy that when the Pt electrodes were replaced
by graphite rods, the product yield was 31% (Table 1, entry 16).
In addition, the discrepancy in reactivity between graphite
electrode and Pt electrode may cause a difference in current
density at the anode surface, which results in decreasing the
rate of electron transfer as well. It was noted that increasing the
time for reaction had little effect on the yield (Table 1, entry 17).

With the optimal reaction conditions established, we next
explored the generality of this protocol for the synthesis of N-
heterocyclic compounds. As illustrated in Table 2, a variety of
benzyl alcohols with electron-withdrawing or electron-donating
groups were well tolerated and gave the corresponding products

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope for electrochemical synthesis of benzimid-
azole derivatives®?
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Table 3 Substrate scope for electrochemical synthesis of quinazoli-
none derivatives®?

Pt P
TEMPO (0.2 equiv] H
M on (0.2 equiv) o
i TBAPF (0.15 M) i >;R
Ry P . ) e — R P W 2
NH, Ry 1=80 mA, rt,3h N
1a 2a MeCN/H,0=1:2 3a

HaCO

O OO O

3ab, 88% 3ac, 91% 3ad, 87%

CL-O- Cri-O C-O

3ag, 81% 3ah, 83%

CL-O

3aa, 93%

C-O

3ae, 85% 3af, 73%

oo OO O

3al, 76%

E

O

3ai, 78%

H

N, S
Cry-<

N

3am, 78%

SO 00O O o

3aq, 87%

3ak, 79%

OO~ OO

3a0, 73% 3ap, 79%

3aj, 84%

L >

3an, 68%

3ar, 80% 3as, 90% 3at, 77%

“ Reaction conditions: undivided cell, Pt anode (1.0 cm x 1.0 cm), Pt
cathode (1.0 cm x 1.0 cm), 1a (0.5 mmol), 2a (0.8 mmol), TEMPO (0.1
mmol), TBAPF, (0.15 M), CH;CN/H,O (v/v = 1:2, 3 mL), constant
current 80 mA, under air at room temperature for 3 h. ” Isolated yield.

in good to excellent yields (3aa-3ak). Compared with electron-
donating groups, electron-withdrawing groups (-NO,, -F, —Cl,
-Br, -CF;) resulted in a relatively medium yield of 73-85%
(Table 2, 3af-3ak). Heterocyclic alcohols (pyridinyl and thienyl)
also proved to be good substrates for this process, giving good
yields of benzazoles under similar conditions (3al and 3am).
Notably, we were pleased to find an aliphatic alcohol (phenyl-
ethanol) could deliver the desired benzimidazole derivatives in
a good yield of 68% (3an). An alcohol bearing a naphthyl group
also participated in this reaction with high reactivity to afford
the desired product in 73% yield (3a0). On the other hand,
various substituted o-phenylenediamines were employed and
the reaction proceeded successfully with a yield range of 79-
90% (Table 2, 3ap-3at). Similar to the observations in for
substituted alcohol compounds, o-phenylenediamine with
electron-donating groups (-Me) gave relatively higher reactivity
than those with electron-withdrawing (-Cl, and -NO,) ones
(3ap-3as). Moreover, challenging substrates like pyridine-2,3-
diamine also furnished the desired pteridin-4(3H)-one in 77%
yield (Table 2, 3at).

Interestingly, quinazolinone derivatives could also be
reached in excellent yields by tuning reaction conditions to
investigate use of 4-oxo-TEMPO as the catalyst, which are
summarized in Table 3. It was observed that o-amino-
benzamides or benzyl alcohols bearing various functional
groups could be smoothly converted to the desired products in
yields of 59-89%; not coincidentally, aminobenzamides or
benzyl alcohols with electron-donating groups (-Me, -OMe or
ethyl) gave relatively higher reactivity than those with electron-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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“ Reaction conditions: undivided cell, Pt anode (1.0 cm x 1.0 cm), Pt
cathode (1.0 ecm x 1.0 cm), 1a (0.5 mmol), 2a (0.8 mmol), 4-oxo-
TEMPO (0.1 mmol), TBAPF, (0.15 M), CH;CN/H,O (v/v = 1: 2, 3 mL),
constant current 80 mA, under air at room temperature for 3 h.
b Isolated yield.

withdrawing (-F, -Cl or -Br) ones (Table 3, 5ab-5aj, 5a0-5at). In
addition, heterocyclic alcohols and amides, and long-chain
aliphatic alcohols were also well-tolerated in this catalytic
system (Table 3, 5ak-5an).

In order to understand the reaction mechanism, several
control experiments were carried out, as shown in Scheme 2.
When 2a was subjected to the standard conditions, 75% and
72% yields of 6a were detected (Scheme 2(a)), while the yield of
6a was decreased to 22% or trace in the absence of catalyst or
current (Scheme 2(b)). Comparing Scheme 2(c) and (d), we
found that when 6a was added to the reaction system in the
absence of catalyst, a decreased amount of 3aa was separated
from the reaction mixture. This pretty obviously indicated that
TEMPO still plays an important role after 1a and 6a are conjured
to form intermediates. Furthermore, a similar scenario appears
in the synthesis of quinazolinone compounds (Scheme 2(e) and
(£).

When the radical inhibitor 2,6-di-tert-butyl-4-methylphenol
(BHT) was added under standard conditions this trans-
formation process was inhibited to a large degree (Scheme 3),
which implies that the reaction goes through a radical process.

To gain an understanding of the reaction mechanism, cyclic
voltammetry (CV) was then conducted (Fig. 1). By comparing CV
curves a, and b (Fig. 1A), we observed that the TEMPO showed
an oxidation peak at E, = +1.50 V vs. SCE and a reduction peak
at E, = +0.34 Vvs. SCE, while the peak changed slightly after the
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addition of 2a. These results indicate that both TEMPO and
current together are required, to participate in the redox process
of 2a. Furthermore, the mixture of 1a and 2a resulted in the
appearance of a small curvilinear trend in comparison with that
of curve d (Fig. 1B, curves ¢ and d), which indicates that current
and TEMPO act in coordination to promote further reactions of
1a and 2a. Furthermore, a similar curvilinear trend appears in
the cyclic voltammetry of quinazolinones (ESI Fig. 1C and D).
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Fig.1 Cyclic voltammograms of reactants and their mixturesin 0.15 M
TBAPFg/CH3CN : H,O (1 : 2) on a Pt disk working electrode (diameter:
3 mm) with a Pt wire and calomel electrode as the counter and
reference electrode, respectively, at a scan rate of 0.1V s %,

On the basis of the above results and the previous reports,
a possible mechanism is provided in Scheme 4.'*'7 We envi-
sioned that the reaction proceeds initially through an oxidative
redox cycle between TEMPO/4-0xo-TEMPO to TEMPQ'/4-oxo-
TEMPO', which promotes the conversion of 2a to A.* The
consequent deprotonation of the radical cation A results in the
formation of benzylic radical B. The following fast single-electron
oxidation to C and its subsequent deprotonation produce the
desired benzaldehyde (6a). In the meantime, water undergoes
cathodic reduction to generate hydroxide accompanied by
releasing hydrogen.' Afterwards, as shown in pathway 1, 6a can
readily react with 1a to obtain the imine D1, then imine D1 is
converted to E1 which is oxidized (dehydrogenated) to afford the
desired product 3aa via a radical-cation intermediate F1.'® Simi-
larly, hexagonal nitrogen-containing heterocyclic ring 6a also
works well in the same way as shown in pathway 2."

To gain a better understanding of the details of the reaction
mechanism, density functional theory (DFT) calculations were
performed, and the obtained energy profiles are plotted in Fig. 2.
DFT results suggested the formation of the phenylmethanol
radical B ("C¢HsCH,OH) and TEMPO' via electron transfer from 2a
to TEMPO" with an activation energy barrier of +34.83 kcal mol .

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Computed energy profiles for the oxidative cyclization of nitrogen-containing heterocycles.

Similarly, 4-oxo-TEMPO can also promote the change from 2a to B
with an energy barrier of +27.81 kcal mol '. Afterwards, the
resulting radical B will form 6a via single-electron oxidation by
absorbing energy of +26.91 kcal mol " both in pathway 1 and in
pathway 2, indicating that both 4-oxo-TEMPO' and TEMPO' can
catalyze the transition from 2a to 6a. Subsequently, 6a can easily
react with 1a and 4a to generate D1 and D2. And then, imine D is
converted to radical-cation F via a loop-locked intermediate E
under the catalysis of TEMPOs. Obviously, this step only has a very
low energy barrier of 9.10 kcal mol " to overcome for D1, and no
energy barrier for D2. Finally, the deprotonation of F1 and F2
yields the desired products 3aa and 5aa, along with releasing
energy of —23.99 keal mol™" and —33.70 keal mol ™", respectively.
In total, this TEMPO catalysis system is suitable for the oxidative
cyclization of nitrogen-containing heterocycles from the viewpoint
of thermodynamics and chemical kinetics.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In summary, an efficient electrocatalytic reaction via catalytic
acceptorless dehydrogenation of a range of activated N-hetero-
cycles has been developed using commercially available
TEMPOs acting as oxidants under neutral conditions. Impor-
tantly, the present method employs a low-cost, environmentally
friendly electrocatalyst and avoids using a metal catalyst. This
catalysis system is of great value for oxidative cyclization of
nitrogen-containing heterocycles from the viewpoint of green
chemistry and organic synthesis. Moreover, DFT calculations
were also performed to verify the mechanism that we proposed
and to prove this system is suitable for the formation of N-
heterocycles. Further synthetic application of this reaction for
the efficient synthesis of various heterocyclic compounds is
currently under investigation.
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