
Chinese Chemical Letters 34 (2023) 107935

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Electrochemical C–H/N–H cross-coupling of 2-phenylindolizines with

phenothiazines to synthesize novel N-aryl phenothiazine derivatives

Chenglong Feng, Xin Liu, Yuanbin She, Zhenlu Shen∗, Meichao Li∗

College of Chemical Engineering, Zhejiang University of Technology, Hangzhou 310032, China

a r t i c l e i n f o

Article history:

Received 17 August 2022

Revised 11 October 2022

Accepted 13 October 2022

Available online 22 October 2022

Keywords:

N-Aryl phenothiazine derivatives

Electrochemical oxidation

2-Phenylindolizines

Phenothiazines

Cross-coupling

a b s t r a c t

A facile and elegant method for synthesis of novel N–aryl phenothiazine derivatives from 2-

phenylindolizines and phenothiazines through direct electrochemical oxidation has been developed. This

approach was performed smoothly at room temperature without external oxidant and catalyst. Cyclic

voltammetry and in situ FTIR techniques were applied to analyze the cross-coupling process of phe-

nothiazines and 2-phenylindolizines, which helped to select the appropriate reaction potential. Under

the optimized conditions, a broad range of substrates were well tolerated, affording the desired products

in moderate to excellent isolated yields (up to 91%) with high regioselectivity. Meanwhile, a plausible

mechanism involving a radical pathway has been proposed.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Triarylamines were becoming increasingly important due to

their hole-transporting capabilities and unusual stable radical

cations [1–3]. Among them, N-aryl phenothiazine derivatives

played an important role in organic light-emitting diodes [4–7],

sensitized solar cells [8–11] and photochromic materials [12,13].

The methods for efficient synthesis of N-aryl phenothiazines via

the formation of C−N bonds were fascinating. Over the past

decade, strategies for constructing C−N bonds have been inten-

sively developed [14–19]. Du et al. reported an efficient protocol

for C−H amination of arenes with anilines to synthesize triary-

lamines catalyzed by Co(OAc)2·4H2O (Scheme 1a) [18]. A method

for photo-induced C−H/N−H cross-coupling between arenes and

azoles without oxidant was proposed by Niu and co-workers [19].

The C−N bonds were constructed conveniently under synergistic

effect of photocatalyst and proton-reduction catalyst at room tem-

perature (Scheme 1b). However, part of classical synthetic methods

inevitably required chemical oxidants, transition metal catalysts or

photosensitizers, which were not in line with the characteristics of

sustainability and green chemistry.

As an environmentally friendly and efficient synthetic method,

electrochemistry provided new possibilities for green organic syn-

thesis [20–25]. In recent years, electrocatalytic C−H functionaliza-

tion to construct C−N bonds has been successfully established [26–

31]. In 2019, Lei and co-workers developed an elegant strategy

for C–H/N–H cross-coupling with hydrogen evolution to synthesize
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Scheme 1. Construction of the C–N bonds.

triarylamine derivatives from electron-rich aromatic hydrocarbons

and diarylamines (Scheme 1c) [32].

Encouraged by these exciting results and with our continuation

of research on electrochemical synthesis [33–35], we envisioned

that phenothiazines and 2-phenylindolizines might be promising

to synthesize novel compounds for optoelectronic materials, due

to both structural motifs of the compounds had excellent electro-

chemical and photochemical characteristics [36–38]. Herein, we re-
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Fig. 1. Cyclic voltammograms recorded in 0.1mol/L LiClO4/DMF (15mL) from −0.1V

to 0.3V at 50mV/s scan rate with (a) blank solution; (b) 1a (0.016mol/L); (c) 2a

(0.013mol/L); (d) 1a (0.016mol/L) and 2a (0.013mol/L).

ported an efficient and convenient method for electrochemical ox-

idative C−H/N−H cross-coupling of 2-phenylindolines with phe-

nothiazines to synthesize a series of novel N-aryl phenothiazine

derivatives (Scheme 1d). Redox properties of the reactions were in-

vestigated by cyclic voltammetry and in situ FTIR [39–41].

Cyclic voltammetry experiments were carried out to study the

redox behavior of the reactants. As shown in Fig. 1, no distinct

electrochemical reaction peaks existed in the cyclic voltammogram

of the LiClO4/DMF solution (blank solution). With the addition of

2-phenylindolizine (1a) into the blank solution, the oxidation cur-

rent began to increase from about 0.15V and the oxidation peak

was clearly observed at about 0.25V. A classic nucleation loop ex-

hibited near 0.20V on the backward scanning and the surface of

the anode was covered by a yellow thin film during the cyclic

voltammetry experiment. It was related to the homogeneous for-

mation of oligomeric products from 1a [36,42]. When phenoth-

iazine (2a) was added into the blank solution alone, 2a began to

be oxidized at about 0.03V. An obvious oxidation peak and a re-

duction peak appeared at 0.29V and 0.11V, respectively. The oxi-

dation of 2a was quasi-reversible and just one electron was trans-

ferred in the oxidation process [43,44]. As shown in Fig. 1d, with

the addition of 1a and 2a in the blank solution, the onset oxidation

potential shifted negatively to −0.05V and a new oxidation peak

with higher current was noticed at 0.23V. Most importantly, the

loop at about 0.2V for the oxidation of 1a disappeared and thin

film was not formed on the anode surface, which indicated that

the polymerization of 1a was inhibited. Meanwhile, the reduction

peak of 2a was not observed. The above phenomena suggested that

1a reacted with 2a during the process of cyclic voltammetry exper-

iment.

As an initial attempt, the cross-coupling of 1a with 2a was se-

lected as the model reaction to screen out the optimal conditions

and the results were summarized in Table 1. When 1a (0.24mmol)

reacted with 2a (0.20mmol) in 0.1mol/L LiClO4/DMF solution at

the potential of 0.2V for 3.5 h, the yield of 10-(2-phenylindolizin-

3-yl)−10H-phenothiazine (3aa) could reach 85% (entry 1). The X-

ray crystallographic coordinates for structure of 3aa were shown

in Fig. S1 (Supporting information). Replacing DMF with acetoni-

trile and ethyl acetate, the yields were decreased to 55% and 23%,

respectively. It might be related to the poor solubility of 1a in ace-

tonitrile and the weak conductivity of ethyl acetate solution (en-

tries 2 and 3). The supporting electrolytes had a certain influence

on the reaction. Three other supporting electrolytes (nBu4NBF4,
nBu4NPF6, NaClO4) were tested instead of LiClO4 in the standard

conditions, the yield of 3aa was decreased slightly (entries 4–6).

When a graphite rod was employed as the anode instead of a plat-

inum plate, 80% yield of 3aa could be obtained (entry 7). Using

Table 1

Optimization of the reaction conditions.a

Entry Variation from the standard conditions Yield (%)b

1 none 85

2 MeCN instead of DMF 55

3 EA instead of DMF 23

4 nBu4NBF4 instead of LiClO4 63

5 nBu4NPF6 instead of LiClO4 67

6 NaClO4 instead of LiClO4 75

7 C(+)|Pt(-) instead of Pt(+)|Pt(-) 80

8 C(+)|C(-) instead of Pt(+)|Pt(-) 75

9 1a:2a =1:1 instead of 1a:2a =1.2:1 79

10 1a:2a =1.5:1 instead of 1a:2a =1.2:1 85

11 0.1 V instead of 0.2 V, 7.0 h 82

12 0.3 V instead of 0.2 V, 2.5 h 79

13 15 °C instead of r.t. 72

14 35 °C instead of r.t. 85

15 in N2 85

16 without electric potential n.r.

a Standard conditions: Pt anode, Pt cathode, undivided cell, 0.2V, 3.5 h, 1a

(0.24mmol), 2a (0.20mmol), 0.1mol/L LiClO4/DMF (15mL), air, room temperature.
b Isolated yield.

graphite rods both as the anode and cathode was less effective

than platinum plates (entry 8). When the dosage of 1a was re-

duced to 1.0 equiv., the yield of 3aa was decreased to 79% (entry

9). While 1.5 equiv. of 1a could not improve the yield of 3aa ob-

viously (entry 10). Though the reactions were also carried out well

at 0.1V or 0.3V, no better yields were achieved (entries 11 and 12).

When the reaction temperatures were 15 °C and 35 °C, the yields

of 3aa were 72% and 85%, respectively. Therefore, room tempera-

ture was suitable for the reaction (entries 13 and 14). In addition,

nitrogen atmosphere had little effect on the reaction (entry15), and

almost no reaction took place without electric potential (entry 16).

With the optimized conditions in hand, we caried out an ex-

ploration of the substrate range. A series of 2-phenylindolazines

were investigated and the results were summarized in Scheme 2.

C2-substituted phenyl moiety of 2-phenylindolizines bearing –Me

or –OMe at para-position reacted with 1a to generate correspond-

ing products in excellent yields (3ba and 3ca). The presence of –

Cl, –Br, –F groups at para-position of C2-substituted phenyl moi-

ety slightly reduced the synthetic efficiency, and the desired cou-

pling products 3da-3fa were isolated in 75%−83% yields. Mean-

while, the different position of substituent group had little effect

on the reaction, which was shown in the yields of 3ga-3ka and

3na-3qa. The 2-phenylindolazines with disubstituent on phenyl

moiety also performed well to generate the corresponding prod-

ucts in 84% and 79%, respectively (3la and 3ma). In addition,

the 2-(4-chlorophenyl)−7-methylindolizine and 2-(naphthalen-2-

yl)indolizine could afford good results under optimized conditions

(3ra and 3sa). Either electron-withdrawing groups or electron-

donating groups substituted on 1a, the coupling reactions could be

carried out smoothly.

Subsequently, the coupling of a variety of phenothiazines (2b-

2g) with 1a was investigated, and the results were shown in

Scheme 3. 2-Methylthio-10H-phenothiazine (2b) and 2–methoxy-

10H-phenothiazine (2c) were suitable for the reaction and the

desired products 3ab and 3ac could be isolated in 86% and

88% yields, respectively. When phenothiazines bearing –Cl, –CF3,

–COCH3 substituents at the 2-position were submitted to the

cross-coupling, the yields of 3ad-3af were higher than 72%. How-
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Scheme 2. Substrate scope of 2-phenylindolizines. Reaction conditions: 1

(0.24mmol), 2a (0.20mmol), Pt(+)|Pt(-), 0.1mol/L LiClO4/DMF (15mL), an undi-

vided cell, 0.2V, r.t., 3.5 h.

Scheme 3. Substrate scope of phenothiazines. Reaction conditions: 1a (0.24mmol),

2 (0.20mmol), Pt(+)|Pt(-), 0.1mol/L LiClO4/DMF (15mL), an undivided cell, 0.2V, r.t.,

3.5 h.

ever, 10H-phenothiazine-2-carbonitrile (2g) could not achieve a

satisfactory result, the yield of 3ag was only 41%. When –Cl

was substituted at 1-position of phenothiazine, the corresponding

product 3ah was obtained in 55% yield. It indicated the steric hin-

drance has some influence on the reaction.

In general, 2-phenylindolazines or phenothiazines with

electron-donating groups showed higher activity than that with

electron-withdrawing groups. In addition, the cross-coupling

of 2-phenylindolizines with phenothiazines under galvanos-

tatic electrolysis was also investigated. However, the potential

tended to increase during galvanostatic electrolysis continu-

ously, and high potential might cause electro-polymerization of

2-phenylindolazines. Therefore, the yields of the products with

galvanostatic electrolysis were lower than that with potentiostatic

electrolysis. The results of galvanostatic electrolysis were described

in the Supporting Information. In addition, the constant cell

potential electrolysis with two electrodes was also investigated.

When the cell potentials were 3.0V, 4.0V and 5.0V, the yields of

3aa were 12%, 65% and 49%, respectively.

To evaluate the scalability of this electrocatalytic system, the

electrochemical cross-coupling of 1a with 2a was performed on

5mmol scale. The reaction was carried out at 0.2V for 36h and

the desired product 3aa was obtained in 80% yield (Scheme 4). It

Scheme 4. Gram-scale synthesis.

Fig. 2. In situ FTIR spectra collected during the reaction of 1a (0.72mmol) and 2a

(0.60mmol) in 15mL 0.1mol/L LiClO4/DMF at potentials varied from −300mV to

500mV.

showed that this electrochemical method was feasible in practical

synthesis.

In situ FTIR spectroscopy was an important tool to study the re-

action characteristics of electrode surface and helped us to analyze

the consumption of reactants and the formation of products. The

cross-coupling reaction of 1a (0.72mmol) with 2a (0.60mmol) was

investigated by in situ FTIR technique, which was implemented in

0.1mol/L LiClO4/DMF solution at potentials varied from −300mV

to 500mV. As shown in Fig. 2, three important positive bands at

1574, 1474 and 1260 cm−1 and four negative bands at 1562, 1547,

1285 and 1198 cm−1 could be observed. The positive-going band at

1574 cm−1 was attributed to N−H bending vibration of 2a which

was very characteristic [45], and the bond at 1260 cm−1 was re-

lated to C−N stretching vibration of 2a [46]. It confirmed that 2a

was consumed during the electrochemical oxidation process. More-

over, the positive-going band located at 1474 cm−1 could be at-

tributed to a characteristic of the nitrogen heterocycle skeleton vi-

bration [47], which showed the participation of 1a in this reaction.

It was noteworthy that due to the conjugation effect of hete-

rocyclic aromatic hydrocarbon and lone pair electrons of nitrogen,

the skeleton vibration of aromatic ring would red-shift [48]. Two

negative-going bonds at 1562 and 1547 cm−1 were related to aro-

matic skeleton vibrations of 3aa. The negative-going bond at 1285

cm−1 was attributed to the C−N stretching vibration of 3aa. In ad-

dition, the band located at 1198 cm−1 was assigned to ClO4
− of the

supporting electrolyte [33,49]. Therefore, 3aa could be synthesized

from 1a and 2a successfully at low potential.

In order to gain insight into the process of dehydrogenative C–

H/N–H cross-coupling between 1a and 2a, a few radical-trapping

control experiments were conducted as shown in Scheme 5. Three

equivalents of the radical scavenger 2,2,6,6-tetramethylpiperidine-

oxyl (TEMPO) or 2,6-di–tert–butyl–4-methylphenol (BHT) was

added to the standard conditions and formation of 3aa was in-

hibited. It showed that a radical pathway might be involved in

the coupling reaction of 2-phenylindolizines with phenothiazines
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Scheme 5. Control experiments.

Scheme 6. Proposed reaction mechanism.

during the electrochemical oxidation process. Furthermore, a BHT-

trapped complex 4 was detected by electrospray ionization mass

spectrometry (ESI-MS) analysis (see Supporting information for de-

tails).

Based on the results of the above experiments and literatures

[50–53], a plausible mechanism for this reaction was revealed in

Scheme 6. Initially, the anodic oxidation of 1a occurred to form the

2-phenylindolizine cationic radical A, and 2a was oxidized at plat-

inum plate anode to form phenothiazine radical B. Then, cationic

radical A coupled with radical B to form intermediate C and C−N

bond was constructed. The intermediate C underwent deprotona-

tion to generate 3aa. At the same time, the protons were reduced

at the cathode to generate H2.

In summary, we have developed a novel and atom-economical

method for the synthesis of N-aryl phenothiazine derivatives

via electrochemical oxidative C–H/N–H cross-coupling of 2-

phenylindolizines with phenothiazines under undivided electrolytic

conditions. The cross-coupling reactions were carried out smoothly

without external oxidants and catalysts. The C–N bonds were con-

structed at a low potential which could reduce the side reactions

such as electrochemical polymerization of the 2-phenylindolizines.

In addition, the results of cyclic voltammetry, in situ FTIR and con-

trol experiments were used to further understand the oxidation

process in the reactions.
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