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a b s t r a c t

An efficient skeletal editing for the construction of 2-benzodiazepines from benzo[c]oxepines was devel-

oped through atom-swapping of oxygen atom to the nitrogen atom. This reaction integrated the sequen-

tial ring-opening/substitution/ring-closing in the continuous manufacturing one-pot synthesis. The reac-

tion conditions are mild, transition metal-free, simple-operated and the substrates are widely applicable.

The anti-tumor activity of some synthesized 2-benzodiazepine compounds shows this atom-swapping

skeletal editing through the deconstruction-reconstruction of heterocycles is attractive and effective in

the discovery of new drug skeletons.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Synthetic chemists and pharmaceutical researchers have shown

great interest and concern to modify the core of a molecule by in-

terconverting between (hetero)aromatic substructures due to their

ubiquity in biologically active compounds [1,2]. The new term of

‘skeletal editing’ [3] was introduced by Levin and co-workers as

the subset of ‘molecular editing’ that can be used to construct a

new scaffold by precisely replacing or rearranging atoms in the

core ring structure of the original molecule [4–6], thus exhibit-

ing great potential in discovering new bioactive molecules [7–10].

In this vein, “single-atom” manipulations of ring systems are of

particular interest [11,12]. The strategy of single-atom molecular

skeletal editing involves three main transformations (Scheme 1):

(a) Ring expansion (n→n+1) [13,14]: usually achieved by inserting

carbine [15–21] or nitrene [22,23]; (b) Ring contraction (n→n−1)

[24]: such as through deleting activated N-atom [25,26] or re-

construction of the ring skeleton [27,28]; (c) The atom-swapping

of ring [29,30]: such as through rearrangement of azide groups

[31,32] or a ring-opening/ring-closing sequence [33–35]. Recently,
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the deconstruction-reconstruction of heterocycles has provided an

effective strategy for the atom-swapping skeletal editing [36]. For

example, Park and co-workers reported a photocatalytic strategy

that directly converting the furan into a pyrrole analog through

swaps an oxygen atom of furan with a nitrogen group [37].

The reaction process underwent a single electron transfer pro-

cess of ring-opening and subsequent ring-closing of the furan

ring with the participation of amines. Inspired by the strategy

of deconstruction-reconstruction of oxygen heterocycles in skele-

tal editing, we want to see whether the benzene[c]oxepines can

also undergo the ring-opening and ring-closing reaction sequences

to construct 2-benzodiazepine through swaps an oxygen atom of

benzene[c]oxepines with a nitrogen group.

The 2-benzodiazepine skeleton is an unique structural feature

in bioactive natural products and drugs (Scheme 2) [38]. For exam-

ples, Galantamine (I) is an effective acetylcholinesterase inhibitor

that can be used to treat Alzheimer’s disease [39]. Capsazepine (II)

is a competitive antagonist of TRPV1 [40]. Beclabuvir (III) is an an-

tiviral drug against hepatitis C virus infection [41]. Compound IV

is a Gram-positive antimicrobial drug [42]. Compound V is a his-

tamine H3 receptor antagonist [43]. Diazepam (VI) is one of the

psychopharmacological drugs that can treat central nervous system

diseases [44].
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Scheme 1. Transformations of single-atom skeleton editing.

Scheme 2. Typical bioactive molecules of 2-benzodiazepine derivatives.

Therefore, synthetic methodologies for the construction of

these privileged structural motifs have attracted much atten-

tion of organic chemists [45]. Most recent work for these struc-

tures is to construct the seven-membered nitrogen heterocycle

through transition metal catalyzed multi-component cyclization

from non-cyclic fragment molecule, including rhodium-catalyzed

[5+1+1] one-pot/three component reaction from ortho-vinyl ben-

zaldehyde, aniline and CO [46]; rhodium-catalyzed [5+2] cy-

clization from (E)-3-benzylidene-4-diazopyrrolidine-2,5–dione and

acetonitrile [47]; palladium-catalyzed [5+2] cyclization reaction

from ortho-methyl benzylamides and allenes as annulation part-

ners [48]; rhodium-catalyzed [4+3] cyclization from benzylamines

and acrylic acid 2-(acetoxymethyl) ester [49]; palladium-catalyzed

intramolecular cyclization from 1-(3-(2-bromophenyl)propyl)-1H-

1,2,4-triazole [50]; multi-step synthesis involving palladium, ruthe-

nium and platinum catalysis from ortho-bromobenzaldehyde [51].

However, there were relatively few reports on the construction of

2-benzodiazepine through the ring to ring skeleton editing strat-

egy. Recently, Beeler and co-workers reported the ring-expansion

Table 1

Investigations of the compatibility reaction condition.a

Entry Step i Step ii Step iiib Yield (%)c

1 2a (1.0)d MeCN, r.t. KOH (3.0) 62

2 2a (10.0), MeCNe r.t.b KOH (3.0) 38

3 2a (10.0), MeCN, HOAc (2.0) r.t.b KOH (3.0) 36

4 2a (1.0)d DMF, r.t KOH (3.0) 25

5 2a (1.0)d DMSO, r.t KOH (3.0) 28

6 2a (1.0)d MeCN, r.t. NaH (3.0) 35

7 2a (1.0)d MeCN, r.t. NaOH (3.0) 56

8 2a (1.0)d MeCN, r.t. K2CO3 (3.0) 22

9 2a (1.0)d MeCN, r.t. tBuOK (3.0) <5

10 2a (1.0)d MeCN, r.t. KOH (1.0) 12

11 2a (1.0)d MeCN, r.t. KOH (4.0) 65

12 2a (1.0)d MeCN, r.t. KOH (10.0) 87

13 2a (1.0)d MeCN, r.t. KOH (10.0)f 25

14 2a (1.0) MeCN, r.t.g KOH (10.0) 68

a Reaction conditions: 1a (1.0mmol) was mixed with benzylamine 2a (equiv.) at

40 °C for 2h (step i); add solvent (4mL) and slowly dropped SOCl2 (1.0 equiv.) to

the crude mixture continue stirring for 2h (step ii); add base (equiv.) to the reaction

mixture to react at 80 °C for 4h (step iii). See Supporting information for details.
b Solvent was from the previous step.
c Isolated yields based on 1a.
d Solvent- and additive-free.
e Additive-free.
f 40 °C.
g SOCl2 (3.0mmol).

skeletal editing to construct 2-benzodiazepin through the photo-

catalytic rearrangement of isoquinoline N-ylide [52]. As an inter-

esting class of oxygen heterocycle, the synthesis [53] and synthetic

applications of benzo[c]oxepine have attracted attention and have

been the focus of our research group for a long time [54–58]. In-

spired by our recent skeletal editing work [59] and consideration

of strong influence to the biological and physical properties with

a nitrogen atom in the compound [60], we attempted to construct

2-benzodiazepine through atom-swapping of O of benzo[c]oxepine

atom to N atom.

We are fortunate to achieved the ring-opening reaction of

benzo[c]oxepines 1a to obtain 3a in the presence of liquid amines

under solvent- and additive-free conditions (Supporting informa-

tion). This solvent- and additive-free conditions and almost quan-

titative yield can minimize the incompatibility caused by solvent,

additive and by-products, which is very beneficial for the subse-

quent ring-closing conversion in a continuous manufacturing one-

pot synthesis [61]. Encouraged, the investigations of the compat-

ible reaction condition were presented in Table 1. Firstly, 1a and

1.0 equiv. of benzylamine were mixed and stirred at 40 °C for 2h

under solvent- and additive-free condition (step i). Then, directly

added 1.0 equiv. of SOCl2 and MeCN as solvent to the crude prod-

uct from step i and continued the reaction at room temperature

for 2h (step ii). Sequentially, 3.0 equiv. of KOH were subsequently

added to the reaction mixture of step ii at 80 °C and reacted for

another 4h (step iii). Finally, compound 5a was fortunately ob-

tained in 62% yield under this continuous manufacturing one-pot

synthesis (Table 1, entry 1). When the solvent was added in the

step i, a significant excess of amine needed to be added to en-

sure the step i conversing well. But this is not beneficial to the

subsequent conversion, as the yield significantly decreased to 38%

(Table 1, entry 2). The addition of HOAc as additive in the step
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Scheme 3. Substrate scope of 2-benzodiazepine derivatives. Reaction was run on 1.0mmol scale though a continuous manufacturing one-pot synthesis. (i) amines (2,

1.0mmol), solvent-free, additive-free, 40 °C, 2 h; (ii) SOCl2 (1.0mmol), MeCN, r.t., 2 h; (iii) KOH (10.0mmol), 80 °C, 4 h. See Supporting information for details. Isolated yields.

i did not improve the yield significantly (Table 1, entry 3). When

we screened the solvents, it was found that MeCN was the most

compatible solvent (Table 1, entries 4 and 5). Using 3.0 equiv. of

different bases, such as NaH, NaOH, K2CO3,
tBuOK did not achieve

better results than KOH (Table 1, entries 6–9). When increasing the

equivalent of KOH to 10.0, the yields of the target product were

significantly increased from 12% to 87% (Table 1, entries 10–12).

This may be due to the excess of base that was beneficial for neu-

tralizing the acidic substances produced in the step ii. The temper-

ature was also investigated and showed that 80 °C was the most

suitable (Table 1, entry 13). Although excessive SOCl2 in the step ii

promoted this individual conversion, it is detrimental to the overall

process for the continuous manufacturing one-pot synthesis (Table

1, entry 14). Therefore, the optimized reaction conditions and ex-

perimental operations are: mixed the compound 1a with 1.0 equiv.

of benzylamine 2a in 40 °C under solvent- and additive-free con-

ditions and stirred for 2h; then cooled the crude mixture to 0 °C
and 1.0 equiv. of SOCl2 with the solvent MeCN (4mL) were slowly

dropped in the reactor and continued the reaction for 2h at room

temperature; then 10.0 equiv. of KOH was added to the reaction

mixture and reacted for 4h at 80 °C.
With the optimal reaction condition and experimental op-

eration in hand, the substrate scope for the synthesis of 2-

benzodiazepines was explored (Scheme 3). Firstly, various sub-

stituted benzylamines bearing electron-neutral (H, 2-Me, 3-Me,

4-Me, 3,4-Me2), electron-rich (3-OMe, 4-OMe, 3,4-(OMe)2, 3,4-

OCH2O) groups all participated in this reaction smoothly to afford

the expected products in excellent yields (5a-5i, 82%−87%). An

array of halogen-substituted benzylamines (4-F, 3-Cl, 4-Cl, 3,4-Cl2,

3-Br, 4-Br) and electron-deficient group (4-CF3) were all found

to be compatible with the reaction (5j-5p, 81%−86%). Much to

our satisfaction, the reaction can still proceed smoothly when

the benzene ring of benzylamine replaced with naphthalene,

thiophene and furan (5q-5s; 85%−88%). Besides, other primary

amines such as propan-1-amine, butan-1-amine, pentan-1-amine,

hexan-1-amine, 3-methoxypropan-1-amine, cyclopentanamine,

cyclohexylmethanamine, (tetrahydrofuran-2-yl)methanamine, 3-

morpholinopropan-1-amine can smoothly converted into the target

product (5t-6b, 84%−89%). Furthermore, the optimized conditions

could be applied to 2-phenylethanamine and 3-phenylpropan-

1-amine and gave the corresponding products in good yields

(6c-6d, 83%−84%). In addition, when benzo[c]oxepines contained

the methyl, bromine, methoxy substituents or replacing benzene

ring with 2,5-dimethylthiophene, the reaction could also obtain

corresponding products in excellent yields (6e-6m; 82%−87%).

The structure of product 5o was confirmed by single-crystal X-ray

diffraction analysis (Supporting information). Furthermore, when

using hydrazides instead of primary amines, the target com-

pounds can also be obtained with lower yields (6n-6o; 26%−32%).

Unfortunately, the corresponding benzodiazepines could not be

obtained when using benzamides or anilines due to their weak nu-

cleophilicity prevent the conversion of substrate 1 to intermediate

3.

To verify this atom-swapping of oxygen atom to the nitro-

gen atom skeleton editing strategy through the ring-opening/ring-

closing sequential, a series of control experiments were performed

(Scheme 4). Compound 1a can efficiently converted to intermedi-

ate 3a through ring-opening of oxygen heterocycles in the presence

of benzylamine (2a) under solvent-free and additive -free condi-

tions. When TEMPO was added in ring-opening reaction, there was

3
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Scheme 4. Control experiments.

Scheme 5. (a) Step-by-step synthesis: (i) benzylamine (2a, 1.0mmol), solvent-free,

additive-free, 40 °C, 2 h; (ii) SOCl2 (1.0mmol), MeCN, r.t., 2 h; (iii) KOH (10.0mmol),

80 °C, 4 h. (b) Gram-scale experiment. See Supporting information for details.

no significant change to the yield of 3a, indicating that the reac-

tion may not be a free-radical process. Intermediate benzyl alco-

hol 3a can achieve functional group conversion under acidic con-

ditions to obtain intermediate benzyl chloride 4a. Further experi-

ments showed that target product 5a could be obtained from in-

termediates 3a and 4a under the standard operating conditions.

To demonstrate the advantages of this continuous manufactur-

ing one-pot synthesis in constructing of 2-benzodiazepines, we

carried out the step-by-step synthesis andobtained the target prod-

uct 5a in 64.9 % yield (Scheme 5a). The reaction was also preceded

well on a gram scale and the desired product 5a was isolated in

80.8% yield (Scheme 5b). Furthermore, the nucleophilic attack on

the ketone moiety of 5a by Grignard reagent CH2CHMgBr afforded

tertiary alcohol 7 in an 80% yield (Scheme 5c). The ketocarbonyl

group of 5a was easily reacted with phenylhydrazine under simple

conditions to produce imine 8 in a yield of 64% (Scheme 5d).

In order to evaluate the antineoplastic proliferation of these 2-

benzodiazepine contained novel structures, the inhibitory activities

against common human tumor cells activity of compounds 5a, 5i,

5s, 5t, 5x, 5y, 6b, 6f, 6k, 6l were tested using CCK-8 experimental

method (Supporting information). Interestingly, the compound

1,3-dimethyl-5-(naphthalen-1-ylmethyl)-4,5-dihydroindeno[1,2-

b]thieno[3,4-e]azepin-10(11H)-one(6k) showed the inhibitory

activities against human esophageal cancer cells (TE-1) and human

bladder cancer cell (5637), with the IC50 value 9.83 and 15.21

μmol/L, respectively.

In summary, we are fortunate to have developed an ef-

ficient method for synthesis of 2-benzodiazepine through

atom-swapping skeletal editing via replacing the O atom of

benzo[c]oxepine to N atom. This conversion integrated the ring-

opening/substitution/ring-closing reactions in one-pot synthesis.

This method exhibits good tolerance to various electronic groups,

and a series of 2-benzodiazepine derivatives were synthesized

with good yield through continuous manufacturing of a three-step

reaction sequence. The human tumor cell inhibitory activity of the

novel scaffold provides strong inspiration that the atom-swapping

skeleton editing through the deconstruction-reconstruction of

heterocycles has great potential in the discovery of new drug

structures.
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