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a b s t r a c t

Here, a rhodium(III)-catalyzed benzo[c]azepine-1,3(2H)-dione synthesis via tandem C–H alkylation and

intramolecular amination of N-methoxylbenzamide with 3-bromo-3,3-difluoropropene as the alkylation

agent is reported. The substituted benzamides and protected indoles are all tolerated, yielding the cor-

responding products in moderate to good yields. Further study revealed those bioactive compounds such

as piperic acid and a key precursor of Roflumilast all perform well, highlighting the synthetic utility of

this method.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Azaheterocyclic compounds exist widely in organic materials,

natural products, and pharmaceuticals [1-6], causing researchers to

search for efficient methods to construct these skeletons. Azepines

and their derivatives are representatives of this category, which

include tolazamide (A), azelastine (B), debromohymenialdisine (C)

and galanthamine (D) (Fig. 1).

Transition-metal-catalyzed C–H bond functionalization is an at-

tractive approach for constructing important synthetic units [7]. In

previous reports, N-methoxylbenzamides were used as the precur-

sor for the synthesis of cyclic compounds [8]. For example, vari-

ous groups such as Rovis [9-11], Glorius [12-14], Ackermann [14-

17] demonstrated they can directly react with alkenes [9,12,18-25],

alkynes [10,13-17,26-28], and diazonium compounds [11,29-31]

to form five or six-membered nitrogen heterocyclic compounds;

however, the formation of seven-membered nitrogen heterocy-

cles has rarely been reported due to ring strain. Few studies

have reported the synthesis of seven-membered nitrogen hetero-

cycles. For example, Glorius’s group reported the route to pre-

pare azepinones from benzamides and α,β-unsaturated aldehy-

des [32]. Cui’s group disclosed a Rh(III)-catalyzed cycloaddition

of benzamides and vinylcarbenoids to afford azepinones [33]. Shi

and coworkers demonstrated that seven-membered nitrogen het-

erocycles could be obtained by using ArC(O)NH–OBoc as the sub-
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strate with a rhodium catalyst [34]. Herein, we report a novel ap-

proach for constructing seven-membered nitrogen heterocycles by

rhodium-catalyzed direct C-H functionalization of benzamides with

3-bromo-3,3-difluoropropene through tandem C–H alkylation and

intramolecular amination (Scheme 1c).

3-Bromo-3,3-difluoropropene is an interesting coupling partner

in C–H functionalizations and can provide a 3,3-difluoroallylation

product. In 2016, Liu and co-workers firstly reported a palladium-

catalyzed 3,3-difluoroallylation reaction with 3-bromo-3,3-

difluoropropene as the olefination reagent [35]. In 2017, the

group of Zhang disclosed the 3,3-difluoroallylation of pyridones

with manganese as the catalyst (Scheme 1a) [36]. Recently, Liu’s

group reported the alkylation of indole derivatives by using

3-bromo-3,3-difluoropropene [37], followed by the introduction

of N-iodosuccinimide (NIS), leading to the indole-1(2H)-ketone

derivatives.

Zeng and co-worker reported a ruthenium-catalyzed alkyla-

tion of tertiary phosphines with α,β-unsaturated esters as the

alkylation reagents (Scheme 1b) [38]. They found that the alky-

lation product is realized through the reaction of key interme-

diate cyclometalated ruthenium complex with a protic acid. In-

spired by this result, we speculated when N-methoxybenzamide

coupled with 3-bromo-3,3-difluoropropene under acidic condi-

tions with a transition-metal-catalyst, the alkylation product I

would be generated, which then undergoes intramolecular ami-

nation, providing a seven-membered nitrogen heterocyclic product

(Scheme 2).
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Fig. 1. Selected drugs containing azepine units.

Scheme 1. Reactions of 3-bromo-3,3-difluoropropene.

Scheme 2. A new approach to seven-membered heterocycles.

With these conditions in mind, N-methoxylbenzamide (1a) was

treated with 3-bromo-3,3-difluoropropene (2) in the presence of

[Cp∗RhCl2]2 (2.5 mol%), AgOAc (200 mol%), and HOAc (200 mol%)

at 120 °C in hexane under an argon atmosphere. This reaction pro-

vided the desired seven-membered product 3a in 34% yield in only

2 h (Table 1, entry 1). To explore the indispensable role of the

rhodium catalyst in the cyclization reaction, we next screened sev-

eral catalysts. When [Cp∗IrCl2]2 was used as the catalyst, we only

obtained the desired product 3a in a trace amount (Table 1, entry

2). Other catalysts such as [(Cymene)RuCl2]2, [Cp∗Co(CO)I2], and

Pd(OAc)2 also failed to produce the desired product (Table 1, en-

tries 3–5). Several solvents that are commonly used to synthesize

five- and six-membered nitrogen heterocyclic compounds using

benzamide substrates with a rhodium catalyst (e.g., methanol, tert-

amyl alcohol, and trifluoroethanol) were not suitable for this sys-

tem (Table 1, entries 6–8). When hexafluoroisopropanol (HFIP) was

used as the solvent, the desired cyclized product 3a was obtained

in 52% yield (Table 1, entry 9). When only a catalytic amount of

Table 1

Optimization of conditions.a

Entry Catalyst Additive Solvent Yield (%)b

1 [Cp∗RhCl2]2 - Hexane 34

2 [Cp∗IrCl2]2 - Hexane 5

3 [(Cymene)RuCl2]2 - Hexane 0

4 [Cp∗Co(CO)I2] - Hexane 0

5 Pd(OAc)2 - Hexane 0

6 [Cp∗RhCl2]2 - Methanol 0

7 [Cp∗RhCl2]2 - t-AmOH 0

8 [Cp∗RhCl2]2 - TFE 0

9 [Cp∗RhCl2]2 - HFIP 52

10c [Cp∗RhCl2]2 - HFIP 37

11d [Cp∗RhCl2]2 - HFIP 20

12e [Cp∗RhCl2]2 H2O HFIP 65

13 [Cp∗RhCl2]2 H2O HFIP 80 (77)f

14g [Cp∗RhCl2]2 H2O HFIP 48

15h [Cp∗RhCl2]2 H2O HFIP 0

16 - H2O HFIP 0

a Reaction conditions: 1a (0.2 mmol, 1.0 equiv.), 2 (0.3 mmol, 1.5 equiv.), catalyst

(2.5 mol%), AgOAc (2 equiv.), HOAc (2.0 equiv.) and additive (1 equiv.) in anhydrous

solvent (0.5 mL) for 2 h under Ar at 120 °C oil bath.
b GC yield with tridecane as the internal standard.
c HOAc (30 mol%).
d K2CO3 instead of HOAc.
e H2O (0.5 equiv).
f Yield of isolated product.
g H2O (2.0 equiv.).
h Without AgOAc.

acetic acid was used, the yield of 3a decreased to 37%, indicating

the importance of a protic acid (Table 1, entry 10). As expected,

the yield of 3a decreased rapidly after K2CO3 was added to the re-

action system (Table 1, entry 11). To our surprise, when H2O was

used as the additive, the yield of 3a improved slightly (Table 1, en-

try 12), suggesting the participation of water in the reaction. The

product 3a was obtained in 80% yield when 1 equiv. water were

used (Table 1, entry 13). Control experiments revealed that the

rhodium catalyst and silver salt were crucial for this transforma-

tion (Table 1, entries 15 and 16).

Having established the optimal reaction conditions, various N-

methoxy benzamides were evaluated (Scheme 3). First, substrates

monosubstituted at the meta position with groups including Me,

CF3, F, Cl, Br, I and NO2 were well-tolerated and provided the cor-

responding products in medium to good yields (3c-3i). Similarly,

substrates with electron-withdrawing groups at the para position

were also compatible in this transformation, leading to the corre-

sponding products in good yields (3m-3s); however, The trifluo-

romethoxy, methoxy, or phenoxy substituted substrates only pro-

vide the corresponding products inmedium yields (3j-3l, 3t), and

the starting material was recovered. Interestingly, when the sub-

strate was substituted with a methoxy or phenoxy group at meta

position, the reaction selectively occurred on the side with greater

steric hindrance (3k, 3l). Double-substituted substrates performed

well, affording the corresponding products in moderate to good

yields (3u-3v). Substrates such as N-methoxy-2-naphthamide and

N-benzyloxybenzamide were also compatible (3w-3x), generating

the target products in good yields. Moreover, the single-crystal X-

ray analysis of compound 3i confirmed the presence of a seven-

membered ring in its structure (see Supporting information for de-

tails).

Indoles are a class of important compounds that are ubiqui-

tous in various bioactive natural compounds. Various N-methoxy-
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Scheme 3. The scope of benzamides. Reaction conditions: 1 (0.2 mmol), 2 (0.3

mmol), AgOAc (2 equiv.), HOAc (2 equiv.), [Cp∗RhCl2]2 (2.5 mol%) and H2O (1 equiv.)

in anhydrous HFIP (0.5 mL) at 120 °C for 2 h under Ar in a sealed tube, isolated

yields. a2 (0.4 mmol).

Scheme 4. The sope of indole derivatives. Reaction conditions: 4 (0.2 mmol), 2 (0.3

mmol), AgOAc (2 equiv.), HOAc (2 equiv.), [Cp∗RhCl2]2 (2.5 mol%) and H2O (1 equiv.)

in anhydrous HFIP (0.5 mL) at 120 °C for 2 h under Ar in a sealed tube, isolated

yields.

1H-indole-1-carboxamides were prepared and further subjected to

standard reaction conditions. A wide variety of 2-methoxy-4,5-

dihydro-1H-[1,3]diaza[1,7-a]indole-1,3(2H)-diones were obtained in

moderate yield, highlighting the synthetic importance of this trans-

formation (Scheme 4). However several by-products were also

found, resulting in the poor yield of this transformation.

Scheme 5. Synthetic applications.

In addition, to the reaction can easily scaled up to gram-scale,

leading to the product 3b in 52% yield (1.1 g) (Scheme 5a). Piperic

acid is an important intermediate of the antibacterial drug oxolinic

acid, and can also be used to synthesize dyes and fragrances. It can

be transformed into seven-membered nitrogen heterocyclic com-

pound with this new method (Scheme 5b). A key precursor of Rof-

lumilast could also be transformed into a seven-membered nitro-

gen heterocyclic compound (Scheme 5c).

To explore the possible reaction pathways, several control ex-

periments were performed. For example, substrate 10, which can

be prepared by Liu’s method [37], was subjected to standard re-

action conditions. Interestingly, the seven-membered cyclic com-

pound 5a was not detected, and the starting material was recov-

ered (Scheme 6a). This may suggest compound 11 was not formed

during the catalytic cycle, while product 12 might be generated as

the key intermediate (Scheme 6b). To further support this result,

heavy-oxygen (18O) water was added into the standard reaction,

and the oxygen-18-labeled product 13 was detected (Schemes 6b-

d). In addition, when excess deuterated acetic acid was used in-

stead of acetic acid, the deuterated product 3a-[D] was obtained

(Scheme 6e). These results indicate that the alkylation product (12)

was the key intermediate in this transformation. Finally, a kinetic

isotope effect of 1.0 suggests that C-H bond activation is not the

rate-limiting step in this reaction (Scheme 6f).

Based on the above experiments and previous reports [39],

a plausible reaction pathway is proposed (Scheme 7). The

Cp∗Rh(OAc)2 complex can be generated by anion-exchange be-

tween the rhodium catalyst and silver salt, which then undergoes

ortho C-H activation with the benzamide substrate to form the

cyclic rhodium intermediate I. Key intermediate II is further gener-

ated through olefin insertion, followed by protonation with acetic

acid to release the alkylation product III. This provided interme-

diate IV via intramolecular amination. The final product 3a was

formed with the assistance of water and acetic acid.

Here, we developed a rhodium(III)-catalyzed tandem C–H alky-

lation and intramolecular amination of N-methoxylbenzamide

with 3-bromo-3,3-difluoropropene to prepare the benzo[c]azepine-

1,3(2H)-diones. Various substituted benzamides and protected in-

doles were well-tolerated, yielding the corresponding products in

moderate to good yields. Further study revealed those bioactive

compounds such as piperic acid and a key precursor of Roflumi-

last all performed well, highlighting the importance of this new

synthetic method. Preliminary mechanistic studies indicate that

the reaction proceeds through alkylation/intermolecular amination

process.
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Scheme 6. Preliminary mechanistic study.

Scheme 7. Proposed catalytic cycle.
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