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Yoshinori Kondo* 

 

Abstract: β-Lactams are important structural motifs because of their 

ubiquity in natural products and pharmaceuticals. We report herein a 

Cu-catalyzed intramolecular oxidative C(sp3)–H amidation for the 

synthesis of β-lactams using tBuOOtBu. This method is based on 

Kharasch–Sosnovsky amidation and does not require 

prefunctionalization of C(sp3)–H bonds or the installation of a 

directing group, thereby allowing for the straightforward synthesis of 

β-lactams. Our intramolecular functionalization protocol can be 

extended to diverse benzylic C(sp3)–H bonds and shows excellent 

functional group tolerance. 

The β-lactam motif is found in important natural and bioactive 

compounds[1] such as penicillin, ezetimibe,[2] and aztreonam[3] 

(Figure 1). Because of the structural significance of β-lactams, 

much effort has been devoted to their synthesis.[4] The classical 

methods for β-lactam synthesis include the Staudinger 

reaction,[5] Kinugasa reaction,[6] and cyclization of amino acids.[7] 

Recently, transition-metal-catalyzed C(sp3)–H functionalization[8] 

has emerged as an attractive method in synthetic chemistry 

because it does not involve prefunctionalization, and thus 

 

Figure 1. Natural and bioactive β-lactam derivatives. 

 

features high atom economy and step economy. One of the 

conventional C(sp3)–H functionalization reactions for β-lactam 

syntheses involves transition-metal (Pd,[9a,b,f,h] Ni,[9e,i] Cu,[9c,d] 

Co[9g])-catalyzed intramolecular oxidative coupling between N–H 

and C(β)–H bonds (Scheme 1a).[9] Although this approach 

avoids prefunctionalization of C(sp3)–H bonds of the substrates, 

a pyridine- or quinoline-based directing group (DG) is typically 

used, thus necessitating addition and removal steps. Thus, DG-

assisted synthesis offsets the synthetic efficiency provided by 

the direct C(sp3)–H functionalization; for this reason, a DG-free 

route is also desirable. 

In 1957, the Kharasch–Sosnovsky reaction[10] was 

introduced, namely the Cu-catalyzed transformation of an allylic 

C(sp3)–H bond to an ester by using a peroxyester, which is 

proposed to be initiated by abstraction of an allylic hydrogen 

atom by an alkoxy radical derived from a copper-initiated 

decomposition of peroxyester. Following this, significant efforts 

have been invested to improve the efficiency of this 

methodology.[11] One of the most notable strategies in this 

regard is the construction of C(sp3)–N bonds by using amines or 

amides with peroxides, as this strategy can be applied to not 

only allylic C(sp3)–H bonds but also benzylic and aliphatic  

 

Scheme 1. Transition-metal-catalyzed oxidative coupling between N–H and 

C(β)–H bonds for the synthesis of β-lactams. 
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C(sp3)–H bonds.[12] For example, Powell et al. have developed a 

copper-catalyzed intermolecular amidation of allylic and benzylic 

C−H bonds with sulfonamides using tBuOOAc.[12b] Compared to 

such intermolecular C(sp3)–N bond formation, reports of 

intramolecular C(sp3)–N bond formation to construct N-

heterocyclic compounds have been limited. In our previous work, 

we have developed a copper-catalyzed oxidative isoindolinone 

synthesis using tBuOOtBu via intramolecular benzylic C(sp3)–H 

bond functionalization.[13a] However, there has been no report to 

build β-lactams by this strategy. Thus inspired, we attempted the 

Cu-catalyzed oxidative cyclization of linear alkanoic amides with 

a peroxide for the synthesis of β-lactams. This reaction proceeds 

via an intramolecular Kharasch–Sosnovsky-type C(sp3)–H 

amidation in the presence of a first-row transition-metal, Cu 

catalyst, and no DG installation is needed (Scheme 1b). This 

reaction is assumed to be initiated by the abstraction of 

hydrogen at the benzylic position by the alkoxy radical, similar to 

the original Kharasch-Sosnovsky reaction. The radical species 

would be rapidly trapped by a copper(II) amide complex for 

efficient construction of the C(sp3)–N bond (Scheme 1c).[14] 

We began our investigation using N,3-diphenylpropanamide 

1a as the substrate to optimize the reaction conditions (Table 1). 

The use of CuCl2/DMAP as the catalyst and tBuOOtBu 

(peroxide) in 1,2-dichloroethane (DCE) at 130 °C was effective 

for the cyclization (entry 1). The desired reaction did not proceed 

in the absence of CuCl2, DMAP, or tBuOOtBu (entries 2–4). 

Using other copper sources instead of CuCl2 decreased the yield 

(entry 5). The use of a phosphine ligand or bidentate nitrogen 

ligand Phen also led to lower yields (entry 6). Other oxidants 

such as tBuOOAc or tBuOOH did not work for the reaction (entry 

7). Screening of a variety of solvents revealed that DCE was the  

Table 1. Effect of reaction parameters. 

 

entry variation from standard conditions yield (%)[a] 

1 none 72 (71)[b] 

2 without CuCl2 0 

3 without DMAP 0 

4 without tBuOOtBu 0 

5 CuCl, CuI, [(MeCN)4Cu]OTf, CuBr2, 

Cu(OAc)2, or Cu(OTf)2 instead of CuCl2 

34–66 

6 PPh3, Pyridine, or Phen, instead of DMAP 0–12 

7 tBuOOAc or tBuOOH, instead of tBuOOtBu 0 

8 benzene, PhCl, or MeCN, instead of DCE trace 

9 10 mol% of CuCl2 and 30 mol% of DMAP 61 

[a] Determined by 1H-NMR using 1,1,2-trichloroethane as an internal 

standard. [b] Isolated yield in parentheses. 

 

 

Isolated yields. [a] The ratio was determined by 1H-NMR. [b] 10 mol% of CuCl2 

and 30 mol% of DMAP were used. 

Scheme 2. Scope and limitations of intramolecular C(sp3)–H amidation for β-

lactam synthesis. 

 

Scheme 3. CAN-mediated removal of aryl group on nitrogen atom of 2i. 

best solvent (entry 8). A higher catalyst loading led to increased 

formation of a byproduct, thus reducing the yield slightly (entry 

9).  

With the optimized reaction conditions in hand, we next 

investigated the substrate scope of C(sp3)–H functionalization 

for the synthesis of β-lactams (Scheme 2). A wide range of 

functional groups, including halogens, were tolerated under the 
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reaction conditions. The reaction of substrates possessing 

halogen atoms or electron-withdrawing groups at β-position on 

the benzene ring gave the desired products in acceptable yields 

(2b–f). The substrate with the electron-donating methoxy group 

at the 4-position led to an undesired reaction, generating an 

olefin.[15] Next, we investigated the effect of aryl groups on the 

nitrogen atom. The reactions gave cyclized products 2g–p in low 

to moderate yields, regardless of the electronic properties of the 

aryl groups. This method could be applied to synthesize the 3-

substituted β-lactam 2q in good yield. Furthermore, we 

investigated the reaction of 1r with different substituents at α-

position of the amide and found to give a mixture of 

diastereomers 2r and 2r’ with almost the same ratio. Polycyclic 

fused β-lactams, which are widespread in pharmaceutical 

chemistry, could also be produced in an efficient manner (2s). 

Subsequently, we treated β-lactam 2i with ceric ammonium 

nitrate (CAN) under mild conditions and obtained an N-free β-

lactam 3 (Scheme 3).[16] This result indicated that the 

synthesized β-lactams could be further transformed into useful 

compounds, thus demonstrating their structural diversity.  

We next performed some experiments to gain insight into the 

reaction mechanism. Under the optimized conditions and in the 

presence of 3.0 equiv of a radical scavenger such as TEMPO or 

BHT (Scheme 4), the reaction was completely inhibited, 

indicating that the reaction proceeded via a radical process. 

Finally, we measured the kinetic isotope effect (KIE) of this β-  

 

Scheme 4. Radical scavenger experiment. 

 

Scheme 5. Intramolecular kinetic isotope effect. 

 

Scheme 6. Intermolecular kinetic isotope effect. 

lactam synthesis. First, the reaction was conducted using 1a-D 

as a substrate under the optimized conditions and the 

intramolecular KIE value of 8.1 was observed (Scheme 5). 

Furthermore, based on the reaction with 1a and 1a-2D as the 

substrates under the standard conditions in a single vessel, the 

magnitude of the intermolecular KIE was determined to be 9.0 

(Scheme 6). These results indicated that C(sp3)–H abstraction 

may be the rate-determining step in this reaction. 

In conclusion, we have developed a Cu-catalyzed 

intramolecular oxidative C(sp3)–H amidation for the synthesis of 

β-lactams, which are the core structures of many natural and 

bioactive compounds. Our protocol based on Kharasch–

Sosnovsky amidation provides straightforward access to β-

lactams, as prefunctionalization and DG installation are not 

required. Our intramolecular functionalization is applicable to a 

variety of benzylic C(sp3)–H bonds. Further studies to expand 

the scope of the substrates and broaden the synthetic 

application of our method to other heterocycles are in progress, 

and the results will be reported in due course. 
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