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ABSTRACT

A new palladium-catalyzed synthesis of 3-amido-substituted â-lactams is reported. This process involves the one-pot coupling of four components,
imines, carbon monoxide, and acid chloride, providing a flexible route to construct this class of heterocycle. The generation of â-lactams with
two different imines can also be accomplished, providing a method to assemble these products with independent control over five separate
substituents.

The development of efficient routes to synthesizeâ-lactams
is an area of significant research interest.1 This has been
driven, in large part, by the importance of these molecules
as constituents of antibiotics, ranging from penicillin-based
substrates to a number of more recently developed com-
pounds (e.g., penems, cephems, monobactams, carbapenems,
and trinems).2 â-Lactams have also been demonstrated to
be important synthons in organic synthesis3 and to be mono-

mers in the generation of polyamides (e.g., poly(â-peptides)).4
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methods are available to constructâ-lactams. These include
important metal-based methodologies, such as the metal-
catalyzed carbonylative ring expansion of aziridines,5 asym-
metric Lewis acid-mediated processes,9 and metal-carbene-
based routes.10,11

In principle, an attractive approach to prepare molecules
such asâ-lactams would be to consider their structure, rather
than arising from the cyclization of prepared substrates, as
simply the product of multiple basic and readily available
building blocks coupled together at once. In this regard,
transition-metal catalysis can serve as a useful tool, where
the diverse reactivity of metal complexes can be used to
mediate the coupling of traditionally unreactive precursors.
As others14 and ourselves15 have reported, this approach not
only can provide a straightforward overall synthesis but also
is amenable to structural diversification. We describe below
the application of this approach to the construction of the
amino acid-basedâ-lactam core1, the functional structure
of many biologically relevantâ-lactams (i.e., penicillin,
nocardicins, and cephalosporins).2 This was done by con-
sidering this structure to be comprised of four units, two
imines, acid chloride, and carbon monoxide (Figure 1),

brought together in a palladium-catalyzed reaction. Consider-
ing the nature of the building blocks, this provides a modular
method to construct aâ-lactam, where five separate substit-
uents can be independently varied in a single-pot reaction.

Our approach to aâ-lactam synthesis is based on our
previously reported palladium-catalyzed synthesis of imida-
zolines, illustrated in Scheme 1.16 This reaction presumably
occurs via the formation of a mesoionic 1,3-oxazolium-5-

oxide (i.e., Münchnone) intermediate2, which undergoes a
1,3-dipolar cycloaddition with imine to generate3. Consider-
ing that Münchnones are known to be in equilibrium with
their ketene isomer4,17,18 we postulated that this catalytic
coupling could be employed to provide access to 3-amido-
substitutedâ-lactams by inducing the second equivalent of
imine to undergo a formal [2+ 2] cycloaddition with the in
situ generated ketene isomer4, rather than 1,3-dipolar
addition.

Previous reports have demonstrated thatN-alkyl-substi-
tuted imines react with Münchnones to generateâ-lactams,17

suggesting that the formation of3 in this catalytic process
is the result of the reaction conditions. To explore this
phenomenon, the reactivity of the independently generated
Münchnone2ahas been examined (Figure 2).19 The addition

of Ph(H)CdNBn to Münchnone2a in the presence of HCl,16

which is generated in the catalytic reaction, leads to the rapid
formation of imidazoline3a in quantitative yield (path a).
However, the reaction of2a with Ph(H)CdNBn in the
absence of acid completely inhibits imidazoline formation
and instead results in the formation ofâ-lactam1a in 79%
yield. The role of acid in influencing this cyclization is not
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Figure 1. Multicomponent approach toâ-lactams.

Scheme 1. Postulated Mechanism for1 and3 Formation

Figure 2. Acid influence on the reaction of münchnones with
imines.
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presently known, but it may be related to increasing the
electrophilicity of the imine via protonation of nitrogen.16,17a

This implies that eliminating the HCl generated during
catalysis should allow this coupling to be directed toward
â-lactams.

The ability of this chemistry to accessâ-lactams was first
probed in the stoichiometric reaction of 0.5 equiv of Pd2-
(dba)3‚CHCl3 with 2 equiv of Ph(H)CdNBn, PhCOCl, 1 atm
of CO, and base. Various inorganic (Cs2CO3 and NaOAc)
and organic bases (NEt3, proton sponge, and DBU) were
examined; however, no identifiable products were produced.
Changing the base to the more sterically hinderedN,N-
diisopropylethylamine (NEtiPr2) leads to the quantitative
formation of EtiPr2NH+Cl- and the generation of a trace
amount of the desired 3-amido-substitutedâ-lactam1a (5%,
Table 1, entry 1), along with the recovery of almost 1 equiv
of free imine.

In contrast to the stoichiometric coupling, performing this
reaction under catalytic conditions provides a synthetically
useful method to accessâ-lactams. As shown in Table 1,
this same reaction with a 5% catalyst loading results in the
formation of â-lactam1a in 45% yield (entry 3). Interest-
ingly, increasing the palladium loading actually inhibits the
formation of1a (entries 1-3, vide infra). The efficiency of
this catalysis can be further improved by the addition of a
chelating ligand (entries 4-6).20 The optimal results are
obtained by using ligand7 in a 1:1 THF/acetonitrile solvent
mixture, which leads to the coupling of the imine, acid
chloride, and carbon monoxide fragments into a single
â-lactam product in 64% yield.21,22

As illustrated in Table 2, this multicomponent process is
directly amenable to structural diversification.â-Lactam
formation proceeds cleanly with a number of imines and acid
chlorides, all generating product in good yields and as a trans-
isomer. Importantly, functionalities such as aromatic ethers
1f, thioethers1c, and heteroaromatics1g and 1h do not
appear to inhibit the reaction. In addition, both aryl and alkyl
acid chlorides can be employed. However, the yields of
â-lactams are lower withσ-electron-withdrawing substituents
on the imines1d and1i. The latter is likely a consequence
of the lower nucleophilicity of these imines, which inhibits
their interaction with the acid chloride (vide infra). Consider-
ing that this reaction involves the simultaneous coupling of
four reagents with the formation of four new bonds, these
all represent efficientâ-lactam syntheses, which typically
involve up to a five-step synthesis via established proce-
dures.18

The mechanism of this coupling is believed to be that
shown in Scheme 1, where an in situ generatedN-acylimin-
ium salt (formed from imine and acid chloride) undergoes
oxidative addition to Pd(0) to form palladacycle9, followed
by carbon monoxide insertion andâ-hydride elimination to
form Münchnone2.23 In the presence of EtNiPr2, the HCl
from the reaction mixture is removed, allowing imine
cyclization to occur with the ketene isomer4, rather than
Münchnone, resulting in the generation ofâ-lactam1. The

(20) Bidentate ligands appear to inhibit the formation of 2-benzyl-3-
phenyl-1-isoindolinone. The latter likely arises from the C-H bond
activation of the aromatic R3 in the N-acyliminium salt intermediate. The
discussion of this process will be the subject of a future report.

(21) COSY, HMQC, HMBC, and NOESY NMR experiments demon-
strate that1a exists as a single isomer with transoid phenyl units.

(22) Control experiments show noâ-lactam formation in the absence of
a palladium catalyst.

(23) This mechanism is directly analogous to that demonstrated previ-
ously for Münchnone formation.15b

Table 2. Palladium-Catalyzedâ-Lactam Synthesis: Diversitya

a Conditions: 1.2 mmol of imine, 0.54 mmol of acid chloride, 1 atm of
CO, 0.54 mmol of NEtiPr2, 1.4 mol % of Pd2(dba)3‚CHCl3, and 2.7 mol %
of 8 for 96 h at 55°C in 1:1 CH3CN/THF. b NMR (isolated) yield.

Table 1. Catalyticâ-Lactam Synthesis: Method Development

entry L [Pd]b % yieldc

1d - 100 5
2d - 20 8.5
3d - 5 30
4a 6 5 45
5a 7 5 55
6a 8 5 58
7a 8 2.8 64

a Conditions: 1.2 mmol of imine, 0.54 mmol of acid chloride, 1 atm of
CO, 0.54 mmol of NEtiPr2, and 2.7 mol % of L for 96 h at 55°C in 1:1
CH3CN/THF. b In mol %. c NMR yield. d In CD3CN.
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source of lowerâ-lactam yields under high palladium loading
conditions (Table 2, entries 1-3) is suggested by control
experiments, which show that Pd2(dba)3‚CHCl3 mediates the
decomposition of2, albeit at a slower rate than its forma-
tion.24

As suggested by the mechanism ofâ-lactam formation,
this coupling requires the incorporation of two identical
imines. Employing two distinct imines in this reaction results
in poor control and the formation of a statistical mixture of
â-lactam products.25 However, we have previously shown

that Münchnones can be generated from imine, acid chloride,
and CO in the absence of an imine trap with catalyst10.15b

Thus, performing this catalytic coupling with 1 equiv of
imine, acid chloride, and carbon monoxide allows for the
generation of2. Subsequent addition of imine and heating
at 55°C for 24 h generatesâ-lactam products in good yields
(Table 3). This latter approach provides a method to construct
theâ-lactam in a single pot with independent control of five
separate substituents on the heterocyclic core.

In conclusion, 3-amido-substitutedâ-lactams can be
readily prepared by the palladium-catalyzed coupling of
imine, carbon monoxide, and acid chloride in the presence
of an amine base. Considering the mild conditions (1 atm
of CO, 55 °C) and simple building blocks employed, this
represents a facile route to theâ-lactam core and provides
direct access to 3-amido-substituted lactams of potential
biological relevance.2 The utilization of this process to
catalytically generate other products from imine and carbon
monoxide and the complete elucidation of the reaction
mechanism are currently the subject of research in our
laboratories.
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(24) The generation of2 in the presence of 5 mol % of Pd2(dba)3‚CHCl3
in CD3CN, followed by heating to 55°C for 24 h, results in the
decomposition of ca. 30% of2 (determined by1H NMR vs an internal
standard) to an unidentifiable mixture of products. A similar reaction without
Pd2(dba)3‚CHCl3 present shows no appreciable loss of2 after heating to
55 °C for 24 h.

(25) The palladium-catalyzed reaction of PhC(H)dNBn, PhC(H)d
NCH2(p-C6H4OCH3), CO, and PhCOCl provided a mixture of lactam
products.

Table 3. Heterocoupledâ-Lactam Synthesisa

a Conditions: 0.54 mmol of imine, 0.54 mmol of Bu4NBr, 0.76 mmol
of acid chloride, 0.84 mmol of NEtiPr2, 5 mol % of10, and CO (4 atm) for
24-30 h at 55°C, followed by heating at 55°C for 24 h with the second
imine (0.54 mmol).
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