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ABSTRACT: Aminocyclopropanes equipped with suit-
able N-directing groups undergo efficient and regioselec-
tive Rh-catalyzed carbonylative C−C bond activation.
Trapping of the resultant metallacycles with tethered
alkynes provides an atom-economic entry to diverse N-
heterobicyclic enones. These studies provide a blueprint
for myriad N-heterocyclic methodologies.

Modern medicinal chemistry requires more efficient and
diverse methods for the synthesis of chiral scaffolds.1

Cognizant of both this goal and the ideals of green chemistry,2 we
recently initiated a program aimed at the generation and trapping
of amino-substituted metallacyclopentanones. Here, we envis-
aged that exposure of CO and aminocyclopropanes 1 to an
appropriate catalyst would afford metallacyclic intermediates 2
(Scheme 1A). Intra- or intermolecular trapping of these species
with various π-unsaturates then potentially delivers heterocyclic
products 3. In this scenario, diverse and readily available building
blocks are converted to medicinally valuable chiral heterocycles
with complete atom economy. Moreover, modification of the
catalyst system with appropriate chiral ligands potentially
provides asymmetric processes. In a broader context, this
approach requires the development of a new family of
(3+2+1) cycloadditions involving aminocyclopropanes. Cyclo-
propane-based carbonylative (3+2+1) cycloadditions have been
developed previously under Rh-catalyzed conditions by
Narasaka3 and Yu,4 but examples involving amino-substituted
variants have not been reported.
Key to achieving the goal outlined in Scheme 1A is the

realization of strategies that facilitate selective generation of the
requisite aminometallacyclopentanone 2. In principle, this is
achievable by either (a) the oxidative addition of a metal catalyst
into a cyclobutanone acyl−carbon bond5,6 or (b) the carbon-
ylative insertion of a metal into a cyclopropane C−C bond
(Scheme 1B).3,7−10 This latter approach is more attractive
because parent aminocyclopropane is commercially available and
substituted variants are readily accessed using established
asymmetric technologies (Scheme 1C).11 However, the key
issue of regioselective metallacycle formation remains, and a
strategy to promote selective insertion of the metal and CO into
the more hindered aminocyclopropane C−C bond is required.
Existing strategies for regioselective metallacyclopentanone

formation are not applicable to aminocyclopropanes, especially
within the wider context of the general methodology outlined in
Scheme 1A.12 Of particular relevance to this study is the work of
Chirik, who demonstrated phosphinite-directed Rh insertion
into the more hindered C−C bond of alkyl-substituted
cyclopropanes in the absence of CO.13 Based upon this, we
envisaged selective metallacycle formation by employing N-
protecting groups that can serve a dual role of pre-coordinating
the metal catalyst (Scheme 1D).14 Herein, we report the
successful realization of this strategy in the context of processes
involving tethered alkynes. This provides a direct entry to
complex N-heterobicyclic enones and also validates a unique
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Scheme 1. Aminometallacyclopentanones as a Catalysis
Platform for N-Heterocycle Synthesis
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approach to the carbonylative C−C bond activation of
aminocyclopropanes.
Our initial studies established that directing group controlled

oxidative addition is feasible under the conditions of Rh catalysis.
Accordingly, carbamate-protected aminocyclopropane 4 was
exposed to various Rh(I) catalysts in the absence of CO (Scheme
2A). Here, we found that neutral Rh(I) salts (e.g., [Rh(cod)Cl]2/
PPh3) slowly delivered branched enamine 5, thereby indicating
(slow) insertion into the less hindered cyclopropane C−C bond.
On the other hand, cationic Rh(I) systems (e.g., [Rh(cod)2]BF4/
PPh3), which are more Lewis acidic, efficiently delivered linear
product 6.15 To confirm the importance of the carbamate moiety,
we performed analogous experiments on alkyl-substituted
cyclopropane 7. Here, both neutral and cationic Rh(I) systems
delivered branched products that result from exclusive insertion
into the less hindered cyclopropane C−C bond. In the case of
[Rh(cod)Cl]2, only the direct product of β-hydride elimination
and reductive elimination, 8a, was observed. [Rh(cod)2]BF4
afforded a mixture of alkene products 8a−c (1:7:12); 8b,c likely
arise by Rh-catalyzed isomerization of the initial adduct 8a.16

Taken together, these results confirm that carbamate-directed
oxidative addition is possible if the Rh catalyst is sufficiently
Lewis acidic. Under carbonylative conditions, we anticipated that
neutral systems may also be effective because CO is a strong π-
acceptor ligand; consequently, carbonyl-ligated neutral Rh(I)
catalysts may possess sufficient Lewis acidity to promote directed
oxidative addition. Probing this possibility was challenging
because treatment of carbamate 4 with neutral Rh(I) systems
under a CO atmosphere did not lead to appreciable quantities of
enamines 5 or 6, presumably because rhodacyclopentanones
formed instead. We therefore undertook studies to isolate and
characterize a model metallacyclic intermediate (Scheme 2B).
Heating carbamate 9with stoichiometric [Rh(CO)2Cl]2 at 60 °C
generated dimeric rhodacyclopentanone 10, which was charac-

terized by X-ray diffraction.17 In support of our catalysis design,
the structure of complex 10 reveals axial coordination of the
carbamate directing group and the desired regioselectivity for
both the oxidative addition and CO insertion steps.18 This
establishes that neutral carbonyl-ligated Rh(I) catalysts are
effective for directed rhodacyclopentanone formation.
With these preliminary studies in hand, we sought to

incorporate our directing-group-based strategy into a proto-
typical multicomponent carbonylative coupling process involv-
ing a tethered alkyne (Table 1). Seminal work by Narasaka has
demonstrated the feasibility of a related process to provide
carbocyclic systems; in these cases, the alkyne moiety was
proposed to direct Rh insertion.3a Relatively high temperatures
and catalyst loadings and elevated CO pressures, in conjunction
with a favorable Thorpe−Ingold effect, were required to provide
acceptable yields of the targets. In our case, judicious choice of N-
directing group is critical as it must (a) compete for the catalyst
with the alkyne moiety of the starting material but (b) also be
labile enough to then allow alkyne coordination at the stage of
the metallacyclopentanone (see Scheme 1A). Accordingly, we
evaluated the conversion of a range of differentially protected
aminocyclopropanes 11a−d to the corresponding enones 12a−
d.

Exposure of amide 11a to a BINAP-ligated neutral Rh(I)-
catalyst system at 160 °C under an atmospheric pressure of CO
generated 12a, but in only 26% yield (Table 1, entry 1).
Anticipating that the amide directing group was not sufficiently
Lewis basic, we evaluated carbamate 11b and observed the more
efficient formation of 12b in 33% yield (Table 1, entry 2); the
structure of 12bwas confirmed by single-crystal X-ray diffraction.
Increasing the directing group Lewis basicity further was
beneficial, and urea 11c afforded 12c in 42% yield (Table 1,
entry 3). Importantly, this directing group also conferred a
signif icant rate enhancement (24 vs 48 h for 12a,b) and,
ultimately, this allowed lower reaction temperatures (see
below).19 However, the more Lewis basic methoxy-urea 11d
was inefficient, and only traces of 12d were formed (Table 1,
entry 4). Throughout these initial studies, we found that cationic
Rh(I) sources (e.g., [Rh(cod)2]BF4) were less effective due to
competitive formation of enamine byproducts (cf. Scheme

Scheme 2. Studies on Controlling the Regioselectivity of
Metallacyclopentanone Formation

Table 1. Development of a Prototypical Process

a7.5 mol% for bidentate ligands and 15 mol% for monodentate
ligands. bYields were determined by 1H NMR using 1,4-dinitroben-
zene as a standard. Isolated yields are given in parentheses. cNa2SO4
(20 mol%) was employed as desiccant. d[Rh(cod)Cl]2 (3.75 mol%)
and P(3,5-(CF3)2C6H3)3 (15 mol%) were used. [1,2-DCB = 1,2-
dichlorobenzene]
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2A).15 Further studies involving [Rh(cod)Cl]2 and 11c identified
P(3,5-(CF3)2C6H3)3 as an effective ligand and PhCN as a
suitable solvent. Under these conditions, and using 7.5 mol% Rh
catalyst, full conversion of 11c occurs at 130 °C to afford 12c in
72% isolated yield (Table 1, entry 6).20 Notably, carbonyl-based
directing groups are critical to the process; other classes of N-
protecting group (e.g., R = SO2Ar) did not afford appreciable
amounts of product. These results highlight the key role of the N-
directing group and show that, in these cases, the alkynemoiety is
not effective at orchestrating catalysis.
Our prototypical catalytic process is tolerant of a wide range of

electron-neutral and electron-rich alkynes (Table 2). Sterically
distinct alkyl- and aryl-substituted systems 13a−e are tolerated,
and the target heterocycles 14a−e were obtained in good yield.
Electron-deficient alkynes also participate but provide the
products with diminished efficiency. For example, cyclization
of 13f, which possesses an electron-deficient aryl-substituted
alkyne, provided 14f in 30% yield. The lower yield here possibly
reflects decreased alkyne coordination at the stage of the
metallacyclic intermediate 2 (see Scheme 1A). Terminal alkynes
(R1 = H) are not tolerated using this first-generation protocol,
and only traces (≤15%) of product are observed.21 These results
demonstrate the current scope and limitations of the process
with respect to the alkyne.

Heterocyclic products of greater stereochemical complexity
are generated by increasing the substitution of the starting
material. For example, elaboration of the alkyne tether (e.g.,
15a−c) provides diastereoselective access to adducts 16a−c
(Table 3).22 Here, substitution on the tether results in shorter
reaction times compared to the examples shown in Table 2 (36−
60 vs 72−132 h). This is presumably reflective of a conforma-
tionally enhanced rate of alkyne insertion into the metalla-
cyclopentanone. To probe the origins of diastereoselectivity, the
two diastereomers of 16c were separated and independently re-
subjected to the catalysis conditions. No equilibration between
these diastereomers was observed, which supports diastereose-
lection during cyclization rather than by epimerization of the
C(7a) stereocenter of the product.
Substitution of the cyclopropane moiety is also possible

(Scheme 3). In these cases, the steric demands of the R1

substituent control product selection by influencing the site of
oxidative addition (bond a vs b). Carbonylative cyclization of 17a
(R1 = Me) generated 18a (20:1 dr),22 which is derived from
metal insertion into the less hindered bond a. However, this
product was accompanied by appreciable levels of the alternate
regioisomer 19a, which is derived from insertion into the more
hindered bond b (5:2 18a:19a). In the case of 17b (R1 = n-Bu),
the more pronounced steric demands of the butyl moiety result
in higher regioselectivity for the formation of 18b (5:1 18b:19b;
18b >20:1 dr).22

In summary, we present protecting group directed carbon-
ylative C−C bond activation of aminocyclopropanes as the basis
of a flexible entry to N-heterobicyclic systems. The present work
demonstrates proof-of-principle for the underlying catalysis
platform and outlines the preliminary scope of an approach that
potentially enables entries to a wide range of chiral scaffolds.
Future work will concentrate on expanding the methodologies
available, including the provision of asymmetric variants.23 We
will also target the development of enhanced catalyst systems
that are tolerant of a suite of synthetically useful directing groups.
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