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Unnatural Amino Acid Synthesis Enabled by the Regioselective
Cobalt(III)-Catalyzed Intermolecular Carboamination of Alkenes
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Abstract: Herein, we report an unprecedented regioselective
and entirely atom-economic cobalt(III)-catalyzed method for
the non-annulative, intermolecular carboamination of alkenes.
The methodology enables the direct synthesis of unnatural
amino acid derivatives and proceeds under redox-neutral
conditions with a completely regioselective C�C bond and C�
N bond formation. Furthermore, this reaction exemplifies the
inherently different mechanistic behavior of the Cp*CoIII

catalyst and its Cp*RhIII counterpart, especially towards b-H-
elimination.

Transition-metal catalyzed C�H bond functionalization has
proven to be a powerful and straightforward strategy for the
synthesis of a variety of complex core structures that are
present in natural products as well as pharmaceuticals.[1]

Besides the widely established transition-metal catalysts
(palladium, rhodium, iridium, ruthenium) that are associated
with low abundance and high costs, the utilization of earth-
abundant metal catalysts, such as cobalt has received consid-
erable attention.[2] Inspired by the seminal reports of Kanai
and Matsunaga,[3] several groups showed that the Cp*CoIII

catalyst (Cp* = C5Me5) is comparable to its Cp*RhIII counter-
part considering its analogous reactivity.[4] Nevertheless, only
a few reports have appeared to date describing a complemen-
tary reactivity of the Cp*CoIII catalyst to its Cp*RhIII

congener.[5] Reactivity differences have, however, been
exploited in the case of other first- and second-row transition
metals.[6] It therefore seems promising to further investigate
the complementary reactivity of Cp*CoIII to Cp*RhIII to
address the limitations found with its heavier counterpart.

Alkenes are amongst the most readily available and
cheapest chemical feedstocks. Despite their great synthetic
potential, the metal-catalyzed difunctionalization of alkenes
is still a formidable and rarely explored challenge because
1) the rate of difunctionalization versus b-H-elimination of
the resulting C(sp3)–metal-species is competitive and 2) the
selective addition needs to be carefully controlled.[7] Consid-
ering the potential as well as the limitations of several alkene
difunctionalizations, we became interested in the selective
carboamination of alkenes. Although a variety of annulative

intramolecular[8] as well as annulative intermolecular[9] car-
boamination reactions of alkenes have been examined, the
non-annulative intermolecular carboamination of alkenes
have been far less investigated.[10] Our particular focus was
to explore the regioselective, non-annulative intermolecular
carboamination of alkenes, since this reaction can provide
highly valuable unnatural amino acid derivatives. To our
knowledge no report on any non-annulative Cp*CoIII-cata-
lyzed carboamination reaction has been reported to date.
Additionally, given the generally higher propensity for b-H-
elimination with rhodium, this reaction offers an opportunity
to demonstrate the inherently divergent mechanistic behavior
of the Cp*CoIII catalyst and its Cp*RhIII counterpart, with the
result that both catalysts give completely different product
selectivity.

Recently the Rovis group published a Cp*RhIII-catalyzed
route for the intermolecular carboamination of alkenes.[10a]

They reported that the b-H-elimination could be inhibited by
coordinatively saturating the C(sp3)-rhodium-intermediate
with an in situ generated bidentate directing group (Sche-
me 1a). Subsequently, a similar approach was reported by Liu
and co-workers using a bidentate coupling partner instead of
a bidentate directing group.[10b] However, both concepts
essentially require the coordinative saturation of the metal
center to achieve the carboamination,[11] which brings signifi-

Scheme 1. Cp*RhIII- and Cp*CoIII-catalyzed carboamination strategies.
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cant limitations in the reaction scope and further ligand-
modifications as well as inconvenient multi-step substrate
syntheses are necessary.

Inspired by these reports we designed the first regiose-
lective intermolecular Cp*CoIII-catalyzed carboamination of
alkenes. The unique properties of the catalyst system obviate
the need for either a bidentate directing group or a bidentate
coupling partner (Scheme 1b). In this conceptually and
mechanistically distinct reaction, the Cp*CoIII-catalyst led to
a different product than its Cp*RhIII-counterpart. For the
rhodium catalyst, if the saturation of the nascent C(sp3)–metal
center is not achieved, b-H-elimination predominates and the
oxidative Heck product is formed. In the case of cobalt, no
saturation of the C(sp3)–metal center is required and the
carboamination is inherently favored over the b-H-elimina-
tion.

We began our studies using phenoxyacetamide (1) as it
features a redox-active directing group and n-butylacrylate
(2) as coupling partner. After an extensive screening, (see the
Supporting Information) we could achieve a completely
regioselective addition to the double bond and isolate the
desired product 3a in 82% yield using stoichiometric amounts
of 1 and 2 in the presence of catalytic amounts of [Cp*Co-
(CO)I2], AgSbF6, CsOAc, and K3PO4 (Scheme 2 and see the
Supporting information). When the same conditions were
applied with the [(Cp*RhCl2)2] catalyst instead of the
[Cp*Co(CO)I2] catalyst, the oxidative Heck product was
isolated in 53 % yield and only trace amounts of the
carboamination product could be detected in the crude
reaction mixture by ESI-MS (see the Supporting Informa-
tion).

With the optimized reaction conditions in hand, we
investigated the scope of the carboamination reaction
(Scheme 2). Para-substituted phenoxyacetamides with elec-
tron-withdrawing functional groups, such as halogens (3b–
3d), esters (3e), or even the CF3 substituent (3 f), delivered
the desired amino acid derivatives in good to excellent yields.
Similar results could be obtained for para-substituted phe-
noxyacetamides bearing electron-donating functional groups
(3g, 3h). Using the disubstituted 3,4-dimethylphenoxyaceta-
mide, the corresponding product could be isolated in good
yield (60 %) and excellent regioselectivity (3 l). Furthermore,
2-N-(naphthalen-2-yloxy)acetamide could deliver the desired
amino acid derivative in a moderate yield of 47 % (3 i). Meta-
substituted electron-withdrawing (m-Br) as well as electron-
donating (m-Me) phenoxyacetamides delivered the corre-
sponding products in good yields and a single regioisomer was
obtained (3 j, 3k). The absolute molecule structures for 3j and
3c were confirmed by X-ray crystallography (see Scheme 2
and the Supporting Information).[12] For the meta-methoxy-
and the meta-fluorophenoxyacetamides excellent yields could
be obtained, although a mixture of regioisomers was observed
(3n, 3o). The ortho-methylphenoxyacetamide delivered the
corresponding product in 30 % yield (3m). The poor reac-
tivity is attributed to the great steric demand of the Cp*CoIII

catalyst, which results in sensitivity to steric bulk on the
substrates. No product formation was observed in the absence
of the Cp*CoIII catalyst. We further investigated the scope of
the N-protecting group. However, benzyloxycarbonyl- (Cbz),

benzoyl- (Bz), tosyl- (Ts), and pivaloyl- (Piv) protected
substrates were unsuccessful under the optimized reaction
conditions (see Supporting Information).

Several acrylates also led to the formation of the
corresponding amino acid derivatives. tert-Butylacrylate and
ethylacrylate delivered the desired products in reasonable
yields (3p, 3q). Moreover, using benzylacrylate the carboa-
minated product (3r) was formed in a synthetically useful
yield of 51 %.

Further experiments were carried out to elucidate a pos-
sible reaction mechanism (Scheme 3). First, the kinetic
isotope effect was studied in competition and parallel experi-
ments (Scheme 3a). A KIE of 2.1 (competition experiment)
and kH/kD = 1.5 (parallel experiment) were observed. Based
on these results, we propose that the C�H activation step is

Scheme 2. Variation of the phenoxyacetamide and acrylate. Isolated
yields are given. 1 (0.2 mmol), 2 (1.0 equiv), [Cp*Co(CO)I2]
(10 mol%), AgSbF6 (20 mol%), CsOAc (25 mol%), K3PO4 (25 mol%),
3 � MS (40 mg) in TFE (1 mL) at 40 8C for 22 h; [a] 0.4 mmol of 2 was
used. For crystallographic data see: Ref. [12].
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partly rate determining in the reaction.[13] Second, we inves-
tigated the reaction process after the C�H activation event for
the distinction between an intermolecular and an intra-
molecular reaction pathway for the C�N bond formation
(Scheme 3b). Towards this goal we first synthesized the
compounds 1d and 1a-D3 and treated them in a cross-over
experiment. The results indicate that the C�N bond forma-
tion proceeds via an intramolecular pathway. The products
3d-D3 and 3a that would result from an intermolecular cross-
over were not detected by ESI-MS of the crude reaction
mixture, whereas only the products resulting from the intra-
molecular cross-over reaction 3d and 3a-D3 were detected.

Next, we investigated whether the reaction mechanism
could proceed in a stepwise manner. Towards this end
compound 4 was synthesized and treated with acetamide
(5). The reaction was performed under the standard reaction
conditions and only traces of the amino acid derivative were
detected in the crude reaction mixture by ESI-MS (see the
Supporting Information). This result is in accordance with the
mechanistic cross-over experiment. Based on these results we
propose that after the intermolecular formation of the C�C
bond, the reaction proceeds via an intramolecular pathway to
form the C�N bond.

Based on these experimental results we propose a reaction
mechanism (Scheme 4). After the formation of the catalyti-
cally active species A, the C�H activation occurs under
elimination of HOAc and formation of intermediate B.
Intermediate B can then undergo an olefin-coordination
followed by an olefin-insertion leading to the 7-membered
intermediate C. The C(sp3)–metal-species C undergoes
reductive elimination thus forming the desired C�N bond
under the concomitant generation of CoI (species D). After-

wards, the O�N bond undergoes an oxidative addition to the
cobalt(I) species to form the 7-membered CoIII intermediate
E. Finally, intermediate E delivers the desired amino acid
derivative and regenerates the active catalyst species A
through a proto-demetallation.

In conclusion, we have developed the first non-annulative
Cp*CoIII-catalyzed carboamination approach for the direct
difunctionalization of alkenes. The reaction proceeds in an
intermolecular fashion with a completely regioselective C�C
bond and then an intramolecular C�N bond formation.
Additionally, we could demonstrate for the first time that this
reaction proceeds in the absence of a bidentate directing
group or a bidentate coupling partner and that the reaction
outcome is solely attributed to the unique reactivity of the
Cp*CoIII catalyst. The results show the complementary nature
of the Cp*CoIII catalyst and its Cp*RhIII counterpart, since
two completely different products are formed under other-
wise identical conditions. Moreover, this methodology ena-
bles the direct synthesis of unnatural amino acid derivatives
that are highly valuable for industrial research as well as for
academia.
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Scheme 3. Mechanistic experiments.

Scheme 4. Proposed reaction mechanism.
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Unnatural Amino Acid Synthesis Enabled
by the Regioselective Cobalt(III)-
Catalyzed Intermolecular
Carboamination of Alkenes

It’s cobaltastic: An unprecedented regio-
selective and entirely atom-economic
cobalt(III)-catalyzed method for the non-
annulative, intermolecular carboamina-
tion of alkenes enables the direct syn-

thesis of acyclic unnatural amino acid
derivatives in a redox-neutral fashion.
Moreover Cp*CoIII and Cp*RhIII catalysts
gave different products under otherwise
identical conditions.
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