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Iron-Catalyzed Oxidative C—H/C—H Cross-Coupling: An Efficient
Route to a-Quaternary a-Amino Acid Derivatives**
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a,a-Disubstituted a-amino acids are the prominent structural
units of many natural products, pharmaceuticals, bioactive
compounds, and organocatalysts (Scheme 1). They are also
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Scheme 1. Selected medicinal and natural molecules containing a,a-
disubstituted a-amino acids and their derivatives.

versatile building blocks for the synthesis of various
biologically active and structurally complex mole-
cules.? In addition, these a-quaternary amino acids
are of great importance in the design of biologically
active peptides with enhanced properties.” Incorpo-
ration of a,a-disubstituted a-amino acids into pep-
tides can alter their stabilization toward proteolysis
as well as the conformation of the secondary
structure of the corresponding proteins, which may

nisms.”! Thus, the synthesis of a-quaternary a-
amino acids has attracted great interest from organic
chemists. Despite significant efforts over the past
decades, the rapid and efficient construction of the
quaternary center through transition-metal catalysis
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has remained a challenging issue because of the inherent
steric hindrance in the formation of the C—C bond.”’

Over the past few years the transition-metal-catalyzed
oxidative cross-coupling reactions between two C—H centers
have been recognized as efficient, atom-economical, and
environmentally friendly synthetic methods for the formation
of a C—C bond which avoids the tedious and time-consuming
prefunctionalization of both substrates.”’ Among these reac-
tions, the coupling of a-C(sp®)—H centers of a-amino acid
derivatives with various nucleophiles has been used to
prepare o-substituted a-amino acids (Scheme 2A)."" An a-
aldimine intermediate is usually proposed in these reactions.
However, this strategy has put constraints on the synthesis of
o-tertiary o-amino acids because amino acid substrates are
restricted to glycine derivatives. To our knowledge, the
transition-metal-catalyzed oxidative cross-coupling reactions
of a-tertiary a-amino acids to give a-quaternary derivatives
are unprecedented.

Although glycine derivatives form an aldimine intermedi-
ate, we rationalized that a-tertiary amino acid derivatives may
involve a ketimine intermediate (Scheme 2). In general,
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Scheme 2. Transition-metal-catalyzed oxidative cross-coupling of a-C(sp’)—H
centers of a-amino acid derivatives.

a ketimine double bond is more difficult to form and less
reactive than an aldimine double bond because of steric
repulsion, and this constitutes a challenge for a-tertiary amino
acid substrates.®™ Inspired by the concept of chelation-assisted
C—H bond activation,” we hypothesized that these substan-
tial hurdles could be overcome by tethering a suitable
coordinating group at the nitrogen atom. The coordination
of a metal center with the nearby N—H moiety and the
coordinating group could promote the formation of an a-
ketimine and further activate the resulting intermediate for
nucleophilic attack.”*¥ Herein, we report the generation of
fully substituted carbon centers from o-tertiary a-amino acid
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esters through an oxidative C—H/C—H cross-coupling reac-
tion (Scheme 2 B).

Indole is a popular heteroaromatic ring found in many
biologically active molecules, natural products, agrochemi-
cals, pharmaceuticals, and materials. Indolylglycines are also
versatile intermediates for natural product synthesis and drug
discovery. Therefore, the unsubstituted indole (2a) was
initially employed as the coupling partner. To test our
hypothesis, a set of N-protecting groups (PGs) on phenyl-
alanine ethyl ester 1 were examined in the presence of
FeCl;-6 H,O by using di-tert-butyl peroxide (DTBP) as the
oxidant in 1,2-dichloroethane (DCE) and an air atmosphere
(Scheme 3). It was found that a variety of (N-heteroarene)-
carbonyl groups such as 2-pyridine-, 2-imidazole-, 2-quino-
line-, 1-isoquinoline-, and 2-pyrimidinecarbonyl groups were
effective auxiliaries to promote the oxidative coupling
reaction, with the 2-pyridinecarbonyl group (3a) giving the
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Scheme 3. The effect of N-protecting groups on the oxidative cross-
coupling of the N-substituted phenylalanine ethyl ester with indole.

best result (90% yield, Scheme 3). However, other N-
protecting groups such as 2-benzo[d]thiazole carbonyl,
acetyl, benzoyl, tosyl, and phenyl were incapable of promot-
ing the coupling reactions. As the 2-pyridinecarbonyl group
can be readily removed, it was an ideal candidate for
illuminating the coordinating activation strategy. Various
parameters, such as metal sources, solvents, oxidants, and
reaction temperature, were then explored (see Table S1 in the
Supporting Information). The coupling reaction between 2a
and 1a gave the desired product 3a in the highest yield of
90 % when 20 mol % FeCl;-6 H,O was employed in combina-
tion with DTBP (2.0 equiv) in DCE at 120°C under air for
24 h (see Table S1, entry 7). Fe(NOs);-9H,O afforded a trace
amount of 3a, but an extra addition of 60 mol% LiCl
significantly improved the yield of the reaction to 72%
yield, which indicated that the chloro anion played a critical
role in the reaction (Table S1, entries 4, 7, and 30). X-ray
analysis of single crystals of 3a confirmed that the oxidative
cross-coupling reaction occurred at the a-C(sp®)—H position
of the a-amino acid ester (Figure S1).1"!

With the optimal system now in hand, we next examined
the scope of the indole substrates (3a—3m, Scheme 4). To our
delight, a broad range of indoles could couple with ethyl 3-
phenyl-2-(picolinamido)propanoate (1a). For example, the
sterically hindered 2-substituted indole reacted to give 3b in
78 % yield (Scheme 4). Besides the free-NH indoles, indoles
with N-protecting groups such as methyl, benzyl, or phenyl
gave the corresponding indolyl a-quaternary o-amino acids
3c-3e. More importantly, this method was highly tolerant of
synthetically valuable functional groups on the phenyl moiety
of the indoles (e.g., chloro, bromo, nitro, ester, and alkoxy
groups, etc; 3f-31); these functional groups could afford an
opportunity for further transformation (Scheme 4).
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Scheme 4. Substrate scope of the oxidative cross-coupling reactions of various a-substituted a-amino acid esters with indoles. [a] Reaction

conditions: 1 (0.25 mmol),

2 (0.50 mmol), FeCl;-6 H,O (20 mol %), DTBP (2.0 equiv), and DCE (1.0 mL) at 120°C under air for 24 h. [b] Yields of

isolated products. [c] 1.5 equiv of DTBP. [d] 18 h. [e] 1.5 equiv of DTBP and 36 h. [f] 130°C for 18 h. [g] 36 h. PA=picolinamido group, Bn=benzyl.
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Encouraged by the promising results achieved above, we
then tested the scope of a-tertiary a-amino acids by using 1H-
indole (2a) as the nucleophile (Scheme 4). We were pleased
to find that a wide range of a-substituted o-amino acids
underwent a smooth oxidative coupling. For example, the
reactions of methyl, ethyl, benzyl, and allyl phenylalanine
esters afforded the coupled products in good yields
(Scheme 4, 3a and 4a—4c¢). When the phenyl ring of the
phenylalanine ester substrates was functionalized with elec-
tron-donating, electron-withdrawing, sterically hindered, or
multiple groups, all of them gave the desired products (4d-
4m) in moderate to good yields (Scheme 4). The catalytic
system was highly compatible with various functional groups
on the phenyl ring (e.g. halide, nitrile, alkoxyl, and even
hydroxy groups). We subsequently applied this procedure to
other natural and non-natural a-amino acid derivatives for
the synthesis of o,o-disubstituted o-amino acids (4n—4u;
Scheme 4). It is worth noting that a variety of natural a-amino
acid substrates (e.g. phenylalanine, tyrosine, tryptophane, and
aspartic acid) and non-natural o-amino acid substrates (e.g.
naphthylalanine, phenylglycine, thienylalanine, allylglycine,
benzoylglycine, and acetylglycine) could undergo the oxida-
tive cross-coupling reactions with 1H-indole in satisfactory
yields. Notably, the reaction of the f§,p-disubstituted alanine
substrate failed to produce the targeted compound (4v;
Scheme 4) under the standard reaction conditions.

To further highlight the synthetic usefulness of our
strategy we turned our attention to the scope of nucleophiles
(Scheme 5). A series of electron-rich N-heterocycles was first
investigated because of their central place in synthetic,
medicinal, and material chemistry. Besides indoles, other
types of electron-rich heteroarenes such as indolizines, 7-aza-
1H-indoles, thiophenes, furans, and N-alkyl pyrroles also
coupled smoothly with the 2-pyridinecarbonyl phenylglycine
ester to afford o,o-disubstituted o-amino acids in syntheti-
cally useful yields (5a-5g; Scheme 5). Malonates were also
suitable nucleophilic substrates. The oxidative cross-coupling
of the phenylalanine derivative with dimethyl and diethyl
malonates afforded Sk and 51 in 70% and 74% yields,
respectively (Scheme 5). Interestingly, the phenylglycine
derivative underwent a tandem reaction involving the oxida-
tive C—H/C—H cross-coupling and decarboxylation to give 5j
in 63% yield. To our surprise, 1,2,4,5-tetramethylbenzene
could couple with the phenylglycine substrate to give Sh in
34% yield. The present method also allowed for the use of
trimethyl(1-phenylvinyloxy)silane as the nucleophile to pre-
pare the benzoyl-substituted a-quaternary a-amino acid 5i.

Although the detailed mechanism of this transformation
is not clear at this stage, the possible pathway was proposed to
involve a single-electron transfer (SET), which was demon-
strated by the addition of radical inhibitors. When treated
with 2,2,6,6-tetramethylpiperidine oxide (TEMPO) or 2,6-di-
tert-butyl-4-methylphenol (BHT), the coupling reaction of
ethyl 3-phenyl-2-(picolinamido)propanoate (la) with 1H-
indole (2a) could be suppressed (see Part V in the Supporting
Information). The plausible catalytic route is illustrated in
Scheme 6. First, 2-picolinamido o-tertiary amino acid ester
coordinates with Fe™ to yield the intermediate IM1. Next, the
tert-butoxyl radical (fBuO-) generated from DTBP abstracts

Angew. Chem. Int. Ed. 2013, 52, 1-5

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

1
X OR? FeCly-6H,0, DTBP, DCE®?! R
e . N A ' 2
AP o e A lon
_N 0 air, temp., time | H
1

N (0]
2n-y 5
PAHN i PAHN i ? 0
Ph OMe " OMe PA':‘: OMe PA';': OMe
7 N7 //N N Y X NN
— = ~ —
N N =
MeO,C MeO,C H MeO,C
5a: 45% (75%)(c 5b: 54% 5c: 40% 5d: 59% (86%)°!
o} o} % o
PAHN OMe PAHN OMe PAHN OMe PAHN
Ph 0 Ph Ph Bn Ph OMe
= :\ 70 7 N
S _ _
o
nBu Bu
5e: 52% 5f: 50% 5g: 66% 5h: 34%
PAHN i 2 i 7
NHPHA
Ph OMe MeO EtO NHPA EtO NHPA
o o Ph o) Bn o) Bn
(0] (0]
Ph OMe MeO .4 EO 4
5i: 33%ldl 5j: 63%!¢] 5k: 70% 51: 74%
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120°C under air for 24 h. See the Supporting Information for details.

[b] Yield of isolated products. [c] Cu(OAc), (20 mol %) and dioxane (1.0 mL)
at 110°C. [d] Trimethyl(1-phenylvinyloxy)silane (4.0 equiv) was used as the

nucleophile. [e] Dimethyl malonate (4.0 equiv) and DTBP (3.0 equiv) for

24 h.
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Scheme 6. Possible mechanism of the a-C(sp®)—H functionalization of
a-substituted a-amino acid esters.

the o-hydrogen atom of IM1 to form the radical IM2.¥
Subsequently, the radical species IM2 undergoes an intra-
molecular single-electron transfer (SET) to give the a-
ketimine intermediate IM3. The coordination of Fe™ with
the picolinamido group activates the o-ketimine and facili-
tates the addition of nucleophile to IM3 to afford the desired
o-quaternary o-amino acid ester. Given the fact that 3a was
obtained in 39% yield in a N, atmosphere (Table S1,
entry 28), we assumed that the released Fe" is reoxidized to
Fe"' by airl'!l as well as DTBP? to fulfill the catalytic cycle.
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In summary, we have developed a coordinating activation
strategy to furnish a-quaternary a-amino acids through the
iron(1I1)-catalyzed oxidative functionalization of a-C(sp*)—H
bonds of a-tertiary a-amino acid esters. The oxidative C—H/
C—H cross-coupling has exhibited a broad substrate scope for
both a-amino acids and nucleophiles as well as good func-
tional-group tolerance. The findings have suggested that the
oxidative C—H/C—H cross-coupling reactions would be an
ideal pathway to create fully substituted carbon centers from
tertiary stereogenic centers. Extending this procedure to
other reactions and enantioselective versions is underway.
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50 examples, up to 90% yield

Fully loaded: A coordinating activation
strategy has been developed to furnish a-
quaternary a-amino acids through the
iron(l1)-catalyzed oxidative functionali-
zation of a-C(sp’)—H bonds of a-tertiary
a-amino acid esters. The reaction exhibits

a broad substrate scope for both a-amino
acids and nucleophiles (Nu) as well as
good functional-group tolerance (see
scheme, DTBP =di-tert-butyl peroxide,
DCE =1,2-dichloroethane).
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