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ABSTRACT: The first catalytic alkynylation of unactivated
C(sp®)—H bonds has been accomplished. The method
allows for the straightforward introduction of an ethynyl
group into aliphatic acid derivatives under palladium cata-
lysis. This new reaction can be applied to the rapid elabora-
tion of complex aliphatic acids, for example, via azide/alkyne
cycloaddition.

Alkynes are powerful building blocks in chemical synthesis
because of the diverse range of reactivity of carbon—carbon
triple bonds toward addition, cycloaddition, and metathesis
reactions, among others." Installation of the alkyne functionality
conventionally requires functionalized starting materials such as
halides or unsaturated bonds. If C—H bonds” could be alkyny-
lated directly, it would provide methods with tremendous poten-
tial value. Nevertheless, this type of C—H bond alkynylation has
been accomplished only within the realm of aromatic® and
heteroaromatic substrates,* and unactivated C(spS)fH bonds
have been inapplicable.’ Herein we report a palladium-catalyzed
alkynylation of unactivated C(sp>)—H bonds in aliphatic car-
boxylic acid derivatives. In view of the prevalence of aliphatic
acids in nature, the reaction allows for the direct introduction of
an alkyne moiety into naturally occurring substances as a handle
for further structural modification, for example, via azide—alkyne
cycloaddition.'

We recently reported the palladium-catalyzed direct alkynyla-
tion of C(aryl)—H bonds in acylated anilides using bromo-
alkynes.** Our initial attempts to extend this catalytic system to
aliphatic substrates were unsuccessful (A in Figure 1). We reaso-
ned that the lack of reactivity may be due to an inappropriate
directing group. Although less explored than the reaction involving
C(sp”)—H bonds, catalytic carbon—carbon bond formation via
the activation of unactivated C(sp®)—H bonds has recently been
achieved by the research groups of Daugulis,6 Yu,” and Sanford®
as well as by us” through the use of suitable directing groups,
which facilitate the difficult cyclometalation process.'® It
was envisaged that the putative metallacycles formed by the
activation of C(sp’)—H bonds can serve as viable catalytic
intermediates for the alkynylation reactions. After an examina-
tion of several directing groups (B—F in Figure 1), 8-amino-
quinoline® proved to be an optimal directing group to promote
the desired alkynylation reaction. Thus, the reaction of aliphatic
amide 1a with bromoalkyne 2'' in the presence of Pd(OAc),
(5 mol %), AgOAc (1 equiv), and LiCl (1 equiv) at 110 °C for

v ACS Publications ©2011 American chemical Society

15 h afforded the corresponding alkynylated product 3a in 65%
isolated yield (eq 1):"

o}
/\/H\H | Pd(OAC), (5 moi%) o
"H Ny AgOAc (1 equiv.)
LiCI (1 equiv.) N
1a — H | )
N
toluene S ~
+ 110°C, 15 h
Br—=—TIPS TIPS
2 (1.5 equiv.) 3a 65% (88%)*

* Based on reacted 1a.

Replacement of the 8-aminoquinoline moiety in la with a 1-
aminonaphthyl group (G in Figure 1) or N-methylation of the
amide group (H) completely prevented the alkynylation, indi-
cating that both the quinoline and the NH group are essential for
the reaction.

A variety of aliphatic carboxylic acid derivatives were success-
fully alkynylated using an 8-aminoquinoline directing group
(Table 1). Substrates bearing the sterically demanding isopropyl
(1b) or cyclohexyl (1c) groups were accommodated. This alky-
nylation was also tolerant of a wide range of functional groups,
including ethers (1d, 1f, and 11), esters (1g), halides (1h, 1i, 1m,
and 10), and a nitro group (1n). C(sp’)—H bonds adjacent to
heteroatoms (1d) and those at the benzylic position (1k—o)
underwent the alkynylation similarly without reoptimization of
the catalytic system. Interestingly, the electronic nature of ben-
zylic substrates had a minimal impact on the yield, which is in
sharp contrast to our previously reported palladium-catalyzed
C(aryl)—H bond alkynylation.> The current limitation for this
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Figure 1. Ineffective Directing Groups.
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Table 1. Pd-Catalyzed Direct Alkynylation of Aliphatic C—H
Bonds with Bromoalkyne 2

o) Pd(OAc), (5 mol%) o)
Q AgOAc (1 equiv.) Q
N~ LiCl (1 equiv.) N~
. H + 2 —_— H
R”"“H (1.5 equiv.) toluene, 110 °C, 15 h R %
(Q = 8-quinolinyl) TIPS
1b-o 3b-o
N N N
H H H
\
TIPS TIPS TIPS
3b 64 (8 3c 66 (78) 3d 60 (80)
NC MeO NC MeO,C NC
H H H
A
TIPS TIPS TIPS
3e 59 (75) 3f 60 (77)° 3g 60 (80)
ﬂ ” /’ij\/TlPs
x AN
TIPS TIPS
3h 60 (81) 3i 42 (65) 3j 33(48)

X =H@3k)  73(81)
N X =OMe (3) 50 (62)°
H X =CF3(3m) 63 (74)°
Q/Q X =NO, (3n) 75 (83)°
TIPS x =cI(30) 68(77)
?Reaction conditions: amide (0.5 mmol), 2 (0.75 mmol), Pd(OAc),
(0.025 mmol), AgOAc (0.5 mmol), and LiCl (0.5 mmol) in toluene
(1 mL) at 110 °C for 15 h. The numbers refer to isolated yields based on
the amldes, and those in parentheses refer to ylelds based on the reacted
amides. " The reaction was run for 24 h. “Pd(OAc), (0.05 mmol)
was used.

Scheme 1. Recovery of the Directing Group

i in Table 1 i
N’Q as in Table N,Q
H \|—|
N
p TIPS

3p 45% (68%)*
* Based on reacted 1p.

—»
MeOH
reflux, 24 h

TIPS
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method is that only secondary C—H bonds are alkynylated in
synthetically useful yields, while primary and tertiary C—H bonds
undergo alkynylation with a lower efficiency."® This preference
for secondary C—H bonds is a notable feature of an 8-amino-
quinoline directing group.’ Importantly, when substrates bearing
no hydrogen at the -position (e.g., 1j) were used, alkynylation
proceeded regioselectively at the y-position. This demonstrates
one of the rare examples wherein catalytic C(sp®>)—H

N
H
% \
TIPS TIPS
3q 59 (71)

3s 67 (70)

Figure 2. Pd-catalyzed direct alkynylation of bioactive carboxylic acid
derivatives. Reaction conditions: amide (Q = 8-quinolinyl, 0.5 mmol), 2
(0.75 mmol), Pd(OAc), (0.025 mmol), AgOAc (0.5 mmol), and LiCl
(0.5 mmol) in toluene (1 mL) at 110 °C for 15 h. Numbers refer to
isolated yields based on the amides, and those in parentheses refer to
yields based on the reacted amides. In the case of the reaction of 1s to
give 3s,0.0S mmol of Pd(OAc), was used, and the product was obtained
as a 1.5:1 mixture of diastereomers.

Scheme 2. Installation of a Fluorophore via Sequential C—H
Bond Alkynylation/Azide—Alkyne Cycloaddition
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functionalization occurs at the y-position of aliphatic carboxylic
acid derivatives.**

One of the eminent advantages of using an 8-aminoquinoline
director is its readily attachable and detachable nature. This
amide bond can be formed by applymg the conventional conden-
sation procedure to aliphatic acids.'* After serving as a directing
group, the amide can be transformed into a versatile ester func-
tionality while the silylalkyne moiety remains intact (Scheme 1).

We also found that the palladium-catalyzed alkynylation
reaction was applicable to some natural-product-derived sub-
strates (Figure 2). An aliphatic C—H bond at the 3-position of
oleic acid could be alkynylated in a regioselective manner, even in
the presence of normally more reactive allylic C—H bonds,"
produce 3q. y-Aminobutyric acid (GABA) derivative 1r under-
went the alkynylation, with which the N-Boc and N-benzyl pro-
tecting groups were compatible. Moreover, substrate 1s containing
a steroidal architecture was successfully utilized in this protocol.
These results highlight the potential utility of this alkynylation in
the postsynthetic elaboration of complex natural products. Thus,
the obtained alkynylated products can serve as versatile synthetic
intermediates. For example, fluorophore labeling of GABA
derivative 1r with a dansyl group was successfully accomplished
via a C—H alkynylation/desilylation/ copper- -catalyzed azide—
alkyne cycloaddition sequence (Scheme 2).'”
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In conclusion, we have developed a palladium-catalyzed alkynyla-
tion reaction of aliphatic C—H bonds in carboxylic acids simply
by attaching an 8-aminoquinoline directing group to the acid.
Functional group tolerance and applicability to natural-product-
based substrates have been demonstrated. In view of the wide-
spread utility of the copper-catalyzed azide/alkyne cycloaddition
in modifying natural and non-natural products, the present
protocol offers a new method for preparing complex alkyne
components in a more straightforward manner. Further studies
to explore catalytic methods for the functionalization of C(sp”)—
H bonds are now in progress.
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