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The accomplishment of gamma C(sps)—H bond alkynylation of R
chain of amides R1C(O)NHR, a fundamental class of synthetic
substrates, has not been developed to date. Here, the first
example of palladium(ll)-catalyzed alkynylation of unactivated
gamma C(spa)-H bond of alkyl amides (cyclic, linear, and amino
acids) is reported. The kinetic experiment shows that the rate of
the reaction depends on the coupling partner and the amides.
Late-stage diversification of alkynylated amides was developed by
utilizing amine and alkyne functionalities.

New approaches that selectively incorporate versatile
functional group into remote C(sp3)—H bond is an emerging
field of research in contemporary organic synthesis. Alkynes
are an essential functional group in organic synthesis and can
be used as versatile building blocks in drug discovery, material
science, and the chemical industry, employing cross-coupling,
metathesis and cycloaddition reactions.'” Pd-catalyzed
Sonogashira coupling which couple alkynes with aryl halides is
a promising strategy for the incorporation of alkyne into aryl
through the sp—sp2 t:oupling.3 The scope of alkynylation is
further elaborated by coupling of alkynyl halides (sp) with inert
aryl C(spz)—H bond, namely “inverse Sonogashira coupling”.4 In
addition to Pd-catalyzed alkynylation, other transition metal-
catalyzed C-H alkynylation strategy provides a plethora
method to selectively functionalize sp2 and sp3 C-H bond with
high efficiency.s"8 However, transition metal-catalyzed
activation of remote and inert C(spg)—H bonds remain
extremely rare and underdeveloped.

A few examples are explored for the alkynylation of inert
C(spg)—H with the aid of directing groups (DG). Noteworthy
work by Chatani and co-workers reported a palladium (I1)-
catalyzed f-alkynylation of secondary C(sp3)—H bonds of acids
derivatives using a bidentate auxiliary.9a Yu and co-workers
reported a Pd(0)/NHC catalyzed alkynylation of f-methyl
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C(sp3)-H bonds of aliphatic amides applying an N-arylamide
auxiliary.7c Recyclable heterogeneous catalytic system is
developed using gold supported Pd-nanoparticle for direct
ethynylation of secondary C(sp3)-H aliphatic carboxylic
derivatives.”®  Chen and co-workers  developed a
diastereoselective f-alkynylation of a-amino acids using Pd(lI)
via aminoquinoline directed primarylo"’1 and secondary10b
C(sp3)-H bond activation. A research group of Chen and Shi
have identified the unique directing group, 1,2,3-triazole
amine for selective Pd(ll)-catalyzed C(sp3)-H bond activation
under silver-free condition followed by alkynylation strategy.7f
Subsequently, Yu and co-workers introduced Pd(ll)/pyridine-
based catalytic system for methyl C(sp3)-H alkynylation of -
quaternary carbon centers of acid derivatives.”® Similarly,
Pd(ll)-catalyzed site-selective C(sp3)—H alkynylation  of
oligopeptides developed using tetrabutylammoniun
acetate as a key additive.™ Nevertheless, this type of C-H bond
activations has been mostly achieved for the ﬂ-C(sp3)—H
alkynylation of acid derivatives thus accessing R! chain of acid
derivatives/amides RIC(O)NHR. The accomplishment of C-H
alkynylation of alkyl R chain of amides, a fundamental class of
synthetic substrates, has not been developed to date
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o ,
Q  TIPS—=—bBr Q '
N |Pd] : ~
_— b= NTYTS
: H
: N~
TIPS !
R Q TIPS—=—8r : oo
R N‘ArF IPdl R .Q . F. F
L :
H ref. 7¢ & 7f A=
H | F F
; CF3

was

R™ "H ref. 9a R

Yu and co-workers

TIPS
g R TIPS—=—Bi PP
— r _N 0]
R,N\ﬁl\u)\'//o (Pl R H)\T//
OH ref. 11 OH
H x
TIPS
Our work
NHR; NHR; )
[Pdl
bs T
N TIPS——8r Leo- :
- N__./
A -

TIPS || Ry = Pyridine, Pyrazine
i | Quinolines and Indazole

Scheme 1. Palladium-catalyzed C(sp®)-H bond activation strategies.
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Amines constitute essential synthetic precursors and are
ubiquitous in agrochemical, peptide, pharmaceutical, and
functional materials.’? The representative examples of amine-
containing biologically active molecules are shown in Figure 1.
In light of our interest and continuation of transition metal-
catalyzed alkynylation reactions,ss'su‘7d herein we disclose
unprecedented palladium(ll)-catalyzed alkynylation of gamma-
C(sp3)-H bond of amides with the assistance of picolinamide as
DG (Scheme 1). The present alkynylation strategy is general
method for alkynylation of amine using picolinic acid as a
removable auxiliary and has a broad substrate scope.
Remarkably, various ring size, a-quaternary, N-cyclic, and
linear amides were alkynylated under our reaction conditions.

o ~ '///\/N\) F ~ F. BN
Me\NJ\NL N~ Ho,o C0aM \Q

" H *HCI F
Me . . .
Cariprazine hydrochloride

Figure 1. Representative examples of amine containing biologically active
molecules

Trelagliptin succinate Omarigliptin

The preliminary investigation on palladium-catalyzed y-
C(sps)—H alkynylation of amides is carried out with an
evaluation of a range of palladium catalysts, oxidants, bases,
solvents, and temperature using N-cyclohexylpicolinamide
(1a), and (triisopropylsilyl)ethynyl bromide 2 as representative
coupling partner (Table 1).

Table 1. Optimization of the reaction conditions.’
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through a series of control experiments (Table 1, entries 9-13).
By lowering the temperature from 130 °C to 100 °C, we
obtained the product 3a in 75% yield (Table 1, entry 8), and no
reaction was observed in the absence of the palladium catalyst
(Table 1, entry 9). Notably, trace (~6%) amounts of C-H
alkynylated product 3a was observed in the absence of an
oxidant (Table 1, entry 10). When the reaction was carried out
with  (bromoethynyl)benzene or 3-cyclohexyl-1-propyne
instead of 2, there is no formation of corresponding desired
product (Table 1, entries 11-12). This may be due to a strong
coordination of the alkyne moiety with the palladium center
and thus may prevent the oxidative addition step.7c The effect
of solvent was also carried out (Table 1, entries 15-16), and
found that the reaction proceeded efficiently in toluene. Other
solvents such as DMA, DCE, HFIP, and CF;CH,0H were found to
be ineffective, and no (or trace) alkynylated product 3a was
observed under optimal conditions.

Scheme 2. Scope of amides.””

NHPico
catiPd] NHPico
Ag salt
1a solvent, /\ S :
+ 3a S TIPS |
Br———TIPS '
2
Entry Reaction conditions Yieldof3a  Yieldof 1a
(%) (%)
1 Pd(PPh3),Cl, used as [Pd] source 15 78
2 Pd(TFA), used as [Pd] source n.r. 98
3 standard conditions 85 8
4 Pd(dba); used as [Pd] source 20 71
5 Pd(CH;CN)4BF4 used as [Pd] source trace 97
6 PdCl, used as [Pd] source trace 98
7 Pd(acac), used as [Pd] source trace 97
8 at 100 °C 75 21
9 without [Pd] cat n.r. 95
10 without AgQOAC trace 92
11 (bromoethynyl)benzene instead of 2 nr. 99
12 3-cyclohexyl-1-propyne instead of 2 nr. 9%
13 Ag,CO; instead of AgOAC 75 10
14 PhCO,Ag instead of AJQOAC 35 58
15 HFIPused as solvent trace 98
16 CF3CH,OH used as solvent trace 97

“Reaction conditions: 1a (0.1 mmol), 2 (0.12 mmol), Pd(OAc), (0.01 mmol), AgOAc
(0.20 mmol) and toluene (1 mL) were heated at 130 °C (bath temperature) for 18
h under argon atm. “Isolated yields (yield of 1a is calculated based on recovery of
the starting amide 1a). n.r.= no reaction.

Initially, the reaction of 1a and 2 in the presence of Pd(PPh;)Cl,
(10 mol%), AgOAc (2 equiv.) as oxidant in toluene at 130 °C
(bath temperature) for 18 h to yield the expected product 3a
in 15% isolated vyield (Table 1, entry 1). Among a variety of
palladium salt, Pd(OAc), found to be the optimal catalyst to
provide the C-H alkynylation product 3a in 85 % isolated yield
with a recovery of 1a in 8% (Table 1, entries 1-7). The necessity
of each of the key reaction components was demonstrated

2| J. Name., 2012, 00, 1-3

NHPico NHPico NHPico NHPico
Q\ ¢\ @\ X
TIPS Me TIPS nBu TIPS A

3a, 85% 3b, 75% 3¢, 69% 3d, 87% TIPS

NHPico NHPico NHPico, CO,Me NHPico_ CO,Et

Ox @%T\PS
TIPS \ \

3e, 88 % (mono:bis =8:1)° 3, 72% 39, 87% TIPS 3h,82% TIPS

NHPico NHPico TIPS
NHPico NHPico I
S BocN S ‘ ‘
A X
TBS . TIPS TIPS
3i, 65% 3j, 82% 3k, 45% 31, 30%

“Reaction conditions: amide (0.25 mmol), 2 (0.27 mmol), Pd(OAc), (0.025 mmol),
AgOAc (0.50 mmol) and toluene (1 mL) were heated at 130 °C for 18 h under
argon atm. bisolated yields. “The ratios of mono/bis-alkynylation product is based
upon the individual isolated yields. dAg2C03 instead of AgOAc.

With an optimized catalytic system in hand, we set out to
probe its versatility in the gamma—C(sp3)—a|kynylation of
various amide substrates using (triisopropylsilyl)ethynyl
bromide 2 as coupling partner (Scheme 2). The developed
synthetic methodology is general and has a broad substrate
scope. As shown in scheme 2, the 4-substituted cyclohexyl
amides such as 1b and 1c were well tolerated under our
optimized conditions and gave the desired products in good
yields (3b in 75%, 3c in 69 %). To our delight, carbocyclic
amides which containing 5, 7 and 8-membered rings were also
successfully alkynylated at the gamma position of amides in
very good to excellent yields {3d (87%), 3e (78%) and 3f
(72%)}. The present method was also found to be effective for
the alkynylation of amino acid substrates containing B-
quaternary carbon centers. Thus, compounds 1g and 1h gave
the corresponding gamma-alkynylated amides {3g (87%) & 3h
(82%)} in very good vyields, which can be used as a linker for
the bivalent interaction and for the bio-conjugation process.
The alternative alkyne coupling partner (tert-
butyldimethylsilyl)ethynyl bromide was applied with 1a under
standard conditions to give the alkynylated product 3i in 65%

This journal is © The Royal Society of Chemistry 20xx
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yield. To our delight, the chiral N-Boc protected heterocylic
amide which is privileged structures in medicinal chemistry
was applied for alkynylation reaction under standard
conditions to provide 3j in excellent yield (82%). In addition to
that, aliphatic linear amides also proceed smoothly under an
optimal condition such as the 2-heptyl amide to give 3k in 45%
yield. The lower in yield in case of aliphatic amides are due to
the geometric flexibility of the amides, leading to the
complication of a picolinamide-directed cyclometalation.
Surprisingly, the alkynylation of alkyl amide 1l showed the B-
alkynylated amide 3l in 30% yield. In all the reactions the
unreacted starting material (1a) was recovered and there was
no formation of bis-alkynylated product (except product 3e).
Gratifyingly, except gamma-alkynylation product no different
alkynylated product was observed. We have also successfully
shown the scalability of this catalytic protocol. In this regard,
the present palladium-catalyzed alkynylation was tested for
gram-scale synthesis of 3a (5.0 mmol scale) and it worked
excellently with an expected alkynylated product (3a) in 82%
yield.

Scheme 3. Influence of different auxiliary groups under the standard conditions.*”
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“Reaction conditions: amide (0.25 mmol), 2 (0.27 mmol), Pd(OAc), (0.025 mmol),
AgOAc (0.50 mmol) and toluene (1 mL) were heated at 130 °C for 18 h under
argon atm. “Isolated yields.

Furthermore, we also evaluated the influence of different
protecting groups under the standard conditions, including
various picolinic acid-based directing groups and other amide-
type directing groups (Scheme 3). The 2- or 3-substituted
picolinic acid derived amides underwent the alkynylation
reaction with (triisopropylsilyl)ethynyl bromide to afford 3m
(63%) and 3n (75%) in good yields. Various heterocycles such
as pyrazine, quinoline, and isogiunoline based were also used
as DG, the corresponding y-alkynylated products {30 (63%), 3p
(75%), 3q (62%) and 3r (75%)} were obtained in good yields.
We observed that five-membered heterocyclic indazoline as
DG afforded the desired y-alkynylated product 3s in 45%
isolated yield with a recovery of 1s in 47%. To highlight the
synthetic utility of the DG, the competitive site-selective
alkynylation study was carried out in the presence of alkyl
amide 1t, conjugated with pyrazole moiety containing both Ar-
C(spg)—H and Ar-C(spZ)-H bond for chelation (Scheme 4).
Significantly, gamma-C(sp3)-H bond of amide alkynylation (3t)
was observed over C(spz)-H alkynylation under standard
reaction conditions in 55% yield with a recovery of 1t in 37%.

The diversification of alkynylated amide derivatives is
shown in Scheme 5. The deprotection of picolinamide was
achieved by using Lewis catalyst (Zn/HCl) to obtain terminal o-

This journal is © The Royal Society of Chemistry 20xx
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alkynylbenzylamine 4a in 80% yield. A rhodium(lll)-catalyzed
cascade oxidative olefination and cyclization of 3a with ethyl
acrylate to enable 4b in 72% isolated yield. The deprotection
of the TIPS group of 3a was easily achieved by treatment with
TBAF under standard reaction conditions to afford 4c
quantitative yield. The desilylated compound 4c was applied
for the Sonogashira coupling to provide 4e in 90% isolated
yield. The compound 4c was also successfully employed for the
“click” reaction with m-methyl benzyl azide to yield 4d in 87%
under standard reaction conditions.
Q\\TIPS

in

Pd(OAc), (5 mol %)
AgOAc 2 0 equiv)
—_—
Toluene

130°C, 18 h

CI
1t

Scheme-4. Site-selective alkynylation strategy.
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Scheme 5. Diversification of y-alkynylated amide 3a.

The kinetic studies were carried out to determine the order
of reaction on palladium catalyzed y-alkynylation of amide 1a
with 2 by using the initial rate approximation (Figure 2). The
data shows that the increasing the concentration of 1a
enhance the rate of reaction with a slope of 0.86 obtained
from the plot of log(rate) vs log(conc. of 1a), indicating a
fractional order alkynylation reaction. Similarly, with increasing
the concentration of 2, the rate of reaction increased, and a

Figure 2. Kinetics Study.

= oamon L

v o

tog (rate)

(A) The graph of product concentration vs time with increasing concentration of
1a. (B) graph of log(rate) vs log(conc of 1a). (C) Graph of product concentration vs
time with increasing concentration of 2. (D) Graph of log(rate) vs log(conc of 2).
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slope of 1.01 was obtained from the plot of log(rate) vs
log(conc. of 2). Thus, the rate of reaction depends on both the
substrates.

Conclusions

In summary, we have developed the first example of y-
alkynylation of various alkyl amides, particularly selective y-
alkynylation of R chain of amides R'C(O)NHR. Easily removable
picolinamide and its derivatives were identified as suitable
auxiliaries for enabling Pd-catalyzed y-alkynylation process.
The substrate scope was successfully expanded applying
carbocyclic and acyclic alkyl amides. Interestingly, the present
protocol showed site-selective y-alkynylation C(sp3)—H bond in
the presence of accessible Ar—C(sp3)—H and Ar—C(spZ)—H bonds.
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