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A Ni(ll)-catalyzed dehydrative alkynylation of unactivated C(spz)—H
bonds with terminal alkynes under atmospheric pressure of
oxygen was developped. This reaction features the use of catalytic
amount of nickel as catalyst and O, as the sole oxidant, providing
an user-friendly approach to the synthesis of aryl alkynes.

Aryl alkynes represent an important class of structural
significance in
biochemistry, material sciences and their versatility as key

motifs because of their innate functional
building blocks in organic synthesis.1 Consequently, the
development of efficient methods for the synthesis of aryl
alkynes is of particular interest. The Sonogashira cross-
coupling reaction between aryl halides/pseudohalides with
terminal alkynes has proven to be one of the most valuable
transformations for the synthesis of these compounds.Z Over
the past few years, the “inverse Sonogashira coupling” of
C(spz)—H bonds with alkynyl halides or hypervalent iodine
reagents has witnessed a rapid development.a'4 Although
efficient and powerful, these alkynylation protocols still
required the prefunctionalization of at least one coupling
partners.
direct dehydrogenative alkynylation of (hetero)arenes with
terminal alkynes would be more desirable and
straightforward.? Since 2009, Au(l),® cu(il),” Pd(II)® and Ni(l)°-
mediated oxidative alkynylation of electronically activated

From the viewpoint of atom- and step-economy, the

arenes with terminal alkynes have been disclosed by Nevado,
Li, Su, Muria and Chang. However, these transformations are
limited to the use of electron biased arenes that containing
acidic C—H bonds or electron-rich heteroarenes. Moreover, the
catalytic systems are complicated with the use of excess of
additives, expensive ligands or metallic oxidants.

More recently, Yu™ and our group11 demonstrated Cu(ll)-
promoted alkynylation of unactivated C(spz)-H with terminal
alkynes assisted by amide-oxazoline and PIP (2-pyridinyl

isopropyl) directing groups independently (Scheme 1a).**?
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Scheme 1. Cheap-metal-catalyzed dehydrati- _
alkynylation of unactivated Cl(spz)—H bonds with terminal
alkynes and bromoalkynes
a) Previous work
Cu-mediated alkynylation of unactivated C(sp?)-H with terminal alkynes
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+ Catalytic amount of Nil, + Atmospheric pressure of O, as Oxidant
+ Terminal Alkyne as coupling partner + Broad substrate scope (28 examples)

However, stoichiometric amount of transition-metals (silver ¢ r
copper salt), acting either as co-oxidants or co-catalysts, wel 2
required in both cases to enhance the reactivity and inhibit the
formation of undesired Hay/Glaser-type alkyne homocouplir
products. Considering the prevalent, inexpensive,
environmentally benigh attributes of O,, it would be hig’ly
desirable to use atmospheric pressure of molecular oxyge: as
the sole oxidant and H-acceptor.14 However, dehydrative
alkynylation of C—H bonds with terminal alkynes using oxyge 1
remains elusive, because sevearl fundamental challenges, suc .
as the homocoupling of alkynes,15 the tandem annulation’
and the intramolecuar aminoalkynylation of the alkynylate .
products17 ought to be overcome.

Inspired by our recent work on Ni(ll)-catalyzed alkynylatic .
of (hetero)arenes with bromoalkynes under a sustainable
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simple catalytic system (Scheme 1a)* along with previous
successes on other type of oxidative coupling reactions using
oxygen,14 we anticipated that Ni(ll) posseses the potential to
catalyze the dehydrogenative alkylation using O, as the sole
oxidant.”® Herein, we communicate these results; and it is
worth noting that a broad range of substrates including
heterocycle substrates, are compatible with this protocol.

We initiated our investigation with applying the modified
conditions previously established for Ni-catalyzed C -H
alkynylation with bromoalkynes.*® However, the alkynylated
product 2a was only obtained in 10% vyield (Table 1, entry 1).
Subsequent evaluation of Ni(ll) catalysts revealed that Nil, was
the best providing 2a in 37% yield (entry 4)." When t-BuCN
was used as solvent, the overall conversion was improved to
44%, however, with the formation of 6% of 3a (entry 5).20
Compound 3a was derived from 2a by a domino the
intramolecular aminoalkynylation of 2a followed by the
cleavage of the tertiary N—C bond to release the PIP group.17
Further optimization study indicated the use of weak bases,
such as KH,PO, and NaHCOj;, can improved the conversion;
nevertheless, the yield of 3a was promoted simultaneously
(entries 6 and 7). We found that the use of less equivalent of
alkyne could significantly suppress the side reaction (entry 8).
To our surprise, the alkynylation proceeded well without any
ligand and base addivtives (entries 9 and 10), rendering this
protocol more appealing and user-friendly. We were pleased

Table 1. Optimization of the reaction conditions®

(0]
PIP
N/
O H
PIP
N~ X
H 10 mol% Ni(ll) TIPS
H additive 2a
_— = +
1a solvent, 140 °C TIPS \ Sl
+ 12 h, O, \ TIPS
H==—TIPS / '
NH — J ‘
Y 4
3a
; b
entry Ni(Il) 1a' a'ky'.‘e solvent additive yield(%)
(equiv)  (equiv) 2a/3a
1¢ Ni(OTH, 1.0 15 n-PrCN Na,CO, 10/0
20 Ni(acac), 1.0 1.5 n-PrCN Na,CO3 18/0
3¢ Ni(OAc), 1.0 15 n-PrcN Na,CO; 19/0
4° Nil, 1.0 15 n-PrcN Na,CO3 37/0
5¢ Nil, 1.0 15 +-BuCN NayCO3 38/6
6° Nil, 1.0 15 t-BuCN KH,PO4 47/20
7° Nil, 1.0 1.5 t-BuCN NaHCO3; 4117
8¢ Nil, 1.0 1.0 t-BuCN NaHCO3; 38/4
9 Nil, 1.0 1.0 t-BuCN NaHCO3; 53/6
10 Nil, 1.0 1.0 t-BuCN - 52/6
11 Nil, 15 1.0 t-BuCN - 73/6
129 Nil, 1.5 1.0 t-BuCN Nal 87°%/trace

@Reaction conditions: Ni(ll) (10 mol%), additive (2.0 equiv), 1 atm O, in 0.5 mL
solvent at 140 °C for 12 h. PDertimined by "H NMR analysis of the crude reaction
mixtures using CH,Br, as internal standard. °With 0.2 equiv DME. %With 1.0 equiv
Nal. ®Isolated yield. TIPS = triisopropylsilyl.
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to find that lowering the amount of alkyne could suppress u :
undesired reactions as reported previously (entry 11).2%7%8¢"
The yield of 2a was further improved to 87% with trace of 3

when 1 equivalent of Nal was used as additive (entry 14). "=’

worth mentioning that PIP directing group was the optim.!
under the optimized reaction conditions. Other commonlv
used amide-type directing groups failed to give the desire 1
alkynylation product, while 8-aminoquinolyl only gave product

Table 2. Scope of Aromatic Amides®

o
o
PP Nil,, Nal A oNP
X H —°> R _ H
tBuCN, 140 °C, O
¥ H o 2 A
2
o

R
] H——TIPS TIPS
(0] F O
PP PP PP
H H H
X X O2N A
TIPS TIPS TIPS
2a, 87% 2b,75% 2¢,78%
CF; O 0o o}
PP PP PP
H H H
N cl SN I X
TIPS TIPS TIPS
2d, 85% 2e, 88% 2f 59%
o Ph O o
F1C N-PIP N-PIP n-PIP
H H H
NN SN AcO SN
TIPS TIPS TIPS
29, 70% 2h, 95% 2i, 69%"
(0] (0] (@]
B p P P
r n-PP - MeO n-PP n-PP
H H H
X X X
TIPS TIPS TIPS
2j, 60% 2k, 59% 21, 86%
o 0 o
PP PP o PP
H H H
NN MeO SN () _
TIPS TIPS TIPS
2m, 94% 2n, 55% 20, 61%

@Reaction conditions: 1 (0.15 mmol), alkyne (0.1 mmol), Nil, (0.01 mmol), Nal (0.1

mmol), -BuCN (0.5 mL), 140 °C, O,, 12 h. Isolated yield. n-PrCN as solvent.
5in 37% isolated yield (see the ESIt for details).

With the optimized reaction conditions in hand, we firc
investigated the scope of benzamides. As shown in Table 2,
wide variety of functionalized benzamides bearing bot-
electron-donating (2a, 2h, 2i, 2k, 2n and 20,) or electron-
withdrawing (2b-2g and 2j) groups were tolerated, furnishir 3
the desired products in moderate to high yields. Gratifyingly,
the iodine atom attached to the para-position remains in ict
during the alkynylation (2f) and no para-alkynylated proa -*
was detected.

Encouragingly, this catalytic system can also be applied t.»
the heteroaromatic amides, providing the correspondir.
alkynylated products in synthetically acceptable yields (Table
3). Generally, isonicotinamides (1p-1s and 1y) exhibite 1
superior reactivity than nicotinamides (lu-lw, 1z). For 2-
fluoronicotinamide 1z, the para-C—H bond was more reacti\ 2
than the ortho-C—H bond relative to the nitrogen atom (2za, 510

This journal is © The Royal Society of Chemistry 20xx
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and 2zb, 11%, respectively). Moreover, thiophene-3-
carboxamide 1x reacted smoothly to give the desired product

Table 3. Scope of Heteroaromatic Amides®

o}
Nil, (10 mol%)
P|P 1.0 equw Nal N/PIP
Het Het| H
tBuCN 140 °C, O,
X
1p-1z H TIPS 2p2z TIPS
N N N
H H H
AN A X
TIPS
2p, 70% 2q, 92% 2r, 55%
N~ N NP
H H H
A A A
T TIPS
2s, 65% 2t, 46% 2u, 50%
o
_PIP
N
N NP T N
H H S
SN N AN
TIPS TIPS TIPS
2v, 47% 2w, 42% 2x, 46%
N H i
GHLNP p
H
TIPS TIPS \s
Cs, 2ya, 70% Cy, 2za, 31% no product

Cs, 2yb, 10% Ce, 2zb, 11%

@Reaction conditions: alkyne (0.1 mmol), 1 (0.15 mmol), Nil, (0.01 mmol),
Nal (0.1 mmol), t-BuCN (0.5 mL), 140°C, O,, 18 h. Isolated yield.

2x in 46% yield; while thiophene-2-carboxamide turned out to
be unreactive under this reaction conditions, probably due to
the potential coordination of sulfur atom with nickel catalyst
to act as a tridentate ligand.

We also tested the scope of terminal alkynes. As shown in
eq 1, the bulky silyl groups are crucial for the success of this
reaction. Both TBS-alkyne and TES-alkyne reacted smoothly
with benzamide 1a to give the desired products 4a and 4b in
moderate yields; while ethynylbenzene and 1-hexyne only
gave trace amount of alkynylated products. Although the silyl
group is essential for this protocol, we have demonstrated that
the PIP and TIPS groups could be successfully removed under
mild conditions previously. ™ Given the readily removal of the
silyl group and the versatility of the resulting terminal alkynes,
we anticipated that synthetic applications via a
desilylation/metal-mediated coupling sequence would be
feasible.

o
X,

1a

(o}

_PIP Nil,, Nal -PIP

(M

Iz

N
- H
t—BuCNi40 C, 0, X
H==——"mR R
4a, R =TBS, 66%
4b, R = TES, 68%
4c, R = Ph, trace
4d, R = Bu, trace
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Scheme 2. Kinetic isotope experiments
a) Intermolecular KIE study

o
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H
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+ —_—
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b) Intramolecular competition KIE
H(D) O
Do standard PIP
PIP conditions N~
H E— H
H KIE = 2.4 A
TIP
[D4]1m 2m/[D]2m
Finally, both inter- and intramolecular kinetic isotope

experiments were conduncted to elucidate the mechanism.
and the KIE values of 2.9 and 2.4 was obtained respectivell,
indicating that the C—H cleavage might be involved in the rate-
determining step (Scheme 2).

In conclusion, we have developped a Ni(ll)-catalyzew
dehydrogenative alkynylation of unactivated C(spz)—H w’
terminal alkynes under atmospheric pressure of oxygen. Thi<
protocol features the use of catalytic amount of nickel as cataly. t
and O, as the sole oxidant, representing a more straightforwara
and environment-friendly method to the synthesis of ar
alkynes. Further investigations to expand this catalytic systen.
to other Ni-catalyzed C-H functionalization reactions ar.
currently underway in our laboratory.
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A Ni(ll)-catalyzed dehydrative alkynylation of unactivated C(spz)—H bonds with terminal alkynes under atmospheric pressure of oxygen is
described.
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