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ABSTRACT: A new cross-coupling reaction has been developed

for the introduction of an alkyne moiety to an anisole derivative cat. Ni(0)ICy TIPS
S . . . OMe = i

through C—O bond activation using an NHC ligand. This method BrMg—==—TIPS

has been used for direct alkynylation of a broad range of anisole

derivatives and provided rapid access to compounds with potential
applications in biological and materials science.

TIPS TIPS
= 4
/
N
H
ransition-metal-catalyzed cross-coupling reactions for the Table 1. Ni-Catalyzed Cross-Coupling of 1a with 2a: Effect of
formation of C—C bonds between organic halides and Selected Ligands®
organometallics have become indispensable tools in organic TIPS
1 e «_OMe TIPS Ni(cod), (10 mol %) &
synthesis.” One promising approach for the development of s i 22 i =
sustainable and environmentally benign cross-coupling processes /@ + M..
would be to replace aryl halides with nontoxic and abundant ‘Bu dioxane By
. . 2 . . 1 MgBr 120°C, 18 h
phenol derivatives.” Among the many phenol derivatives that 5 3
could be used as an electrophile in this context, anisoles stand out
. . . . . TIPS
as being particularly attractive substrates in terms of their =\ .
availability and atom economy.> However, the robust nature of Il rR-N.zN-R
the C(sp”)—OMe bond has significantly limited the number of q (ETC?E\:) cr
nuclio_%hiles capable of undergoing coupling reactions of this (2 equiv) ligand
type,” ~ compared with other cross-coupling reactions using
. - 0
activated electrophiles. One of the greatest limitations of cross- entry ligand GEyizll eis ()
coupling involving C—OMe bonds is the current lack of a process 1 PCy; 0
for the formation of C(sp?)—C(sp) bonds, despite the 2 IMes-HCI (R = 2,4,6-Me;C4Hs) 8
widespread utility of alkyne functionalities in synthetic, bio- 3 IPr-HCI (R = 2,6-Pr,CH,) <$
logical, and materials chemistry.'® Herein, we report for the first 4 IMe-HCI (R = Me) U
time the development of a cross-coupling reaction between S IPr-HCI (R = Pr) 38 .
anisoles and C(sp)—nucleophiles for the construction of 6 ICy HCl (R = Cy) 76 (70)
11 7 I'Bu-HCI (R = ‘Bu) 45

C(sp?)—C(sp) bonds using a Ni(0)/ICy catalyst system.
Our initial investigation was focused on the nickel-catalyzed “Reaction conditions: 1a (025 mmOI):. 2 .(0-50 mmol), Ni(cod),
cross-coupling of anisole 1a with the alkynylmagnesium reagent (0.025 mmd)b' and ligand (0.050 mmol) in dioxane (0.50 mL) at 120
. ; . °C for 18 h. "Isolated yield.
2, which was readily generated by the treatment of ethynyltri-
isopropylsilane with EtMgBr, because ArMgX represents one of

very few nucleophiles to have been successfully used in the cross- excellent yields (entries S and 6)."> The bulkiness of the
coupling of aryl methyl ethers.” However, alkynylMgX is triisopropylsilyl (TIPS) gro?flisn2was also found to be critical to
significantly less nucleophilic than ArMgX,'> making it nontrivial the success of the reaction.”™ > Results using Grignard reagents
to achieve an alkynylation process of this type. Indeed, the derived from other alkynes are as follows: l-octyne (0%),
application of the catalytic conditions reported for the cross- phenylacetylene (0%), ‘butylacetylene (22%), triethysilyl-

coupling of Ar—OMe with Ar—MgX (ie., Ni(0)/PCy3)* to a acetylene (28%). Despite its steric bulk, the TIPS group could
reaction using 2 afforded none of the desired product (Table 1, be readily removed from the alkynylated products to give the
entry 1). Pleasingly, an extensive screening process revealed that
the addition of NHC ligands bearing bulky N-alkyl groups, such Received: December 24, 2014
as isopropyl or cyclohexyl groups, to the reaction delivered 3 in Published: January 13, 2015
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corresponding terminal alkynes, which could be used as versatile
intermediates for the construction of complex scaffolds (see
Scheme 4).

With the optimized conditions in hand, we proceeded to
evaluate the scope of the reaction using a range of aryl ethers
(Scheme 1).'° In addition to methoxy (4a) and ethoxy (4b)

Scheme 1. Ni/ICy-Catalyzed Alkynylation of Aryl Methyl
Ethers”
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“Reaction conditions: aryl ether (0.50 mmol), 2 (1.0 mmol), Ni(cod),
(0.050 mmol), and ICy-HCl (0.10 mmol) in dioxane (1.0 mL) at 120
°C for 18 h. Isolated yield is shown. * Grignard reagent (1.5 mmol)
was used. ¢ Ni(cod), (0.10 mmol) was used. ¢ 2 (2.0 mmol) was used.
¢ Run at 80 °C.

groups, even a bulky isopropoxy group in 4c was similarly
substituted by 2 in an efficient manner. Interestingly, 2-
phenoxynaphthalene (4d) also reacted smoothly under the
optimized alkynylation conditions to form 2-alkynylnaphthalene
selectively, which indicated that a naphthyl—oxygen bond is more
reactive than a phenyl-oxygen bond. 7 This result, however, does
not mean that the current protocol is not amenable to benzene
derivatives. The application of the current conditions to anisole
(5) afforded the corresponding alkynylated product in a
synthetically useful yield. Ortho-substitution of anisole did not
have a significant impact on the efficiency of the reaction, as
exemplified by the excellent yield obtained with 8. The reaction
conditions were found to be compatible with several functional
groups, including amines (e.g., 9). Notably, the reaction was also
tolerant of OH and NH groups, which allowed for the direct
conversion of a methoxy group to the corresponding TIPS-
alkyne using an additional equivalent of the Grignard reagent, as
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evidenced by the reactions of compounds 10, 11, and 15. In
particular, a phenolic hydroxyl group in 11 is potentially reactive
toward the nickel-catalyzed cross-coupling;* none of such an
undesired byproduct (i.e, dehydroxylative alkynylation and
reduction) was observed under these conditions, and 46% of 11
was recovered. Although ketones were not compatible with the
current conditions, they can be used by protecting it as an acetal,
as in 12. This method was also successfully applied to the cross-
coupling of heteroarenes, including the electron-deficient
pyridine 13, the electron-rich thiophene 14, and indole 15. 1,2-
Dimethoxybenzene (16) also reacted smoothly under the
optimized conditions to give the monoalkynylated product.
The current method was also successfully applied to the
alkynylation of vinylic C—O bonds. For example, the silyl enol
ether 17 underwent this cross-coupling to provide the
corresponding conjugated enyne. Furthermore, the use of cyclic
ether 18 as a substrate allowed for the stereoselective synthesis of
a homoallylic alcohol bearing a conjugated alkyne.

Since nickel complexes have been successfully used to activate
several other inert bonds, including C—F '8 and C—CN bonds,"’
we thought that it would be interesting to determine the order of
the reactivity of these groups under the current conditions
(Scheme 2). The nickel-catalyzed reaction of 4-fluoroanisole

Scheme 2. Comparison of the C—OMe Bond with Other

Unreactive Electrophiles
OMe
P

TIPS  Ni(cod), (10 mol %)

OMe l ICy-HCI (20 mol %)
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(19) with 2 afforded alkyne 20, where the C—F bond was cleaved
exclusively with the C—OMe bond remaining intact. It is
noteworthy that this reaction represents, to the best of our
knowledge, the first reported example of the catalytic
alkynylation of a simple, electron-rich aryl fluoride.*® 4-
Methoxybenzonitrile (21) reacted in a similar manner to 19,
with the alkynylation occurring exclusively at the cyanide site to
form 20.>" These results therefore demonstrated that a C—OMe
bond is less reactive than a C—F or C—CN bond toward the
alkynylation reaction, and this difference in the reactivity could
be used for the sequential functionalization of arenes.

Our newly developed nickel-catalyzed alkynylation reaction
also performed well in a series of complex systems (Scheme 3).
For example, the alkynylated derivatives of estradiol, serotonin,
and dextromethorphan (i.e., 22, 23, and 24, respectively) were
readily synthesized. These products could also be subjected to
further transformations, such as azide/alkyne cycloaddition
reactions, to allow for the synthesis of increasingly complex
and biologically interesting molecules. Furthermore, the current
alkynylation protocol was successfully applied to the extension of
the 7-conjugated systems of various aromatic motifs that are
frequently used in organic materials (i.e., 25—28). The robust
nature of the methoxy group (i.e, its tolerance toward
organolithium reagents and the conditions required for conven-
tional palladium-catalyzed cross-coupling reactions) represents a
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Scheme 3. Alkynylation of Molecules Relevant to Biology and Scheme 4. Synthetic Applications

Materials Science”
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significant advantage to this method, because it would allow for

the late-stage introduction of alkyne functionalities into elaborate 32
aromatic systems.

In terms of the scalability of the reaction, carbazole 26 was system to other catalytic transformations through the activation
successfully synthesized on the gram scale using the current of unreactive o-bonds are currently underway in our laboratory.

protocol (Scheme 4a). Furthermore, the TIPS group of 26 could
be readily removed with TBAF/H,O to give the terminal alkyne B ASSOCIATED CONTENT
29, which could be used as a versatile building block. The © Supporting Information

orthogonal reactivity of halides and methyl ethers in cross-
coupling reactions promises numerous synthetic applications.
For example, the sequential palladium- and nickel-catalyzed
cross-coupling reactions of 1-iodo-2-methoxybenzene allowed
for the sequential introduction of aryl and alkynyl groups in a B AUTHOR INFORMATION
completely predictable manner to give 30 (Scheme 4b).
Compound 30 was then sub]ected to sequential Sonogashira
arylation, electrophilic cychzatlon, Suzuki—Miyaura arylation,
and oxidative cyclization® to give the dibenzo[gp]chrysene

Detailed experimental procedures and details pertaining to the
characterization of the products. This material is available free of
charge via the Internet at http://pubs.acs.org.
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