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ABSTRACT

The synthesis of β,γ-alkynyl esters and amides using air-stable potassium alkynyltrifluoroborates as nucleophilic partners in a mild
Suzuki�Miyaura cross-coupling reaction has been achieved. Propargyl esters and amides were obtained in high yields using a low catalyst
loading, and the substrate scope of the reaction has been significantly improved over previous methods.

Significant exploration has taken place toward the
synthesis of β,γ-alkynyl esters and amides, and yet because
of the challenges associated with preparing these noncon-
jugated structures, several limitations persist. Most syn-
thetic routes involve the Pd-catalyzed cross-coupling of an
R-halo carbonyl compound with an alkynylmetallic spe-
cies. One major obstacle with such pathways is that, after
oxidative addition of the R-halo carbonyl species to Pd(0),
both the halide and the enolate serve as good leaving
groups from Pd. This can result in double transmetalation
of the alkynyl species, promoting formation of the diyne
product. Reactions of this type have been optimized to
take advantage of homocoupling to gain access to diynes
through similar transformations.1

Another major hurdle associated with such routes that
limits these methods from widespread use is the instability
of many alkynylmetallic species. Oshima et al. have estab-
lished a radical process inwhich alkynylgallium species are
added to R-bromo and R-iodo esters and amides.2 Simi-
larly, a photochemical process that allows alkynylindium

species to be added to R-iodo esters has been reported by
Hirashita et al.3Althoughboth of thesemethods allow for-
mation of the desired structures, they require in situ gen-
erationof an alkynylmetallic species that cannot be isolated.
To solve this problem, Lei et al. developed a protocol

for the Pd-catalyzed cross-coupling of alkynylstannanes
with R-bromo carbonyl compounds in the presence of
XantPhos.4 As an extension of this work, Connell and
Kang devised amethod for a similar Stille-type coupling to
proceedwith secondary bromides.5 Both esters and amides
were successfully obtained in moderate yields, although
the substrate scope was limited by the use of phenylethy-
nylstannane as the sole nucleophilic coupling partner.
Although alkynylstannanes are stable enough to be iso-
lated,many still require storageunder an inert atmosphere,
and their use is less than ideal because of safety concerns
surrounding tin.6

Another noteworthy approach to the synthesis of
β,γ-alkynyl esters and amides has been carried out by
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Fu, who demonstrated a functional-group compatible,
Cu(I)-catalyzed addition of terminal alkynes to diazoesters
and diazoamides.7 This method, while greatly improving
the substrate scope of the alkynyl partner, only illustrated
the compatibility of two electrophilic partners.
An additional major concern surrounding the pre-

viously utilized methods is the cost of producing the
alkynylating species. To access the reactive intermediates,
a terminal alkyne is typically reacted with one of the
reagents shown in Table 1.8 Although compared to Ga
and In, Sn is amajor improvement in terms of cost, the lack
of atom ecomony associated with the use of Bu3SnCl
represents yet another disadvantage. Likewise, the use of
diazoesters and diazoamides in theCu-catalyzedmethod is
limited by the lack of commercial availability of these
reagents, most ofwhichmust be prepared from tosyl azide.

We envisioned a route that would allow the use of
commercially available 2-chloro carbonyl reagents in the
presence of an air-stable alkynylmetallic species that could
be prepared easily from inexpensive materials. The low
relative cost of B(OMe)3 as compared to other commonly
employed metal reagents (Table 1) makes the use of al-
kynylboron species appealing in this context.
Alkynyltrifluoroborates can be readily prepared from

alkynyl boronates by a simple quench using aqueous
KHF2. Potassium alkynyltrifluoroborates offer the ad-
vantages of being air-stable compounds capable of being
stored on the bench for extended periods of time, and also
of being able to be prepared from terminal alkynes in a
simple and cost-effective manner.
Based on the conditions recently developed for the

R-arylation9 and R-alkenylation10 of 2-chloro esters and
amides, we sought to apply similar conditions to the de-
sired transformation. Screening was begun on the reaction
ofN-benzyl-2-chloroacetamidewith potassium phenyleth-
ynyltrifluoroborate using the XPhos-Pd-G2 preformed
catalyst (Figure 1) in the presence of K2CO3 and Cu2O.
Although a minimal amount of the desired product was
observed under these initial conditions, the reaction
showed a significant conversion to the diyne product.
Attempts to reduce homocoupling by changing the base

or solvent were unsuccessful, and it was determined that
completely eliminating Cu from the reaction served to
suppress the homocoupling side reaction. SPhos and Ru-
Phos were tested in addition to XPhos under the unopti-
mized reaction conditions, but onlyminimal conversion to
product (<5%) was observed with these ligands. Because
of the reported success ofXantPhos for a similar reaction,4

a number of bidentate phosphine ligands were also inves-
tigated, but XPhos remained the best ligand for the desired
transformation.

The base in Suzuki�Miyaura reactions is often critical
because of its effects on the rate of trifluoroborate hydro-
lysis and of Pd(0) formation.11 Table 2 shows the results
of a small screening of bases under preliminary reaction
conditions.

Given the promising results of K3PO4, we continued the
optimization with this base. Increasing the amount of base
to 5 equiv or decreasing it to 1 equiv was detrimental to the
reaction. It was found that homocoupling reactions were
more prevalent at a higher temperature (100 �C), while at
a lower temperature (60 �C), a large amount of starting
material was still present after 24 h.
With nearly optimized conditions, several organic sol-

vents were tested in combination with various amounts
of water12 to determine an ideal solvent system, and a 3:1
toluene/H2O ratio was found to be optimal. Under these
conditions, addition of a second equivalent of XPhos
(relative to Pd) was found to push the reaction further to
completion.

Table 1. Cost Comparison of Commonly used Metal Reagents
in Alkynylation Reactions

substance

cost

($/mol)

relative

cost

B(OMe)3 9 1

GaCl3 1775 204

InCl3 1340 155

Bu3SnCl 160 18

Figure 1. Structures of SPhos, RuPhos, and XPhos ligands and
XPhos-Pd-G2 pre catalyst.

Table 2. Base Screening in Reaction of N-Benzyl-2-chloroace-
tamide with Potassium Phenylethynyltrifluoroborate

base product homocoupling

K2CO3 36 2

Cs2CO3 48 14

K3PO4 74 6

(n-Bu4N)H2PO4 4 3

(NH4)2CO3 6 24

(n-Bu4N)OH 0 1
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N-Benzyl-2-chloroacetamide was cross-coupled with a
variety of alkynyltrifluoroborates under the optimized
conditions, as shown in Table 3. The scope of the alkynyl-
trifluoroborates include those with not only aryl and
straight-chain alkyl substituents but also branched alkyl
(Table 3, entries 3�4), benzyl (Table 3, entry 5), and a
protected alcohol unit (Table 3, entry 7). The scalable
nature of the reaction was demonstrated by the ability to
carry out the reaction ofN-benzyl-2-chloroacetamide with
potassium phenylethynyltrifluoroborate on a 5.0 mmol
scale with the use of only 0.5 mol % Pd (Table 3, entry 1).
We next sought to expand the scope of the reaction to

include various electrophilic coupling partners. Table 4
illustrates the versatility of the reaction scope in terms of
the electrophile, which allows the same alkynyltrifluoro-
borate partner to be coupled with tertiary amides (Table 4,
entries 1 and 2) and esters (Table 4, entries 3 and 4) under
the same reaction conditions.

Table 3. Cross-Coupling of N-Benzyl-2-chloroacetamide with
Potassium Alkynyltrifluoroboratesa

aReaction conditions: 2-chloroacetamide (1.0 mmol), potassium al-
kynyltrifluoroborate (1.1 mmol, 1.1 equiv), K3PO4 (3.0 mmol, 3.0 equiv),
XPhos-Pd-G2 (1 mol %), XPhos (1 mol %), solvent (3.2 mL), 80 �C.
b 5.0 mmol scale (0.5 mol % Pd).

Table 4. Cross-Coupling of Potassium Phenylethynyltrifluoro-
borate with 2-Chloro Esters and Amidesa

aReaction conditions: 2-chloroacetate or 2-chloroacetamide (1.0mmol),
potassium alkynyltrifluoroborate (1.1 mmol, 1.1 equiv), K3PO4 (3.0 mmol,
3.0 equiv), XPhos-Pd-G2 (1mol%),XPhos (1mol%), solvent (3.2mL),
80 �C. b 1.2 equiv of alkynyltrifluoroborate used.

Table 5. Cross-Coupling of 2-Chloro Esters and Amides with
Potassium Alkynyltrifluoroboratesa

aReaction conditions: 2-chloroacetate or 2-chloroacetamide (1.0mmol),
potassium alkynyltrifluoroborate (1.1 mmol, 1.1 equiv), K3PO4 (3.0 mmol,
3.0 equiv), XPhos-Pd-G2 (1mol%),XPhos (1mol%), solvent (3.2mL),
80 �C. b 1.2 equiv of alkynyltrifluoroborate used.
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The substrate scope of the reaction was also extended to
include a variety of other nucleophilic and electrophilic
coupling partners, as illustrated in Table 5. An alkynyltri-
fluoroborate containing a terminal chloride was success-
fully cross-coupled in good yield (Table 5, entry 3).
A protocol has been developed for the synthesis of

β,γ-alkynyl esters and amides through mild reaction con-
ditions using air-stable, easily prepared alkynyltrifluoro-
borates. This method offers advantages over current path-
ways in terms of cost, atom economy, functional group
compatibility, and ease of starting material acquisition.
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