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The development of efficient and enantioselective trans-
formations that lead to new carbon—carbon bonds is at the
heart of intense interest in the development of the field of
chemical synthesis.!"! Despite significant advances in recent
years, the number of existing methods for the enantioselective
coupling of terminal alkynes to carbon electrophiles remains
relatively small, although such reactions can provide new
strategies and building blocks for the synthesis of fine
chemicals, pharmaceuticals, and natural products.”) The low
reactivity of alkynylides has limited their use to date to
primarily C=0, C=N, and conjugate additions.’! Additionally,
transition-metal-catalyzed, enantioselective hydroalkynyl-
ation of unactivated carbon-carbon multiple bonds, has
attracted increasing attention.! Herein, we present for the
first time the direct enantioselective displacement of sec-
ondary racemic allylic alcohols with potassium alkynyltri-
fluoroborates catalyzed by a chiral Ir(Polefin) complex
(Scheme 1). The utility of the method is demonstrated with
the rapid construction of a drug candidate for the treatment of
type 2 diabetes.

4 mol% [{Ir(cod)Cl},]

OH R2 16 mol% (S)-L
1 + Z KHF; (1.5 equi
R KF;8 5 (1.5 equiv),
CF3CO5H (2.5 equiv),
1 2 nBuygNBr (10 mol%),

1,4-dioxane, 25 °C, 6 h

Scheme 1. Direct enantioselective substitution of racemic, branched
allylic alcohols with potassium alkynyltrifluoroborates. cod =1,5-cyclo-
octadiene.

Allylic substitution is one of the most prominent and
effective reactions for enantioselective formation of carbon—
carbon bonds.”! There has been an impressive development of
methods that employ transition-metal catalysts and aliphatic
carbon nucleophiles, such as malonates, alkyl magnesium,
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zinc, and boron reagents.[) However, only Hoveyda and co-
workers have previously reported catalytic enantioselective
allylic substitutions using alkyne nucleophiles, wherein Sy2'-
substitution of allylic phosphates by alkynylaluminum
reagents is effected by a copper catalyst.”) Although this
approach provides entry to alkyne-substituted quaternary
stereocenters, it does not address the preparation of the
corresponding 1,4-enyne products possessing methine stereo-
centers. In a different approach to such compounds, Alexakis
and Li have recently documented the use of alkyl Grignard
reagents in Cu-catalyzed asymmetric allylic alkylation of 1-
chloro-2-en-4-ynes."®*!

We have been interested in expanding the scope of
catalytic, enantioselective allylic substitutions using Ir cata-
lystsl'”) that are characterized by the direct displacement of
allylic alcohols under operationally convenient regimes."! As
part of our program to extend the synthetic utility of these
reactions to carbon nucleophiles, we embarked on an inves-
tigation of Ir-catalyzed enantioselective alkynylation reac-
tions.

Our research group recently reported the asymmetric
vinylation of allylic alcohols using potassium alkenyltrifluor-
oborates mediated by an Ir(Polefin) complex.'"! We sur-
mised that the direct enantioselective substitution of allylic
alcohols might also be possible with the corresponding
alkynyltrifluoroborates. Accordingly, our investigation
began by subjecting allylic alcohol 1a and potassium phenyl-
ethynyltrifluoroborate (2a) to the conditions developed for
allylic vinylation. Thus, in the presence of the chiral Ir/(S)-L
catalyst, hydrofluoric acid, and nBu,NHSO,, product 3a was
obtained in 41 % yield and 84 % ee (Table 1, entry 1). Despite
low conversion and moderate enantioselectivity, this initial
result demonstrated that the Ir(Polefin) complex is a catalyst
with potential in the substitution reaction with alkynes.

We then turned our attention towards the evaluation of
reaction parameters (see the Supporting Information for full
details, Tables S1-S8). 1,4-Dioxane proved to be the solvent
of choice, and the use of a Brgnsted acid as promoter in
combination with nBu,NBr"'"? resulted in improved conver-
sion and enantioselectivity (entries 2 and 3). In seeking to
develop a procedure operationally simpler than the one we
had previously employed for vinylation, we looked to identify
an alternative to HF''! and thus circumvent handling of this
hazardous, corrosive mineral acid. In this regard, we observed
formation of the alkynylation product when the reaction was
performed with a potassium fluoride salt and an excess of an
acid promoter (entries 4-6).'*! Thus, the use of trifluoroacetic
acid and KHF, (in a molar ratio of 2.5:1.5) was identified as
optimal for the formation of product (86 % yield and 98 % ee;
entry 7). Further optimization revealed that reducing the
loading of nBu,NBr and trifluoroborate 2a had little impact
on the overall performance of the Ir-catalyzed process
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Table 1: Selected optimization studies.”

[{Ir(cod)Cl},] (4 mol%)

gngewand

[{Ir(cod)CI},] (4 mol%)
(S)-L (16 mol%)

KHF, (1.5 equiv),
CF3CO5H (2.5 equiv),
nBuyNBr (10 mol%),
1,4-dioxane, 25 °C, 6 h

)\/ KF3B/

OH Ph  (S)-L (16 mol%) ||
Ph)\/ KF B/ F source, promoter —
3 dioxane, 25 °C, 24 h
1a 2a 3a
Entry 2a F source Promoter PTC Yield ee
[equiv] (equiv) (equiv) (mol%)E [%]19  [96]
1 2.0 (2.0 - A (10) 41 84
2 2.0 HF (2.0)  MsOH (0.5) B (50) 46 96
3 2.0 F(.0) CCLCO,H (0.5) B (50) 49 95
4 2.0 KF (2.0) CCl,CO,H (3.5) B (50) 32 96
5 2.0 KF (2.0)  CF,CO,H (3.5) B (50) 52 97
6 2.0 KHF, (1.0) CF,CO,H (2.0) B (50) 65 98
7 2.0 KHF, (1.5) CF,CO,H (2.5) B (50) 86 98
8 2.0 KHF, (1.5) CF,CO,H (2.5) B (10) 88 98
9 15 KHF, (1.5) CF,CO,H (2.5) B (10) 91 99
10 1.1 KHF, (1.5) CF,CO,H (2.5) B (10) 83 99

[a] Reaction conditions: Ta (83.0 umol, 1.0 equiv), [{Ir(cod)Cl},]

(4.0 mol %), (S)-L (16.0 mol %), dioxane (0.17 mL), 25°C for 24 h.

[b] Phase-transfer catalyst (PTC): A: nBu,NHSO,; B: nBu,NBr. [c] Deter-
mined by "H NMR integration relative to the internal standard (1,3,5-
trimethoxybenzene). Ratio of branched-to-linear products determined by
'H NMR integration and was always > 50:1. [d] Determined by SFC on
a chiral stationary phase. Absolute configuration determined by
correlation.

(entries 8-10). Thus, under optimal conditions including the
use of 10mol% of nBu,NBr and 1.5 equivalents of 2a,
alkynylated product was furnished in 91 % yield and 99 % ee
in 6 h (entry 9).

We next conducted a series of experiments to investigate
the scope of allylic alcohols with potassium phenylethynyltri-
fluoroborate (2a), as summarized in Scheme 2. A wide range
of alkoxy-substituted (products 3b-3d) and halogenated
(products 3e and 3f) aromatic substrates afforded the
corresponding alkynes in good yields with high regio- and
stereoselectivity. Although substrates bearing electron-with-
drawing substituents (products 3g-3i) were less reactive than
the former, the observed selectivity was nonetheless excel-
lent. In the case of highly electron-rich aromatics (products
3b, 3d, 3k, and 31), high efficiency and enantiocontrol was
achieved even when using reduced amounts of 2a, KHF,, and
trifluoroacetic acid. It is noteworthy that allylic alcohol 1g,
containing a carbaldehyde, reacted exclusively at the allylic
position to afford the corresponding aldehyde 3g. In addition,
other aromatics and heteroaromatics, such as naphthyl,
thiophene, and indole (products 3j-31) proved to be good
substrates for the reaction.

Subsequently, a range of potassium alkynyltrifluorobo-
rates were evaluated to examine the generality of the method
with respect to this substrate (Scheme 3). In this regard, allylic
phenylalkynylation proceeded smoothly with methoxy-,
alkyl-, and halogen-substituted benezenetrifluoroborates
(products 3m-3p). Furthermore, other aromatic systems
can be successfully employed, as exemplified by 3-thienyl-
substituted alkyne (product 3q). In addition to aromatic
alkynes, conjugated enynes (products 3r and 3s) were also
tolerated, and the corresponding alkynes were obtained in
good yields with excellent regio- and enantioselectivity.
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Scheme 2. Scope of the direct, enantioselective, allylic alkynylation of
aromatic allylic alcohols. All reactions were carried out on a 0.25 mmol
scale under the standard conditions (see Table 1, entry 9). Yield is of
the isolated product after purification by chromatography. Regioselec-
tivity (reported in brackets) was determined by the '"H NMR spectros-
copy of the reaction mixture. ee values were determined by super-
critical fluid chromatography (SFC) on a chiral stationary phase. [a]

1.1 equiv of 2a, 1.1 equiv of KHF, and 1.6 equiv of CF;CO,H were
used.

Finally, we tested the catalytic system with a series of aliphatic
alkynes. A number of cycloalkyl- (products 3t and 3u) and
alkyl-substituted alkynyltrifluoroborates (products 3v-3z)
proved to be good substrates for the substitution reaction.
Importantly, various functional groups, such as a terminal
alkyne (product 3x) or chloride (product 3y), are chemically
inert in this Ir-catalyzed process, thus providing opportunities
for further elaboration of the products.

To showcase the synthetic utility of the process, we
applied the alkynylation chemistry to the synthesis of
AMG 837 (6), a potent GPR40 receptor agonist developed
by Amgen for the treatment of type 2 diabetes (Scheme 4).1'4
Along these lines, allylic alcohol 4 was subjected to the
substitution reaction under the optimized conditions using
potassium 1-propynyltrifluoroborate (2w) and provided
enyne 5 in 72% yield and excellent selectivity (40:1
branched/linear, > 99 % ee). Next, we tested the practicability
and robustness of the described process by conducting the
reaction on a larger scale (1.54 g, 4.0 mmol of 4), applying
lower Ir/(S)-L catalyst loadings (3/12 mol%), in technical
grade solvent, and open to air. Gratifyingly, only a slight
decrease in yield and selectivity was observed (67 %, 98 % ee).
Subsequent chemoselective hydroboration of enyne S, fol-
lowed by Jones oxidation of the corresponding alcohol,
furnished 6 in 74 % yield (>99% ee)."!

In summary, we have developed an Ir-catalyzed alkynyl-
ation that allows the direct and highly enantioselective
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3a (R=H): 88% (>50:1)
99% ee

3m (R=p-OMe): 95% (>50:1)
99% ee

3n (R=p-tBu): 77% (>50:1)
99% ee

30 (R=p-Cl): 84% (>50:1)
99% ee

3p (R=m-F): 71% (>50:1)
96% ee

H
3r: 77% (>50:1)
>99% ee

Ph

3q: 62% (>50:1)
95% ee

Ph o
3s: 70% (>50:1) 3t: 77% (>50:1)  3u: 68% (>50:1) 3v: 55% (>50:1)
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Scheme 3. Scope of the potassium alkynyltrifluoroborates for the
direct, enantioselective allylic alkynylation. All reactions were carried
out on a 0.25 mmol scale under the standard conditions (see Table T,
entry 9). Yield is of the isolated product after purification by chroma-
tography. Regioselectivity (reported in brackets) was determined by the
"H NMR spectroscopy of the reaction mixture. ee values determined by
SFC on a chiral stationary phase.

Me
OH =z
standard

O
alkynylation

2w (1.1 equiv)
—_—
4 conditions 5

0.25 mmol: 72% (40:1)

Ar >99% ee Ar
4.0 mmol: 67% (40:1)
98% ee
F3C 1. 9-BBN;
O then NaBO3

2. Jones' reagent

6: AMG 837 ~O
[GPR40 agonist]

COH 74% (two steps)

>99% ee

Scheme 4. Enantioselective synthesis of AMG 837 (6). Ar=4-CF;-C¢gH,,
9-BBN =9-borabicyclo[3.3.1]nonane.
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substitution of racemic allylic alcohols with potassium alky-
nyltrifluoroborates. Salient features of the process are excel-
lent branched-to-linear selectivity and enantioselectivity. The
use of alkynyltrifluoroborates expands the scope of reacting
partners that can be used in Ir-catalyzed allylic substitutions
well beyond the more traditional collection of carbon
nucleophiles used to date. In addition, the value of this
operationally simple protocol, which relies on the use of
readily available and bench-stable reagents, has been high-
lighted in the enantioselective synthesis of medicinal agent
AMG 837. Further investigations into the mechanism and
applications of this transformation are ongoing and will be
reported in due course.

Experimental Section

General procedure for asymmetric allylic alkynylation: [{Ir(cod)Cl},]
(6.7 mg, 10.0 umol, 4.0 mol %) and ligand (S)-L (20.3 mg, 40.0 umol,
16.0 mol %) were placed in a polypropylene screw-capped vial
(2.0 mL) with a magnetic stir bar. Then 1,4-dioxane (0.50 mL) was
added, and the reaction mixture was vigorously stirred for 15 min,
during which time the solution turned dark red. Allylic alcohol
1 (0.25mmol, 1.0equiv), potassium alkynyltrifluoroborate 2
(0.375 mmol, 1.5equiv), nBu,NBr (8.1 mg, 25.0 umol, 10 mol %),
KHF, (29.3mg, 0.375 mmol, 1.5equiv), and trifluoroacetic acid
(47.8 uL, 0.625 mmol, 2.5 equiv) were added in the respective order,
and the reaction vessel was purged with nitrogen. The resulting
heterogeneous yellow/orange mixture was stirred at 25°C for 6 h.
Triethylamine (0.10 mL) and hexane (1.0 mL) were added, and the
resulting mixture was directly subjected to flash chromatography on
silica gel (eluent: hexanes/ethyl acetate) to afford the product.
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