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conversions of the cyclization products were also presented.

he carbon—carbon triple bond is an important and

practical structure unit in modern organic synthesis
because it could be functionalized using various methods.'
The transition-metal-catalyzed direct alkynylation of unsatu-
rated compounds with a terminal alkyne has been widely
investigated and become an efficient, attractive, and atom-
economical tool to introduce an alkyne moiety.”~® Among these,
the regio- and stereoselective cross-addition of terminal alkynes
to internal alkynes has been extensively developed using
palladium,®™%55k
cobalt® catalysts (Scheme 1a). However, such hydroalkynyla-
tion of internal alkynes could only construct a single carbon—
carbon bond. The simultaneous formation of two carbon—
carbon bonds, i.e., the alkynylative tandem reactions of internal
alkynes with terminal alkynes, are relatively uncommon.” In
1997, Trost and co-workers reported the cross-trimerization of
1-phenylsulfonyl-1-propyne with either propargyl alcohol or
phenylacetylene in the presence of a palladium catalyst.” In this
case, the initial cross-coupling adduct further reacted with the
excessive 1-phenylsulfonyl-1-propyne. Then, Ogata, Fukuzawa,
and co-workers demonstrated nickel-catalyzed highly regio-,
chemo-, and stereoselective cross-trimerization, in which bulky
triisopropylsilylacetylene could react with two internal alkynes
(either the same or different).”™* Recently, Tanaka and co-
workers realized an extraordinary rhodium-catalyzed highly
chemoselective three-component cross-addition of terminal
silylacetylenes, activated internal alkynes bearing an electron-
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withdrawing group, and electron-deficient alkenes or isocya-
nates (Scheme 1b).”* Notably, none of these alkynylative
tandem reactions of internal alkynes generated chiral products.
To the best of our knowledge, the enantioselective alkynylative
tandem reactions of internal alkynes have not been reported yet.
Herein, we disclose the first chemo-, regio-, and enantioselective
rhodium-catalyzed alkynylation/intramolecular-conjugate-addi-
tion tandem reaction between silylacetylenes and cyclo-
hexadienone-tethered internal alkynes (Scheme 1c).

As part of our continuous efforts on transition-metal-catalyzed
tandem desymmetrization reactions of cyclohexadienones,s’9 we
envision that this rhodium-catalyzed alkynylative tandem
reaction would face three major challenges. The first is the
chemoselectivity: the rhodium acetylide should undergo cross-
addition with internal alkynes rather than conjugate addition to
enones. The second is the regioselectivity: such addition should
take place at outer sites of internal alkynes rather than inner
ones. The last is the enantioselectivity: a suitable catalytic system
should be found to effectively distinguish the prochiral
cyclohexadienones during the intramolecular 1,4-addition
(Scheme 1c).

With these considerations in mind, a series of privileged chiral
ligands and rhodium precatalysts were screened for the
rhodium-catalyzed cross-addition of terminal silylacetylene 2a
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to cyclohexadienone-tethered internal alkyne 1a, and selected
results were summarized in Table 1."° The use of (S)-Binap
(L1) as aligand and [Rh(coe),Cl], as a precatalyst afforded the
desired alkynylative cyclization product 3aa with good yield and
high enantioselectivity (Table 1, entry 1). Next, several
bisphosphine ligands including (R)-Segphos (L2), (S)-

DTBM-Segphos (L3), (R,R)-Ph-BPE (L4), and (R,S,,)-Josiphos
(LS) were tested. Only L2 could offer a satisfactory result with
an enantioselectivity up to 96% ee (Table 1, entries 2—S5).

Moreover, the chiral diene ligand L6 failed to give the desired
product,'" which is probably because the Rh/diene catalyst has a
shorter lifetime and qulckly loses its catalytic activity during the
reaction (Table 1, entry 6).”” Then, the reaction yield could be
further improved to 70% when the rhodium precatalyst was
switched to Rh(nbd),BF, (Table 1, entries 7—8). Increasing or
decreasing the loading of 2a had no obvious effect on the yield
and enantioselectivity (Table 1, entries 9—10). In addition,
lowering the reaction temperature resulted in a big erosion of the
yield (Table 1, entry 11). More importantly, the desired
alkynylative cyclization product 3aa could not be detected in the
absence of Cs,COj;, indicating the essential role of the base
additives in this catalytic system (Table 1, entry 12).

With the optimized reaction conditions in hand, the scope of
the cyclohexadienone-tethered internal alkynes 1 was examined.
Various R! substituents in the cyclohexadienone-tethered
internal alkynes 1, such as a simple alkyl, cyclohexyl, sterically
hindered adamantyl, benzyl, vinyl, allyl, and phenyl group, could
be well tolerated, and the reactions proceeded smoothly with
good to high yields (60%—88%) and excellent enantioselectiv-
ities (Scheme 2, 3aa—3ka, 90%—96% ee). Furthermore, diverse
functional groups, such as ester, silyl ether, sulfonyl ester, and
halogens (Cl, Br, I), were well tolerant, and the corresponding
alkynylative cyclization products could be obtained with great
enantioselectivities (Scheme 2, 3la—3ra, 90%—94% ee). As for
substrate 1s derived from estrone, L2 and ent-L2 ligands led to
similar yields, but with opposite diastereoselectivities, revealing
that the formation of diastereomers in this case was completely
controlled by the chiral ligand. To our delight, alkyl- and phenyl-

Table 1. Selected Optimization Studies”

o) [Rh] (5 mol %) Y. SR
Ligand (6 mol %) . /H
Me Q + =—S8i(i-Pr); % o)
\0 Me 80°C,5h o
1a 2a 3|\a"ae
entry 2a:la [Rh] L yield (%)  ee (%)
1 3.0 [Rh(coe).Cl], L1 60 94
2 30  [Rh(coe):.Cl]: 12 62 96
3 30 [Rh(coe).Cl]; L3 47 42
4 30  [Rh(coe).Cl]: L4 70 73
s 30  [Rh(coe).Cl] LS 15 13
6 30  [Rh(coe).Cl]; L6 0 -
7 30 [Rh(cod)OH]. L2 62 95
8 30  Rh(nbd).BF, L2 70 96
9 50  Rh(nbd):BF, L2 72 96
10 15  Rh(nbd):BF, L2 71 96
114 15  Rh(nbd),BF, L2 32 91
12°¢ 15  Rh(nbd).BE, L2 0

OO PPh,
l l PPh,

L1, (S)-Binap

Ph\O
Ph P @ PeY,

L 4 PPh
Ph =>4 H Ph

L4, (R,R)-Ph-BPE

¢ {Om
(Z O PPh, <Z O PAr,

L3, (S)-DTBM-Segphos

(Ar = 3,5-(tBu),-4-MeO-CgHy)
Ph H

L5, (R,Sp)-Josiphos L6, (S,S)-Ph-thpe

“Reactions were performed under an Ar atmosphere. “Determined by
'"H NMR analysis of unpurified mixtures. “Determined by HPLC
analysis. “At 60 °C. “In the absence of Cs,COs,

substituted internal alkynes were also feasible, and only the
phenyl-substituted substrate resulted in a slight decrease of the
yield (Scheme 2, 3ua). More surprisingly, the R* substituents
containing alkyl ether, ester, and silyl ether were also compatible
in this reaction, affording the corresponding alkynylative
cyclization products with good yields and favorable enantiose-
lectivities (Scheme 2, 3va—3ya, 63%—73% yields, 92%—94%
ee). As for terminal alkyne substrate 1z, the desired cyclization
product was also obtained, albeit with a 22% yield and 70% ee
(Scheme 2, 3za).

Next, several terminal alkynes 2 were evaluated (Scheme 3).
When trimethylsilylacetylene (2b), tert-butyl acetylene (2e),
and methyl propiolate (2f) were individually applied to this
reaction, no desired products were detected due to the
homodimerization as the main side reaction for these less
bulky terminal alkynes.”” The larger substituents including SiEt,
and Si(+Bu)Me, at silylacetylenes could still generate the
desired products with moderate yields and excellent enantiose-
lectivities (Scheme 3, 3ac—3ad, 59%—68% yields, 90%—92%
ee).

To demonstrate the synthetic utility of this rhodium-catalyzed
alkynylative cyclization reaction, a gram-scale experiment was
carried out, and the corresponding cyclization product 3aa was
isolated with good yield and constant enantioselectivity
(Scheme 4). Then, several transformations of 3aa were
conducted to display the applications of the alkynyl unit.
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Scheme 2. Scope of 1,6-Enynes”
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Protodesiliconation of 3aa with TBAF afforded the terminal
alkyne 4aa, which could undergo diverse transformations. For
example, Sonogashira coupling of the terminal alkyne 4aa with

Scheme 4. Gram-Scale Experiment and Several
Transformations

1) Gram-Scale Experiment

o Si(i-Pr);
Vi
- Me H
" + =—Si(iPr) standard conditions o
e 63%, 96% ee
\/0 Me o
Me
1a, 6 mmol, 1.06g 2a 3aa, 1.35g
Br

2) Several Transformations

Si(i-Pr, H

7 4-Br-CgHy-l 7

Me H Pd(PPhs),Cl We \
3)2%12

o _TBARTHF_ o cul ‘ o
—_—
Toon o EtsN, rt o
e

86% Me 88%

3aa, 96% ee 4aa,95% ee

Br
VA
Me u AgNO;, NBS BnNj, CuSO,
o Acetone sodium ascorbate
0°C-rt t-BuOH/H,0, rt
o 83% 93%
Me

7aa, 96% ee

Me
6aa, 95% ee

Si(i-Pr);
Reported specific rotation 8a)
[a]o?® -21.9 (c 0.61, CHClI3)
for >99% ee

oy - on:
o
__1)KOH, MeOH. 1t _ @ ™ -21.9 (¢ 0.61,
2) 03, DCM, —78°C )
2 .
then PPhg, rt o H 25
[a]p?® -25.9 (¢ 0.635, CHCl3)
OAc for two steps, 53% 4ma, 94% e

Found:
3ma, 94% ee

1-bromo-4-iodobenzene proceeded smoothly to form the aryl-
substituted internal alkyne.'” The triazole product 6aa could be
easily obtained through a copper- catalyzed click reaction
between 4aa and benzyl azide."’ Moreover, the terminal alkyne
4aa could undergo silver-mediated bromination to afford 7aa in
high yield.'"* Finally, in order to determine the absolute
configurations of the cyclization products, 3ma was converted
to a known chiral tricyclic product (R,R,R)-4ma through a two-
step sequence including removal of the acetyl group in 3ma and
a simultaneous oxa-Michael addition under basic conditions and
a subsequent ozonation reaction,*”"®

In conclusion, we have developed the first highly chemo-,
regio-, and enantioselective rhodium-catalyzed alkynylation/
intramolecular conjugate addition tandem reaction between
terminal silylacetylenes and cyclohexadienone-tethered internal
alkynes. This tandem process showed perfect atom economy
and broad functional group tolerance and could conveniently
afford optically pure cis-hydrobenzofuran skeletons containing a
versatile silylacetylene fragment. Additionally, the cyclization
products could be readily applied to diverse further function-
alizations. Further studies on the transition-metal-catalyzed
tandem desymmetrization reactions of cyclohexadienone-
tethered alkynes are underway and will be disclosed in due
course.
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