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Abstract: A copper-catalyzed silylation of propargyl dichlor-
ides was developed to access chloro-substituted allenylsilanes
under mild reaction conditions. Moreover, enantioenriched
chloro-substituted allenylsilanes can be synthesized in moder-
ate to high yields and good enantioselectivities with this
protocol.

Allenic compounds have attracted much attention because
of their unique structural properties and versatile reactiv-
ities!!' Among them, axially chiral allenylsilanes, especially
the enantiomerically enriched form, have been demonstrated
as valuable intermediates in the synthesis of complex
pharmaceutical compounds and natural products.” Tradi-
tionally, pre-installation of a silyl group in the starting
material either by addition to conjugated fragments or Sy2'
displacement of propargylic alcohol derivatives with organ-
ometallic reagents is often employed.”! Another strategy is
the silylation of propargyl alcohol derivatives with either
silylcuprates or silylzincates.! However, issues such as multi-
step preparation of the starting materials, harsh reaction
conditions and/or limited scope etc., remain unsolved. In the
past decade, a few examples on catalytic silylation of
propargyl alcohol derivatives were reported. In 2009, Sawa-
mural® et al. developed a pioneering Rh-catalyzed silylation
of propargyl carbonates for the synthesis of racemic tri- and
tetrasubstituted allenylsilanes (Scheme 1a). Subsequently, an
elegant racemic copper-catalyzed vy-selective silylation of
propargyl chlorides and chiral propargyl phosphates was
reported by Oestreich etal. using Me,PhSi-Bpin and
(Me,PhSi),Zn (Scheme 1b).°! To the best of our knowledge,
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Previous work: Racemic Sy2' silyl displacement of propargyl derivatives
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This work: Catalytic synthesis of enantioenriched chloro-substituted allenylsilanes
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Scheme 1. Copper-catalyzed silylation reactions of propargyl deriva-
tives.

there is no precedence on the synthesis of enantioenriched
chiral allenylsilanes by catalytic propargyl silyl substitution.
To address this gap, we embarked on developing catalytic
silylation reactions of propargyl dichlorides, a type of
substrate that has received little attention despite their
facile preparation. In 2011, Knochel and co-workers elegantly
reported a copper-mediated Sy2' substitution of propargyl
dichlorides with organozinc reagents to synthesize the
chloroallenes.”! After that, Alexakis et al. studied the highly
enantioselective Cu-catalyzed 1,3-substitution of dichloro-
propargyl substrates with Grignard reagents to form chiral
chloroallenes.®®! Inspired by these pioneering works,”! and
based on our interest in copper-catalyzed C—Si bond forma-
tion,!'”) herein we communicate the preparation and applica-
tion of enantioenriched chloro-substituted allenylsilanes
(Scheme 1c).

Initially, the racemic copper-catalyzed 1,3-silyl-substitu-
tion of propargyl dichlorides was investigated. After careful
screening of catalysts, bases, solvents, and temperature (see
the Supporting Information for details), the optimized
reaction conditions were determined as follows: a mixture
of 1a and 2 (for structures see Table 1) in DCE/MeOH (2:1)
was stirred at —10°C for 2 hours with Smol% Cul as the
catalyst and 2 equivalents of Et;N as an additive under Ar.

Different propargyl dichlorides were subjected to this 1,3-
silyl substitution reaction under the optimal reaction con-
ditions (Table 1). Various propargyl dichlorides, irrespective
the electronic properties of the substituents on the phenyl ring
afforded the desired products in moderate to good yields (3a—
1). Moreover, substrates bearing aliphatic substituents were
also smoothly converted into their respective products (3m-—
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Table 1: Investigation of different propargyl dichlorides for the synthesis
of chloro-substituted allenylsilanes.?

o cul (5 mol%)
R—=— + PhMe,Si-Bpin
cl

PhMe,Si

=

EtsN (2.0 equiv)
DCE/MeOH = 2:1,

Communications

1 2 -10°C, Ar 3
PhMe,Si PhMe,Si PhMe,Si cl
.
Cﬁz Céi - H
3a, 79% 3b, 3-Me, 62% n-Bu  3d, 75%
3¢, 4-Me, 72%
PhMe,Si PhMe,Si cl PhMe,Si Cl
.:<
O ) H
tBu 3¢ 87% 3f 529001 Ph 39, 63%
PhMe,Si Cl PhMe,Si Cl PhMe;,Si Cl
o= o= o=
e H — H H
X/ CIX /
F' "3h, 3-F, 69% 3j, 2-CI, 49% g .
3i, 4-F, 7% 3k, 4-Cl, 60% 31, 52%
PhMe,Si PhMe,Si cl PhMe,Si cl
Y= :( o=( =(
n-Bu H H
3m, 75% Ph 3n, 66% 30, 76%
Me
PhMe,Si cl PhMe,Si cl PhMe,Si cl
F.:( == o=(
Cy H t-Bu H H
3p, 66% 3q, 63% 3r, 69%
PhMe,Si Cl PhMe,Si Cl PhMe,Si cl
. D .
cl H MeO H +BuO H
3s, 96% 3t, 82% 3u, 96%
PhMe,Si cl PhMe,Si cl PhMe,Si cl
Dan . .
BnO H Me3Si H H
3v, 93% 3w, 38%! 3x, 45%

[a] Reaction was performed according to the following reaction con-
ditions: Under argon atmosphere, the mixture of 1 (0.2 mmol), 2

(0.4 mmol, 2.0 equiv), Cul (0.05 mmol, 5 mol%), and Et;N (0.4 mmol,
2.0 equiv) in the indicated dry solvent (1.5 mL) was stirred for the
corresponding time at —10°C. [b] The catalyst loading was 10 mol %.
[c] Yield is that of isolated product.

v). Notably, good to high yields were also obtained for the
substrate bearing a bulky substituent such as either a cyclo-
hexyl (3p) or tert-butyl group (3q). Other functional groups
such as chloro and alkoxy gave the target products, 3s and 3t,
respectively, in excellent yields. However, the products 3w
and 3x were only obtained in 38 and 45 % yields, respectively,
from the corresponding trimethylsilyl- and cyclohexenyl-
substituted substrates.

Compared to the catalytic allylic silyl substitution reac-
tions, %<1 only few examples of an Sy2' silylation reaction of
propargyl derivatives have been reported.”® Therefore, we
embarked on studying the catalytic synthesis of optically
active chloro-substituted allenylsilanes (Table 2). After care-
ful screening of various copper catalysts, bases and different
bidentate chiral P-N and chiral oxazoline ligands, we found
that the desired enantioenriched product (§)-3¢ could be
obtained in 62 % yield with 90 % enantiomeric excess in the
presence of 10 mol % CuF,, 20 mol% (4R,4'R,58,5'S)-2,2"-(1-
methylethylidene)bis[4,5-dihydro-4,5-diphenyl oxazole as the
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Table 2: Optimization of the reaction conditions for the synthesis of
enantioenriched chloro-substituted allenylsilane (S)-3 c.®

PhMe,Si, cl
Me@%(C[+ PhMe,Si-Bpin -LCul- fgand”, base b_.:<H
cl (2.0 equiv.) solvent, T,
1c 2 t, Ar gj;)-k
Me
Entry Cat. Ligand* Base Solvent T Yield ee!
(mol %) (mol%) (2.0 equiv) [°Cl %]  [%]
1 Cul 10) L (12) ELN MeOH —10 29 47
2 Cul 100 L, (12) ELN MeOH -10 7 50
3 cul(10) L (12) EGN MeOH -10 91 0
4 Cul 10) L, (12) EtN MeOH -10 17 10
5 Cul 10) Li(12) ELN MeOH —10 32 10
6  Cul(10) L, (12) EGN MeOH —10 68 8
7 Cul 10) Ly(12) EtN MeOH —10 27 2
8 Cul 100 L, (12) ELN EEOH —10 12 40
9  Cul(10) L,(12) PPD MeOH -10 22 52
10 Cul(10) L (12) PPD MeOH —10 61 60
M cul(10) L (12) TMP MeOH —10 61 66
12 Cul(10) L (12) TMP MeOH —30 53 74
13 Cuf, (10) Ly (12) TMP MeOH -30 60 86
4 CuF, (1 0) L, (200 TMP MeOH 30 62 90
15 CuF, (5 L; (10) TMP MeOH —30 62 84

/—F'h

ST T O bty
i «@

[a] Reaction was run under the following reaction conditions: 1¢

(0.2 mmol), 2 (0.4 mmol, 2.0 equiv), base (0.4 mmol, 2.0 equiv),

10 mol % copper catalyst, and ligand in 1.0 mL of either anhydrous
MeOH or EtOH at indicated temperature under argon atmosphere for
corresponding time. [b] Yield of isolated product. [c] The ee values were
determined by HPLC analysis. PPD = piperidine, TMP=2,2,6,6-tetra-
methylpiperidiene.

e

ier L, HPr

[o] 0,
Ph W><WJ “Ph
N N /
Ph s Ph

ligand, and 2 equivalents of 2,2,6,6-tetramethylpiperidine as
an additive in MeOH at —30°C (entry 14). Under these
optimized reaction conditions, other aryl-substituted prop-
argyl dichlorides were tested (Table 3). The corresponding
chiral allenylsilanes could be isolated in moderate to high
yields and with good enantioselectivities [(S)-3a-1]. When
aliphatic substituted propargyl dichlorides were used as the
substrates, the corresponding desired products were all
obtained in good yields albeit with slightly decreased
enantioselectivities in some cases [(S)-3m-t].

To further evaluate the synthetic applicability of chloro-
substituted allenylsilanes, we examined the C—Cl bond
functionalization."” Firstly, the asymmetric disilylation of
propargyl dichloride was performed to synthesize the enan-
tioenriched allenylsilane in one pot. The desired product 6
was obtained in 74% yield and 92% ee (Scheme 2)."*! In
contrast, the enantioenriched (S)-3p was also used for
different C—C bond-formation reactions (Scheme 3). For
instance, the alkynylation product 7 could be obtained in
52% yield by Sonogashira coupling with retention of the
enantioselectivity.™ Likewise, Kumada and Suzuki coupling
reactions using (4-(methoxycarbonyl)phenyl)magnesium
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Table 3: Copper—catall):zed enantioselective synthesis of chloro-substi- TMS—= (2.0 equiv) CIMg@—COzMe
tuted allenylsilanes.?"! gzg(ﬂgpg:;/()s o (20 saum) CO,Me
™S 3 (5 mol% :
CuF, (10 mol%) / THF/EGN = 24 GuBi (10 molt)
cl TMP (2.0 equiv) PhMe.,Si al PhMe,Si, 0°C,Ar, 22h THF, -20 °C to RT, Ar, 5 hPhMeSi.
291, —: g
R—=< + PhMe,Si-Bpin Ls (20 mol% — o w v _ d W
cl (2-0 equiv) MeOH, -30 °C, Ar R/_ :<H 7 Alkynylation Arylation 8
’ 52% yield 84% yield
! 2 L. =Ph OT%TO \Ph (2 80% ee PhMe,Si. cl 80% ee
5= NORY —.
P o w
Ph Ph y
(S)-3p (80% ee)
PhMe;Si, Cl PhMe,Si, Cl PhMezSl.
p— .,_.:< Alkenylation Alkylation PhMe,Si, et
H H PhMe,Si — Vi
d Med z /:.:(_ B 3 oequyy  CHCN (15 mol) Gy 4o H
(S)-3a (S)-3b (S)-3¢ Cy H ’ EtMgBr (2.0 equiv) 74% yield
56% yield, 89% ee 81% yield, 91% ee Me 62% yield, 90% ee 9 Pd(PPhs)s (10mol%)  THF, 0°Cto RT, A, 2.5h TiCl, (1.5 equiv)
88% yield K2CO3 (3.0 equiv) e | CoFsCHO (2.0 equiv)
PhMe,Si Cl PhMe,Si. Cl 80% ee THF/EtOH/H,0 = 3:2:1 DCM, -78 °C
2 ~,__‘ 2! ", PhMeZS| 0°C. Ar, 12 h o Et E E PR
H H .
HO
n-Bu (S)—3d +-BY (S)»3e (S) 3f 79% vyield, dr > 99:1, 72% ee
52% yield, 88% ee 70% yield, 88% ee 62% yield, 90% ee L . . .
°Y 0 Scheme 3. Derivation reactions of chloro-substituted allenylsilanes.
PhMGZSi Cl PhMezsi,_ Cl PhMeZSI
= —e
H H
F Me,PhSi-Bpin
(S)-3h (S)-3i (S)-3k BiiTes&] al cuciL -
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[a] Reaction was performed according to the following reaction con-
ditions: Under argon atmosphere, the mixture of 1 (0.2 mmol), 2

(0.4 mmol, 2.0 equiv), CuF, (0.01 mmol, 10 mol %), TMP (0.4 mmol,
2.0 equiv), and ligand Ls (0.04 mmol, 20 mol %) in anhydrous MeOH
(1.0 mL) was stirred for corresponding time at —30°C. [b] Yield is that of
isolated product.

1) CuF, (10 mol%)
Ls (20 mol%)

TMP (2.0 equiv) PhMe,Si, SiMe,Ph
PhMe,Si-Bpin (2.0 equiv) e
Ve <:> _ (C' MeOH, -30 °C, Ar, 4 h H
ol 2) EtN (2.0 equiv) 5
1c PhMe,Si-Bpin (2.0 equiv) Me 74% yield
-30 °C t0 0 °C, Ar, 10 h 02% e

Scheme 2. Copper-catalyzed one-pot synthesis of enantioenriched dis-
ilyl-substituted allene.

chloride and potassium vinyltrifluoroborate afforded the
products 8 (84 %) and 9 (88 % ), respectively, without erosion
of the ee value.™ According to the previously established
methods on copper-catalyzed substitution of chloroallenes,”*!
an ethyl group could also be introduced to the allene 10 in
good yield. In addition, to determine the efficiency of axial to
central chirality transfer, the TiCl,-mediated addition of 10 to
pentafluorobenzaldehyde was performed. The homopropar-
gylic alcohol 11 was obtained with slightly decreased enan-
tiomeric purity (72 % ee).

Based on previous reports!' and our results, a plausible
mechanistic pathway is proposed (Scheme 4). The Cu-Si

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4. Proposed plausible mechanism for the copper-catalyzed
silylation reaction of propargyl dichlorides.

species A could be generated from the silylboronate 2, CuCl,
and Et;N in methanol. Subsequently, either anfi-selective
elimination or direct addition process takes place, resulting
the formation of either the copper(Ill) intermediate C or
copper(I) intermediate D, respectively, both of which could
be formed from the m-complex B. Either reductive elimina-
tion from C or f-elimination from D then furnishes the
desired allene 3 and releases the copper catalyst for the next
catalytic cycle.

In conclusion, we have developed a general copper-
catalyzed silylation of propargyl dichlorides. Under the
optimized reaction conditions, the racemic and enantioen-
riched chloro-substituted allenylsilanes could be achieved by
S\2' propargyl silylation process. The facile conversions of the
C—Cl bond, including alkynylation, arylation, vinylation,
alkylation, and the chirality transfer from the enantioenriched
allenylsilane product to homopropargylic alcohol, demon-
strate the high synthetic value of this methodology.
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