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Since Brook reported the synthesis of acylsilanes in 1957, much
effort has been devoted to the synthesis and synthetic utility of
acylsilanes in organic chemistry because acylsilanes can be
considered as unusual carbonyl compounds bonded with
a silicon-based bulky group at the carbonyl sp* carbon atom.?
Additionally, acylsilanes are a fascinating class of carbonyl
compounds, and as such, growing attention has been paid to
the utilization of acylsilanes in a diverse range of trans-
formations. Therefore, it is an increasingly attractive moiety in
organic synthesis, as demonstrated by the steric and the elec-
tronic effects as well as the unique reactivity pattern of the bulky
trisubstituted silyl groups.® As a family of functional acylsilanes,
the a,B-unsaturated acylsilanes are very attractive building
blocks for organic synthesis.* While various addition reactions
to a,B-unsaturated acylsilanes toward the synthesis of corre-
sponding B-functionalised acylsilanes over past decades,’ to the
best of our knowledge, there is rare examples on the conjugate
addition of organometallic reagents to o,B-unsaturated acylsi-
lanes, and asymmetric versions still remain sparse. The chem-
istry is still remarkably underdeveloped in the case of catalytic
asymmetric conjugate addition reaction with a,B-unsaturated
acylsilanes. There remains, however, a formidable and exciting
challenge associated with the endeavor on the development of
highly chemo- and stereo-selective B-functionalization process.
It occurred to us that copper catalysis could be used to promote
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ee) in the presence of the multifunctional HZNU-Phos with both a phosphine center and BINOL-based diol
moiety that played a crucial role in the achievement of the best enantioselectivity for this reaction.

conjugate addition of organometallic reagents, such as dieth-
ylzine, to o,B-unsaturated acylsilanes. Although enormous
efforts have been performed in the asymmetric 1,4-conjugate
addition of diethylzinc to a,B-unsaturated carbonyl
compounds,® the development of new variants of conjugate
addition reaction with excellent enantioselectivity remains
a challenge (Fig. 1).

Although recent advances have been made in the field of
transformations of acylsilanes, this type of conjugate addition
reaction continues to present a formidable challenge because it
generally generate mixtures of 1,4-adducts and 1,2-adducts
(Fig. 2),> o-hydroxysilanes,” silyl enol ethers,® silyl ethers or
other side-products depending on the Brook rearrangement
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Fig.1 Copper-catalyzed 1,4-conjugate addition of diethylzinc to o, -
unsaturated carbonyl compounds: (a) typical examples of asymmetric
1,4-conjugate addition catalysed by copper® and (b) copper-catalyzed
conjugate addition of diethylzinc to a,f-unsaturated acylsilanes.

(S,R)-configuration
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Fig. 2 Possible products from the conjugate addition reaction of
organometallic reagents [R-M] to a,B-unsaturated acylsilanes.

reaction (migration of a silyl group from carbon center to an
oxygen atom).® We recently developed a synthetic methodology
for the enantioselective copper-catalyzed conjugate addition of
diethylzinc and trapping of the zinc enolate employing a mul-
tifunctional N,0,P-ligand (HZNU-Phos) bearing multiple ster-
eogenic centers," which operates with high level of
enantioselectivity for chalcone and 4-phenylbutenone and its
analogues. The copper/HZNU-Phos catalyst system exhibited
the highest catalytic performance to date in term of enantio-
selectivity (up to >99% ee) and efficiency (TON = 17 600).

Herein, using our multifunctional HZNU-Phos ligand
mentioned above, we would like to report a copper-catalyzed
conjugate addition of diethylzinc to o,B-unsaturated acylsi-
lanes," which provides a catalytic method to give various acyl-
silanes with good enantioselectivity.

Initially, the evaluation of enantioselectivity for the catalytic
asymmetric conjugate addition of diethylzinc to a,B-unsatu-
rated acylsilane 1a were made in the presence of various
ligands. As shown in Fig. 3, different types of chiral phosphine
ligands and multifunctional heteroatom-containing ligands
were used in this work.”> All these phosphine ligands with
different groups can catalyze the conjugate addition of dieth-
ylzinc to a,B-unsaturated acylsilane 1a smoothly with good
conversions. It can be seen that varied enantioselectivities were
achieved from different ligands (Table 1), and the BINOL-
derived multifunctional phosphine ligand (L6, called HZNU-
Phos) showed its great impact on the enantioselective conju-
gate addition reaction. Interestingly, the ligand L5 gave no
enantioselectivity compared to that with L6, which supported
the important role of two phenol groups in this reaction. In
contrast, the  BINAP  (2,2-bis(diphenylphophino)-1,1’-
binaphthyl) and other phosphine ligands evaluated in this work
proved substantially no or low enantioselectivity (<67% ee). The
BINOL-derived phosphine L19 that has been used as a highly
efficient ligand in copper-catalyzed conjugate addition of Et,Zn,
reported firstly by Endo and Shibata,™ proved to be poor ligand
in this reaction, which gave the desired product 2a in low
enantioselectivity. In addition, there is no activity or enantio-
selectivity for L5, L9 (Fei-Phos), L13, or L18 (Tao-Phos), albeit
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Fig. 3 Representative ligands evaluated in the copper-catalyzed
asymmetric conjugate addition of diethylzinc to o,B-unsaturated
acylsilane 1la.

these ligands exhibited excellent enantioselectivity in other
organic transformations, which further suggested the crucial
role of multifunctional group and multiple stereogenic centers
on the (S,R)-HZNU-Phos ligands in the copper-catalyzed conju-
gate addition of diethylzinc to a,B-unsaturated acylsilane 1a.
Although the pybox ligands have been used in this reaction, the
use of pybox L11 (2,6-bis((S)-4-phenyl-4,5-dihydrooxazol-2-yl)
pyridine) and pybox L12  (2,6-bis((S)-4-isopropyl-4,5-
dihydrooxazol-2-yl)pyridine) resulted in low to moderate enan-
tioselectivities in this reaction (up to 53% ee). And interestingly,
the substituent on the pybox has a large effect on the enantio-
selectivity. These screenings of ligands appeared to us as that
the (S,R)-HZNU-Phos ligand (L6) was still the best choice for the
copper-catalyzed conjugate addition of diethylzinc to o,B-
unsaturated acylsilane 1a (Table 1).

After the screening of chiral ligands for catalytic conjugate
addition of diethylzinc to a,B-unsaturated acylsilane 1a, it was
found that the effect of solvents and additive on reaction
enantioselectivity were also important. As shown in Table 2, no
enantioselectivity was detected in THF, and the difference in
enantioselectivity for other solvents was largely, in which the
diethyl ether was further confirmed as the best solvent in this
reaction (Entry 4). Notably, we have also found that Me,Zn,
Ph,Zn, and Et;Al were not suitable organometallic nucleophiles

RSC Adv., 2017, 7, 54934-54938 | 54935
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Table 1 The enantioselectivities of copper-catalyzed asymmetric
conjugate addition diethylzinc to a,B-unsaturated acylsilane 1a in the
presence of various ligands (L1-L20)
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Table 2 Screening of reaction conditions: the enantioselectivities of
copper-catalyzed asymmetric conjugate addition of diethylzinc to
a,B-unsaturated acylsilane 1a“

Cu(OTf), (2.0 mol%)

o Ligand (3.2 mol% 0
WSi( Ety,Zn (6 eq.) si”
| ™ Et,0, -20°C ™
1a 2a

Entry Ligand Solvent T (°C) Yield® (%) ee’ (%)
1 L1 Et,O —20°C 36 —57
2 L2 Et,O —20°C 48 —-20
3 L3 Et,O —20°C 20 -9
4 L4 Et,O —20°C 25 —-11
5 L5 Et,O —20°C 79 0
6 L6 Et,O —20°C 80 85
7 L7 Et,O —20°C 33 15
8 LS Et,0 —20°C 28 11
9 L9 Et,O —20°C 50 0
10 L10 Et,O —20°C 65 —28
11 L11 Et,O —20°C 77 -9
12 L12 Et,O —20°C 40 —53
13 L13 Et,O —20°C 35 0
14 L14 Et,O —20°C 56 —-20
15 L15 Et,O —20°C 75 —67
16 L16 Et,0 —20°C 78 —60
17 L17 Et,O —20°C 37 —-25
18 L18 Et,O —20°C 59 0
19 L19 Et,O —20°C 65 -11
20 L20 Et,O —20°C 27 -9
% Reaction conditions: ,B-unsaturated acylsilane 1a (0.5 mmol),

Cu(OTf), (2 mol%), chiral ligand (3.2 mol%). The conversions were
detected by GC-MS. ” The enantiomeric excess (ee) was determined by
chiral HPLC analysis.

in this copper-catalyzed conjugate addition reaction of 1a (see
Table S1 of ESIT).

In addition, the desired product was obtained with almost
the same level of enantioselectivity when general inorganic
bases, such as KHF,, K,CO3;, KHSO,, or KH,PO,, were used as
additive in this reaction (Table 2, Entries 5-8). However, further
improvement with chiral cinchona alkaloid, such as cinchoni-
dine, and with Lewis acid (ZnCl,), were proved to be unsuc-
cessfully because of inferior enantioselectivity in these cases
(40% ee and 11% ee respectively, entries 9 and 10). Overall, the
adduct 2a could be obtained in 85% ee when the reaction run in
Et,O in the presence of Cu(OTf),/HZNU-Phos (L6) at —20 °C.
Therefore, these reaction conditions would be the most suitable
for the catalytic asymmetric conjugate addition of diethylzinc to
a,B-unsaturated acylsilane at present.

Having identified an efficient chiral phosphine ligand with
suitable reaction conditions, we continued to evaluate the
substrate scope of the catalytic asymmetric copper-catalyzed
asymmetric conjugate addition of diethylzinc to a,B-unsatu-
rated acylsilanes. As shown in Table 3, a variety of aromatic
groups on o,B-unsaturated acylsilanes were examined for this
reaction, and the corresponding products 2 were obtained in
moderate to good yields with promising enantioselectivities

54936 | RSC Adv., 2017, 7, 54934-54938

Cu(OTf), (2.0 mol%)

0 Ligand (3.2 mol% o
~ Sii EtyZn (6 eq.) _ s~
‘ Solvent, additive, -20°C >
1a 2a
Entry Solvent Additive Time (h) Yield ee? (%)
1 THF — 9 75 0
2 DCM — 9 83 71
3 Toluene — 9 85 69
4 Et,O0 — 9 80 85
5 Et,O KHF, 5 65 76
6 Et,0 K,CO; 5 67 76
7 Et,0 KHSO, 5 75 78
8 Et,0 KH,PO, 5 68 76
9 Et,O Cinchonidine 5 55 40
10 Et,0 ZnCl, 5 23 11

“ Reaction conditions: 1a (0.5 mmol), Cu(OTf), (2 mol%), (S,R)-HZNU-
Phos (3.2 mol%). The conversions were completed (>99%) that
detected by GC-MS. © The enantiomeric excess (ee) was determined by
chiral HPLC analysis.

(Table 3). Most of a,B-unsaturated acylsilanes resulted in
moderate to good ee values. However, the substituted groups on
the ortho-position of phenyl ring that derived from aromatic
aldehydes were proved to a disadvantageous factor in the
enantioselective conjugate addition cycloaddition. For example,
the variation of phenyl of substrate 1a to ortho-halide
substituted phenyl derivatives were generally found to be
underwent conjugate addition in low enantioselectivities but
with good isolated yields (Entries 7-10 of Table 3). Furthermore,
the use of meta-Cl substituted o,B-unsaturated acylsilane
instead of ortho-Cl substituted o,B-unsaturated acylsilane also
underwent selective conjugate addition with good enantiose-
lectivity and excellent yields (Entry 11, 98% yield and 68% ee).
Unfortunately, the X-ray data of product 3 are not available at
present. Notably, in the past years, electronic circular dichroism
(ECD) has been proved to be a reliable and alternative option to
determine absolute configurations of enantioenriched mole-
cules.” In order to determine the absolute configuration of the
chiral acylsilane product 3, we compared the calculated CD
spectrum and experimental CD spectrum of the acylsilane
compound 3d (see ESI, Fig. S1-S51), in which the (R)-configu-
ration of the stereogenic sp® carbon center on chiral acylsilane
product 3d is proposed to be more possibly than that of acyl-
silane product 3d with (S)-configuration based on the calculated
results (Fig. S47) as well as the experimental CD spectra of chiral
4-pheny-hexan-2-one (S-configuration, Fig. S11).*

In summary, we have investigated the catalytic asymmetric
conjugate addition of diethylzinc to o,B-unsaturated acylsi-
lanes. This conjugate addition reaction was performed
smoothly in moderate to good yields and promising enantio-
selectivities (up to 85% ee). The preliminary study suggested

This journal is © The Royal Society of Chemistry 2017
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Table 3 Substrate scope of copper-catalyzed asymmetric conjugate
addition of diethylzinc to a,B-unsaturated acylsilanes®

Cu(OTf), (2.0 mol%)

(e}
HZNU-Phos (3.2 mol%) e
NN Et,Zn (6 eq.) N si”
Ry | Et,0, -20°C R |
S ‘ up to 85% ee
OO N/\/© up to 98% yield
OH IT\
] l OH pyPh
(S,R)-
(HZNU-Phos)
Entry R Yield® (%) ee’ (%)
1 H 3a: 56 85
2 p-Me 3b: 40 80
3 p-Et 3¢: 65 72
4 p-Cl 3d: 60 66
5 p-CF, 3e: 60 52
6 p-Br 3f: 60 72
7 o-F 3g: 32 26
8 o0-Cl 3h: 68 9
9 0-Br 3i: 70 34
10 0-CF, 3j: 40 35
11 m-Cl 3k: 98 68

% Reaction conditions: o,B-unsaturated acylsilane 1 (0.5 mmol),
Cu(OTf), (2 mol%), chiral ligand is (S,R)-HZNU-Phos (3.2 mol%).
b Isolated yield. © The enantiomeric excess (ee) was determined by
HPLC analysis on a chiral stationary phase (see ESI for details).

that the multifunctional HZNU-Phos play a crucial role in this
asymmetric conjugate addition reaction, in which both phos-
phine center and BINOL-based diol moiety were indispensable
functional groups to the achievement of the best enantiose-
lectivity for this reaction at present, in which the experimental
results further indicate the powerful potential of HZNU-Phos in
the asymmetric catalysis. Further studies on the investigation of
catalytic performance of HZNU-Phos in catalytic asymmetric
transition metal-catalyzed organic transformations are
currently underway and will be reported in due future.
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