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The development of efficient catalytic asymmetric method-
ologies for the construction of chiral, nonracemic tertiary
alcohols is currently a challenging research area of interest,"
and a few asymmetric catalytic methods dealing with this
demanding task have been described.*” Despite excellent
progress in the field of metal-catalyzed enantioselective
nucleophilic addition to ketones, only limited success has
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been achieved in catalytic enantioselective
aldol reaction to ketones.”” The reported
systems suffer from either moderate enan-
tioselectivity and/or poor substrate scope and
practicality. Moreover, they involve silyl
enolate derivatives as nucleophilic partners
and thus require an additional and stoichiometric step for
their preparation. We are interested in developing an efficient
catalytic and enantioselective aldol reaction to simple ketones
that overcomes these limitations and does not involve
preactivation of the nucleophile in an independent step.®!

For this purpose, we turned our intention to the domino
conjugate reduction/aldol reaction between a,f-unsaturated
carbonyl compounds and ketones with hydrosilane as the
reducing agent.”) This three-component reaction,'” which
allows the preactivation of the nucleophile in situ by gen-
eration of a silyl or metal enolate, was successfully employed
in the catalytic asymmetric reductive aldol reaction between
a,p-unsaturated esters and prochiral aldehydes in the pres-
ence of chiral thodium and iridium complexes.""'?! Never-
theless, to our knowledge, such a strategy for the develop-
ment of a catalytic asymmetric aldol process has not been
applied to ketones."! Herein we disclose our initial studies
towards this goal and report the first metal-catalyzed
diastereo- and enantioselective intermolecular domino con-
jugate reduction/aldol reaction between methyl acrylate and
simple ketones.!"/

In 1997, pioneer work by Mori et al."! suggested that
[CuF(PPh;);]-2 EtOH was an efficient copper (1) source for the
generation of copper hydride species by transmetalation of an
hydrogen atom from hydrosilane without any additional
silane activator.'®!”) The copper hydride species generated
under theses conditions reduced o,B-unsaturated carbonyl
compounds  stoichiometrically™ in a  14-selective
manner.'>"! Later, various enantioselective copper hydride
catalyzed protocols for the 1,4-reduction of a variety of
prochiral conjugated compounds were successfully developed
by using other copper hydride precursors that were also
generated from a stoichiometric amount of silane reagent.””!
These reactions are proposed to proceed by formation of a
copper enolate that subsequently undergoes metathesis with a
silane to form a silyl enolate. The latter can further participate
in an alkylation,”'¥ arylation,” or Mukaiyama aldol®
reaction to give a one-pot sequential process overall. Trapping
the copper enolate by the formation of a C—C bond with an
electrophilic ketone partner at a rate faster than the metath-
esis step could be an opportunity for the development of a
copper-catalyzed stereoselective domino reaction between
a,B-unsaturated carbonyl compounds and ketones. Shibasaki
et al. recently reported a general method for the catalytic
aldol reaction between ketene trimethylsilyl acetates and
ketones by using catalytic [CuF(PPh;);]2EtOH in the
presence of a stoichiometric amount of (EtO),SiF additive.”
Mechanistic studies showed that the copper enolate inter-
mediate was the reactive nucleophile in this process.**"
These observations prompted us to investigate the use of
chiral diphosphane-modified copper fluoride as a catalyst for
the stereoselective reductive aldol reaction between methyl
acrylate and aromatic ketones with hydrosilanes [Eq. (1)].
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Our initial experiment was conducted on acetophenone
(1; R =C¢Hs) and methyl acrylate (2) with a catalytic amount
of [CuF(PPh;);]-2MeOH™! (3) and Roche chiral ligand (S)-
L1 and a stoichiometric quantity of phenylsilane at 0°C.*® In
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the presence of 3 and (S§)-L1 (1.25 mol%) catalyst, the
reaction was almost complete in 2h (95% conversion) to
afford solely a single product, which was identified as adduct
4.[27]

Despite high chemoselectivity (99 % ), 4 was obtained in a
low diastereomeric ratio (d.r.=41:59) but with an encourag-
ing 51 % ee for the major threo isomer (Table 1, entry 1).* To
optimize these results, several parameters were changed.
Copper (1) salts were first surveyed to assess the effect of the
copper hydride precursor on the reaction. No significant
changes in chemo-, diastereo-, and enantioselectivity of the
domino reaction between 1 (R = C¢H;) and 2 were observed
when using either PPhy-free CuF-L1,) CuOrBu-L1®" or
CuCl/NaOrBu-L1 systems under the same conditions.*! The
media effect was then examined by using the easy to handle
and air-stable precatalyst 3 and ligand (S)-L1.

The selectivity of the domino process did not improve by
replacing THF with toluene. However, a more polar solvent
such as DMF led to poorer conversion and a lower ee value of
the threo isomer. We next investigated the temperature
dependence of the reaction. Varying the temperature from 0
to —50°C raised the ee value of erythro-4 from 2 to 25%
(Table 1, entry 1 versus 2), but had hardly any influence on
the chemo- and diastereoselectivity of the reaction or on the
ee value of the threo isomer. However, when the reaction was
run at —78°C, chemoselectivity dropped significantly from 99
to 52% (Table 1, entry 1 versus 3). Diverse chiral ligands were
subsequently screened under the optimized conditions (3,
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Table 1: Asymmetric copper-catalyzed reductive aldol reaction between methyl acrylate (2) and acetophenone (1; R=CgH;) under various reaction

conditions with different chiral ligands L1-L11.”!

Entry Ligand t[h] Conversion [%]" Chemoselectivity [%]® d.r® erythro ee® [%)] el [%)]
threo (erythro-4) (threo-4)
160 L1 2 95 99 41:59 2 51
2 L1 2 80 98 41:59 25 55
3 [l L1 2 77 52 45:55 16 38
4 L2 1 99 98 78:22 0 2
5 L3 1 98 98 54:46 29 52
6 L4 1 99 >99 54:46 -73 —63
7 L5 1 98 >99 56:44 40 45
8 L6 2 96 98 74:26 16 -1
9 L7 2 99 >99 77:23 13 35
10 L8 1 99 99 76:24 -85 —94
11 L9 1 99 >99 92:8 951 72
121 L9 4 92 >99 89:11 87 55
13 L10 2 99 99 88:12 -22 37
14 LM 2 99 >99 64:36 4 46

[a] Reactions were carried out in solution (0.25 M) in toluene at —50°C under an oxygen-free argon atmosphere containing 1 (R=CH;) (1.0 equiv), 2
(1.2 equiv), 3 (1 mol %), ligand (1 mol %), PhSiH; (1.4 equiv) unless otherwise stated. [b] Determined by chiral GC analysis. [c] Chemoselectivity = (4/
(4+phenylethanol) x 100). [d] Absolute configuration: 2R,3S (see Supporting Information). [e] 1 (0.8 equiv), 2 (1.0 equiv), 3 (1 25 mol %), ligand
(1.25 mol %), PhSiH, (1.2 equiv). [f] At 0°C. [g] At —78°C. [h] 3 (0.1 mol%), L9 (0.1 mol %).

toluene, —50°C). Among them, diphosphane-based ligands
were the most promising ligands in terms of activity and
selectivity.*”) Various families of chiral diphosphane ligands
L2-L11 were tested, and some results are summarized in
Table 1, entries 4-14. To our delight, the reactions were highly
chemoselective (>98%) and almost complete (95-98%
conversion) in less than 2h (unoptimized reaction time),
regardless of the ligand structure. The erythro-4 isomer was
favored in all cases. We first investigated axially chiral biaryl
ligands L2 and L3. The substitution of (§)-L1 for (S)-L2 led to
a remarkable improvement in the diastereoselectivity (d.r.
41:59—78:22) in favor of the erythro isomer (Table 1, entry 2
versus 4). Unfortunately, both isomers were obtained as a
racemic mixture. The employ of commonly used (S)-L3
restored some enantioselectivity to the reaction with 29 and
52% ee for the major and minor isomers, respectively, despite
a decrease in the diastereoselectivity (Table 1, entry 4 versus
5).

We then assessed chiral ferrocenyl-based diphosphane
ligands available from the Solvias kit. Among the different
ligand families tested, the josiphos™® and taniaphos®®*® ligand
families were the most efficient in terms of diastereo- and/or
enantioselectivities. For example, the combination of C;-
symmetric (R,S)-L4 and precatalyst 3 in the presence of 1, 2,
and phenylsilane afforded almost quantitatively the adduct 4
with a moderate —73 % ee for the erythro isomer, despite a
low 54:46 d.r. (Table 1, entry 6). The use of L5, which bears a
more acidic phosphane group on the side chain, did not
improve the diastereomeric ratio but led to a significantly
lower enantioselectivity (Table 1, entry 7). Improved diaste-
reocontrol of the reaction was observed with mandyphos
diphosphane ligands (R,S)-L6 and (R,S)-L7, which have a C,-
symmetric backbone (Table 1, entries 8 and 9). Unfortu-
nately, both ligands afforded 4 with low enantioselectivities.

We subsequently tested taniaphos ligand (R,S)-L8, which
contains a 1,5-diphosphane unit and hence is capable of
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forming an eight-membered chelate ring with a metal.
Taniaphos ligand (R,S)-L8 provided a diastereoselectivity
(d.r. 76:24) similar to that obtained with mandyphos ligands
(R,S)-L6 and (R,S)-L7. However, the enantiodifferentiation
was drastically enhanced for both isomers of 4. Under the
optimal conditions, the reaction with (R,S)-L8 furnished
adduct 4 with —85 ee and —94 % ee for the erythro and threo
isomers, respectively (Table 1, entry 10). The substitution of
phenyl groups attached to phosphorus atoms of L8 by
cyclohexyl substituents further improved the diastereo- and
enantioselectivity of the reaction.* Indeed, the addition of 1,
2, and phenylsilane to 3 (1 mol %) and (R,S)-L9 (1 mol % )in
toluene gave 4 with 92:8 d.r. in favor of the erythro isomer and
95 % ee for the major isomer (Table 1, entry 11). The catalyst
loading can be decreased to 0.1 mol% without significant
variation of chemo- and diastereocontrol (Table 1, entry 12).
However, under these conditions, a slight decrease in the
enantioselectivity was observed for the preponderant isomer.
Notably, for both privileged™ josiphos and taniaphos ligand
families, the opposite absolute configuration of the major
compound was observed when the groups on the phosphorus
atoms were changed from alkyl to aryl substituents (Table 1,
entry 6 versus 7 and entry 10 versus 11). Moreover, a change
from josiphos ligands (R,S)-L4 and (R,S)-L5 to taniaphos
ligand (R,S)-L9 and (R,S)-L8, respectively, which exhibit the
same planar chirality, afforded erythro-4 with the opposite
configuration (Table 1, entry 6 versus 11 and entry 7 versus
10).5% The use of other chiral ligands bearing a 1,5-diphos-
phane unit such as walphos ligands (R,R)-L10 and (R,R)-L11
afforded adduct 4 with lower diastereo- and enantioselectivity
(Table 1, entries 13 and 14).

Next, we analyzed the scope of the copper-catalyzed
asymmetric reductive aldol reaction with respect to the
ketone substrate by using taniaphos chiral ligand (R,S)-L9
under the optimal conditions. A variety of aromatic and
heteroaromatic ketones participate successfully in the reac-
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Table 2: Asymmetric copper-catalyzed reductive aldol reaction between 2 and various aromatic ketones 1 with (R,S)-L9 under the optimal conditions.?

Entry R t[h] Yield [%]"! Chemoselectivity [%] d.r erythro/ ee® [%)] e [%)]
threo (erythro-4) (threo-4)

1 CeHs 1 98 >99 92:8 951l 72

2 p-FCeHs 1 88 94 91:9 92 73

3 p-CF3CeHs 1 87 89 80:20 83 72

4 pMeOCHs 1 311 97 92:8 90 56

5 p-CICeHs 1 95 95 86:14 90 77

6 m-CIC¢H; 1 70 89 88:12 82 n.d.e
78 2-thienyl 2 94 >99 96:4 90 15

8 3-thienyl 2 95 >99 95:5 95 65

[a] Reactions were carried out in solution (0.25 m) in toluene at —50°C under an oxygen-free argon atmosphere containing 1 (1.0 equiv), 2 (1.2 equiv),
3 (1 mol%), (R,S)-L9 (1 mol%), PhSiH; (1.4 equiv) unless otherwise stated. [b] Determined by chiral GC analysis. [c] Chemoselectivity = (4/
(4+phenylethanol) x 100). [d] Absolute configuration: 2R,3S. [e] Not determined. [f] Conversion determined by GC analysis and not optimized. [g] 3

(3 mol %), (R,S)-L9 (3 mol%). [h] Yield of isolated product.

tion (Table 2). For the range of substrates studied, the
diastereo- and enantioselectivity of the reaction were mod-
erate to high (erythro-4: d.r. 80:20-96:4 and 82-95% ee). As a
general trend, the introduction of a halogen substituent at the
para or meta position of acetophenone slightly decreased the
diastereoselectivity of the reaction and the enantioselectivity
of the major isomer (Table 2, entry 1 versus entries 2, 5, and
6). The substitution of an electron-withdrawing group at the
para position of acetophenone by an electron-donating group
increased both the diastereomeric ratio and the ee of the
erythro compound (Table 2, entry 3 versus 4). Heteroaro-
matic ketones such as 2- and 3-thiophene-substituted ketones
also took part efficiently in the domino sequence to give the
corresponding erythro-4 compound with very high chemo-,
diastereo-, and enantioselectivity (Table 2, entries 7 and 8).

In summary, we have developed a new strategy for the
catalytic asymmetric aldol reaction of ketones that relies on a
domino reduction/aldol reaction sequence between methyl
acrylate and aromatic ketones. The process, catalyzed by a
diphosphane-modified copper(l) fluoride complex in the
presence of phenylsilane, is highly selective (chemo-, dia-
stereo-, and enantioselectivity) for a range of aromatic
ketones. This strategy circumvents the need to preactivate
the nucleophile prior to the C-C bond-forming step and
affords highly functionalized products with two contiguous
stereogenic centers, one of which is a chiral tertiary alcohol.
Current efforts are focused on exploring the breadth of this
domino reaction.
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