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ABSTRACT: Asymmetric allylation of aldehydes with γ-
disubstituted allyl halides has been achieved in the presence of
a sulfonamide/oxazoline chromium complex. A variety of
synthetically useful α-homoallylic alcohols with two consec-
utive stereogenic centers, including one quaternary carbon, can
be accessed in a highly diastereoselective and enantioselective
manner.

Catalytic and enantioselective construction of quaternary
stereocenters constitutes an important topic because of

the wide occurrence of this motif in biologically active
molecules.1 Sustained interest has been directed into this very
challenging research area.2 Thanks to the efforts of different
research groups, quite a few efficient strategies have been
developed, such as asymmetric Claisen rearrangement,3

intermolecular cycloaddition and intramolecular cyclization
reactions,4 SN2′-type allylic substitution of 3,3′-disubstituted
allyl electrophiles,5 enantioseletive conjugate additions on
prochiral β,β-disubstituted enones and other related electro-
philes,6 asymmetric alkylation of α-monosubstituted ketones,
nitriles, and esters,7 transition-metal-catalyzed asymmetric
insertion reactions including Heck-type addition,8 dearomative
addition reactions,9 etc. Carbonyl allylation with allylmetal
reagents represents a significant transformation in organic
synthesis, as the resulting homoallylic alcohols serve as
important building blocks leading to polypropionate-derived
natural products, carbohydrates, and other polyhydroxylated
compounds.10 A quaternary stereocenter could be generated
when a 3,3′-disubstituted allylmetal reagent was employed.
However, for asymmetric versions, only a few elegant methods
using allyl boronates,11 allyl silicate reagents12 and iridium-
catalyzed coupling of alcohols with vinyl epoxide13 have been
reported. Given the broad existence and diverse application of
homoallylic alcohols, methods to construct this important motif
under mild reaction conditions from facile starting materials are
still highly desired.
3,3′-Disubstituted allyl halides are readily available stock

chemicals and are easy to prepare. Direct use of them as
carbonyl allylation reagents to generate quaternary stereogenic
centers has been investigated in chromium catalysis14 and
indium catalysis.15 However, constructing enantioenriched
quaternary stereocenters by the above-mentioned methods
still remains an unmet challenge. In line with our continuing
interest in chromium-catalyzed coupling of functionalized
organohalides with aldehydes,16 herein we report our
preliminary results on chromium-catalyzed enantioselective

carbonyl allylation with 3,3′-disubstituted allyl halides (Scheme
1). Besides the high degree of anti diastereoselectivity and

enantioselectivity, the highlights of this reaction also include the
following: (1) sulfonamide/oxazolines developed by Kishi were
the most effective chiral ligands (Figure 1);17 (2) this reaction
exhibits broad functional group compatibility and mild reaction
conditions; (3) 3,3′-disubstituted allylic halides can be directly
used as starting materials, and two substituents can be freely
functionalized; (4) the utility of this protocol was demonstrated
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Scheme 1. Catalytic and Asymmetric Construction of
Quaternary Stereocenters

Figure 1. Tested ligands.
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in the formal asymmetric synthesis of an enantiomer of the
serotonin antagonist LY426945 and an enantioselective syn-
thesis of (+)-bakuchiol.
At the beginning, the reaction between dihydrocinnamalde-

hyde and easily accessible (E)-(4-chlorobut-2-en-2-yl)benzene
(1a) was chosen as the model reaction. With L1 as the chiral
ligand,16 the desired product 2a was obtained in 70% yield with
about 50% ee as a single diastereomer. However, extensive
ligand screening and conditions optimization centered on the
carbazole-based bisoxazoline ligands led to no further improve-
ment in enantioselectivity.18 Diphenylamine bis(oxazoline) L2
was also examined, and 30% ee was observed.19 Known L3 was
also tested, and 2a was obtained in 67% yield with 45% ee
(Table 1, entry 4). The effects of chiral ligands on the reaction

are summarized in the Supporting Information. Then we tested
the modified sulfonamide/oxazoline ligand L5.17 To our
delight, a slight increase in enantioselectivity was observed,
and 2a was obtained in 70% yield with 55% ee (Table 1, entry
6).20 Attention was then directed toward the optimization of
sulfonamide ligands. A modified synthetic route was developed
to prepare a series of sulfonamide ligands bearing different
substitutions with varying size and electron-inductive ability.21

Isopropyl as the R1 substituent was identified as the substitution
of choice. Further ligand screening studies revealed that the
enantioselectivity increased as the bulkiness of the substituent
R3 was enhanced. Menthol was determined to be the optimal
substituent. Fixing R1 as isopropyl and R3 as menthol, we then
turned our attention to R2. Eventually, ligand L7 with a 2,3,4-
trifluorobenzenesulfonyl group was the most effective, affording
2a in 75% yield with 91% ee.
The impact of various deviations from the standard reaction

conditions was also evaluated. Solvent screening revealed that
THF gave the best results. The presence of a tiny amount of
NiCl2 is critical to the efficiency of the coupling reaction, as the

yield of 2a decreased under conditions without this component.
Cheaper and easier-to-handle CrCl3 could also be directly used
(87% yield, 86% ee; Table 1, entry 10). In this case, the
complexation step required the addition of 1 equiv of Mn
metal. CsI exhibited an enhancing effect on the coupling rate
and enantioselectivity. Similar to LiCl, CsI is likely to facilitate
the formation of the allyl species and its transmetalation to the
chiral chromium complex. Both TMSCl22 and ZrCp2Cl2

23 have
been previously used as dissociating reagents; in this case,
TMSCl had slightly lower efficiency (Table 1, entry 13).
Notably, the reaction scale could be increased to 1 mmol with
maintenance of the efficiency (Table 1, entry 14).
This highly enantioselective synthesis of 2a could also be

expanded to reactions with a broad range of aldehydes, and
high enantioselectivity (90−95% ee) was obtained (Scheme 2).
Coupling of 1a with representative aliphatic aldehydes,
including cyclohexyl carboxaldehyde and heptaldehyde, pro-
ceeded smoothly, and the corresponding homoallylic alcohols
2b and 2c were isolated in high yields with excellent

Table 1. Optimization of the Reaction Conditions

entrya deviation from the standard conditions yield (%)b ee (%)c

1 none 72 91
2 L1 65 50
3 L2 65 30
4 L3 67 45
5 L4 69 7
6 L5 66 55
7 L6 70 55
8 rt instead of −10 °C 70 83
9 5% CrCl2, 7% L7 78 85
10 CrCl3

d,e 64 86
11 without NiCl2 50 81
12 without CsI 49 72
13 TMSCl instead of ZrCp2Cl2 60 83
14 1 mmol of aldehyde 70 91

aThe reactions were carried out on a 0.2 mmol scale, unless noted
otherwise. bIsolated yields. cDetermined by chiral HPLC analysis; the
product configuration was assigned by comparison with a reported
example. d1 equiv of Mn was added for the complex formation.
eComplexation took 8 h.

Scheme 2. Scope Studiesa

aAll of the reactions carried out on a 0.2 mmol scale under the
standard conditions. Ligand L7 was used. Generally over 15/1 anti
diastereoselectivity was observed. The product configuration was
assigned by comparison with a reported examples.12e,f,26b bReactions
carried out at 1 mmol scale.
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enantiomeric excess (91% and 94% ee). Substrates with a
chloro group and a terminal C−C double bond reacted well,
giving 2d and 2e in good yields with high ee. The naturally
occurring aldehyde (−)-citronellal, bearing a chiral methyl
group β to the carbonyl group, exhibited negligible catalyst−
substrate mismatching profile, as the reaction of (−)-citronellal
worked well, giving product 2f as a single diastereomer in 82%
yield with (+)90% ee. Attempts to modify the substituents on
the allyl chloride turned out to be successful. Substrates with
slightly increased bulkiness resulting from changing the methyl
group to an ethyl group reacted equally well with three aliphatic
aldehydes, giving products 2g−I in good yields of 79−81% with
excellent ee (>90%).
The reaction of a substrate bearing two aliphatic substituents

(one methyl and one cyclohexyl) worked slightly better than
1a, leading to product 2j in 83% isolated yield with 93% ee. The
phenyl group at the γ-position could be freely halogenated with
Cl, Br, and F without compromising the reaction efficiency in
terms of yield and ee, as products 2k−p were isolated in
moderate to good yields with decent ee ranging from 91% to
95%. To our delight, commercially available geranyl bromide
could serve as a suitable substrate for this reaction as well; an
even higher enantioselectivity was obtained with dihydrocinna-
maldehyde, as the corresponding product 2q was isolated in
76% yield with 95% ee. Notably, this allylation protocol could
be applied to aryl aldehydes and α,β-unsaturated aldehydes to
produce the corresponding 2r and 2s in moderate to good
yields with good enantiomeric excess (90−93% ee) and slightly
decreased diastereoselectivity (5/1 and 4/1, respectively).
Furthermore, a sulfonyl function could be tolerated, giving
the highly functionalized product 2t in 81% yield with 92% ee.
It is worth mentioning that in our attempt to make another

pair of diastereomers by the coupling of (Z)-geranyl bromide
with dihydrocinnamaldehyde, a significant erosion of the
diastereoselectivity was observed, presumably due to the Z/E
isomerization, in which the undesired E configuration is more
favored in the transition state.
To demonstrate the synthetic potential of our methodology,

two short transformations were carried out (Scheme 3). One of
the allylation products, 2c (95% ee), underwent hydroboration
and oxidation smoothly to deliver a 90% yield of diol 3, which

is the enantiomer of an advanced intermediate in the synthesis
of the serotonin antagonist LY426945.24 The reaction of
commercially available 2-(4-methoxyphenyl)acetaldehyde with
geranyl bromide proceeded smoothly to give product 2u in
good yield with 91% ee. 2u was converted into dehydroxylated
4 via a two-step sequence. The final demethylation of 4 with
MgMeI furnished the natural product (S)-bakuchiol, which
belongs to a family of monoterpene phenols occurring in the
traditional Chinese medicinal plant Psoralea corylifolia L.25

Many of these natural product members and derivatives display
a variety of biological activities and are currently the subject of
active investigations.26

In summary, we have established an efficient method to
construct two consecutive stereogenic centers, including one
quaternary carbon, through chromium-catalyzed asymmetric
allylation of aldehydes with γ-disubstituted allyl halides. Key
features include readily available allylation reagents, convenient
execution and mild reaction conditions, broad functional group
tolerance, and high levels of diastereoselectivity and excellent
enantioselectivity. The synthetic value was demonstrated in two
short transformations. We positively believe that this protocol
will find applications in the enantioselective synthesis of
pharmaceutical compounds and natural products containing
quaternary stereocenters.
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