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Asymmetric Catalysis

Asymmetric Allylation of Carbonyl Compounds Catalyzed by a
Chiral Phosphine–Silver Complex
Akira Yanagisawa,*[a] Nan Yang,[a] and Kentaro Bamba[a]

Abstract: A catalytic, asymmetric allylation reaction of alde-
hydes or ketones with allyltrimethoxysilane was achieved by
using a BINAP·AgBF4 [BINAP = 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl] complex as the chiral precatalyst and triethylamine

Introduction
The asymmetric allylation of carbonyl compounds is a useful
method to obtain optically active homoallylic alcohols, which
are frequently observed in natural products and other impor-
tant organic molecules.[1] Various processes for the catalytic
asymmetric addition of allylic stannanes or silanes to aldehydes
or ketones have been reported to furnish such chiral allylated
products in high yields and satisfactory optical purity; however,
most of these processes use chiral Lewis acid catalysts[2] or
chiral Lewis base catalysts,[3] and only a few employ chiral
Brønsted acid catalysts.[4] The first example of the chiral
silver(I)-catalyzed asymmetric allylation of aldehydes was
reported by Yamamoto and Yanagisawa and colleagues,
who found that a 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl
(BINAP)–silver(I) complex behaved as an efficient chiral Lewis
acid catalyst.[5] Since then, diverse chiral phosphine–silver(I)
complexes have been utilized as chiral catalysts in carbon–
carbon bond-forming reactions.[6] Although these allylation re-
actions are able to yield the corresponding nonracemic prod-
ucts with high enantioselectivity, they have a disadvantage in
that they require environmentally hazardous organotin
reagents. To solve this problem, a Tol-BINAP·AgF-catalyzed
enantioselective Sakurai–Hosomi-type allylation reaction of
aldehydes was developed, in which allyltrimethoxysilane was
used as the allyl donor.[7] We report herein the asymmetric allyl-

Scheme 1. Enantioselective allylation of carbonyl compounds with allyltri-
methoxysilane catalyzed by a (R)-BINAP·AgBF4 complex.
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as the base precatalyst in the presence of 2,2,2-trifluoroethanol.
Optically active homoallylic alcohols with up to 95 % ee were
obtained in moderate to high yields through the in situ gener-
ated chiral allyl silver catalyst.

ation of aldehydes or ketones by using a BINAP·AgBF4 complex
as the chiral precatalyst and triethylamine as the base precata-
lyst in the presence of 2,2,2-trifluoroethanol (Scheme 1).

Results and Discussion
We reported that the BINAP·AgOMe complex could act as a
catalyst in the presence of MeOH and a catalytic amount of
N,N-diisopropylethylamine in the aldol reaction of alkenyl tri-
haloacetates with aldehydes.[8] The reaction was considered to
take place via a chiral silver enolate and a BINAP·AgOMe com-
plex was regenerated with the assistance of MeOH. We envi-
sioned that if a chiral phosphine–allyl silver complex could be
formed from a chiral phosphine–silver alkoxide complex and
an allylsilane, and if an allylated product, a silver alkoxide of a
homoallylic alcohol, could be readily protonated by an alcohol,
the chiral silver alkoxide-catalyzed asymmetric allylation of
aldehydes would be possible. Thus, we initially attempted to
generate a BINAP·AgOCH2CF3 complex from BINAP, silver tri-
fluoromethanesulfonate (AgOTf ), and CF3CH2OH and to use it
as a chiral catalyst in the reaction of allyltrimethoxysilane (2)
with benzaldehyde (1a). Upon treating a 1.5:1 mixture of allyltri-
methoxysilane (2)/benzaldehyde (1a) with (R)-BINAP (10 mol-
%) and AgOTf (20 mol-%) in the presence of N,N-diisopropyleth-
ylamine (40 mol-%) and CF3CH2OH (3 equiv.) in THF at –20 °C
for 20 h, desired (R)-1-phenyl-3-buten-1-ol [(R)-3a] was obtained
in 8 % yield with 6 % ee (Table 1, entry 1). Then, we examined
which silver salt would facilitate the generation of an allyl silver
species and increase the chemical yield of homoallylic alcohol
3a. We found that target product 3a was obtained in 70 % yield
if AgBF4 was used as the silver salt (Table 1, entry 4). Even more
significant was that the silver salt gave the (R)-enriched product
with remarkable enantioselectivity (94 % ee). To attain better re-
sults, we next focused on the effect of a tertiary amine as an
additive. Reducing the amount of N,N-diisopropylethylamine to
20 mol-% still gave (R)-3a in 61 % yield without any loss in the
enantiomeric excess (Table 1, entry 5). However, in the absence
of the amine, the desired adduct was not obtained at all
(Table 1, entry 6). Among the amines (20 mol-%) tested, N,N-

https://doi.org/10.1002/ejoc.201701177


Communication

dicyclohexylmethylamine (Cy2NMe and Et3N provided the best
results with regard to chemical yield and enantiomeric excess
(Table 1, entries 9 and 11). Decreasing the Et3N loading to
10 mol-% further improved the enantioselectivity (Table 1, en-
try 12).

Table 1. Optimization of reaction conditions: silver salts and amines.[a]

Entry AgX Amine (mol-%) Time Yield[b] ee[c]

[h] [%] [%]

1 AgOTf iPr2NEt (40) 20 8 6
2 AgSbF6 iPr2NEt (40) 19 <1 –
3 AgOAc iPr2NEt (40) 21 <1 –
4 AgBF4 iPr2NEt (40) 21 70 94
5 AgBF4 iPr2NEt (20) 21 61 94
6 AgBF4 – 21 <1 –
7 AgBF4 iPr2NH (20) 21 48 94
8 AgBF4 CyNMe2 (20) 21 63 69
9 AgBF4 Cy2NMe (20) 21 83 95
10 AgBF4 pyridine (20) 21 16 15
11 AgBF4 Et3N (20) 21 83 95
12 AgBF4 Et3N (10) 21 77 96
13 AgBF4 Et3N (40) 21 79 81

[a] Unless otherwise specified, the reaction was performed with (R)-BINAP
(10 mol-%), silver salt (20 mol-%), benzaldehyde (1a, 1 equiv.), allyltrimeth-
oxysilane (2, 1.5 equiv.), amine, and 2,2,2-trifluoroethanol (3 equiv.) in THF at
–20 °C. [b] Yield of isolated product. [c] Determined by HPLC analysis.

Subsequently, we investigated the asymmetric induction
ability of chiral phosphines other than BINAP and reconfirmed
that BINAP was the chiral ligand of choice (Table 2, entry 1 vs.
entries 2–7). DM-BINAP was also a possible alternative in terms
of chemical yield and enantioselectivity (Table 2, entry 3). In
contrast, the use of QuinoxP* led to unsatisfactory results, and
allylated product (R)-3a was obtained in 9 % yield with low op-
tical purity (Table 2, entry 7). Then, we studied the reaction
conditions, particularly the optimum solvent and temperature.
Initially, we inspected the appropriateness of toluene and di-
chloromethane as solvents in place of THF, because less-polar
solvents were expected to be more suitable for the formation
of a rigid transition-state structure. However, we found that
those less-polar solvents were disadvantageous from the point
of view of enantioselectivity and yield of the product (Table 2,
entries 8 and 9 vs. entry 1). Lowering the reaction temperature
to –40 °C resulted in a significant deceleration of the reaction
(Table 2, entry 12 vs. 1). There was no substantial damage to the
enantioselectivity if the reaction was performed at 0 °C (Table 2,
entry 13).

We further studied the ratio of BINAP to AgBF4, and the re-
sults are shown in Table 3. If the amount of BINAP was in-
creased to 20 mol-%, the yield of isolated product (R)-3a de-
creased slightly without any loss in enantioselectivity (Table 3,
entry 1 vs. 3). A 1:1 mixture of (R)-BINAP (10 mol-%)/AgBF4

(10 mol-%) still induced the allylation with 90 % ee, but the
product was isolated in a lower yield (42 %; Table 3, entry 4).
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Table 2. Optimization of reaction conditions: chiral phosphines, solvents, and
temperatures.[a]

Entry Chiral phosphine Solvent T Yield[b] ee[c]

[°C] [%] [%]

1 (R)-BINAP THF –20 77 96
2 (R)-H8-BINAP THF –20 77 88
3 (R)-DM-BINAP THF –20 71 94
4 (R)-SEGPHOS THF –20 59 79
5 (R)-DMM-SEGPHOS THF –20 56 85
6 (R)-Tol-SEGPHOS THF –20 60 71
7 (R,R)-QuinoxP* THF –20 9 10
8 (R)-BINAP toluene –20 39 78
9 (R)-BINAP CH2Cl2 –20 6 88
10 (R)-BINAP DMF –20 7 30
11 (R)-BINAP ether –20 <1 –
12 (R)-BINAP THF –40 5 –
13 (R)-BINAP THF 0 67 94

[a] Unless otherwise specified, the reaction was performed with chiral phos-
phine (10 mol-%), silver tetrafluoroborate (20 mol-%), benzaldehyde (1a,
1 equiv.), allyltrimethoxysilane (2, 1.5 equiv.), triethylamine (10 mol-%), and
2,2,2-trifluoroethanol (3 equiv.) in solvent for 21 h. [b] Yield of isolated prod-
uct. [c] Determined by HPLC analysis.

However, the use of a 2:1 mixture of these catalysts reduced
both the yield and the enantioselectivity to a great extent
(Table 3, entry 5). In our aforementioned previous study on the
chiral silver(I)-catalyzed asymmetric Sakurai–Hosomi-type allyl-
ation of aldehydes,[7] we showed that a considerable amount
of an inert 2:1 complex[9] of BINAP/silver(I) salt was formed ac-
companied by a reactive 1:1 complex if BINAP was added to an
equimolar amount of the silver(I) salt in CH3OH. In the reaction,
a 0.6:1 mixture of BINAP/silver(I) salt was found to give the de-
sired 1:1 complex without the formation of the 2:1 complex. As
a result, in the present allylation, a 1:1 complex (BINAP/Ag+ =
1:1) equally showed catalyst activity that was superior to that
shown by the 2:1 complex (BINAP/Ag+ = 2:1).

With the optimum reaction conditions in hand (Table 3, en-
try 1), we performed the chiral silver(I)-catalyzed asymmetric
allylation reaction by using aldehydes 1a–m (Table 4). The intro-
duction of an electron-donating group in the ortho or para po-
sition of benzaldehyde (R = 2-MeOC6H4 and 4-MeOC6H4) pro-
moted the reaction and yielded adducts 3b and 3c predomi-
nantly with 95 % ee, although the yield of isolated product 3c
was somewhat low (Table 4, entries 2 and 3). In addition, we
executed the reaction of aromatic aldehydes 1d–h having an
electron-withdrawing group in the meta or para position and
found that electron-deficient aromatic aldehydes 1d–f showed
high stereoselectivity and satisfactory product yields (Table 4,
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Table 3. Optimization of reaction conditions: ratio of BINAP to AgBF4.[a]

Entry (R)-BINAP Ratio (BINAP/AgBF4) Yield[b] ee[c]

[mol-%] [%] [%]

1 10 0.5:1 77 96
2 12 0.6:1 77 95
3 20 1:1 72 94
4[d] 10 1:1 42 90
5 40 2:1 11 <1

[a] Unless otherwise specified, the reaction was performed with (R)-BINAP,
silver tetrafluoroborate (20 mol-%), benzaldehyde (1a, 1 equiv.), allyltrimeth-
oxysilane (2, 1.5 equiv.), triethylamine (10 mol-%), and 2,2,2-trifluoroethanol
(3 equiv.) in THF at –20 °C for 21 h. [b] Yield of isolated product. [c] Deter-
mined by HPLC analysis. [d] AgBF4 (10 mol-%) was used.

entries 4–6). 1-Naphthaldehyde (1i), 2-pyridinecarboxaldehyde
(1k), and 2-thiophenecarboxaldehyde (1l) were also promising
substrates for the allylation (Table 4, entries 9, 11, and 12). α,�-
Unsaturated aldehydes underwent the 1,2-addition, and indeed,
the reaction of (E)-cinnamaldehyde (1j) with 2 gave (R)-(E)-1-
phenyl-1,5-hexadien-3-ol (3j) almost exclusively (Table 4, en-
try 10). We also examined the reaction between cyclohexane-

Table 4. Enantioselective allylation of aldehydes 1a–m with allyltrimethoxy-
silane (2) catalyzed by (R)-BINAP·AgBF4.[a]

Entry R (1) Time Product Yield[b] ee[c]

[h] [%] [%]

1 Ph (1a) 21 3a 75 95
2 2-MeOC6H4 (1b) 26 3b 90 95
3 4-MeOC6H4 (1c) 40 3c 67 95
4 4-FC6H4 (1d) 22 3d 94 95
5 4-BrC6H4 (1e) 17 3e 94 94
6 4-F3CC6H4 (1f ) 20 3f 89 93
7 3-O2NC6H4 (1g) 18 3g 82 88
8 4-O2NC6H4 (1h) 18 3h 89 84
9 1-naphthyl (1i) 21 3i 87 95
10 (E)-PhCH=CH (1j) 18 3j 96 84
11[d] 2-pyridyl (1k) 26 3k 60 69
12 2-thienyl (1l) 18 3l 83 91
13[d] Cy (1m) 19 3m 24 88

[a] Unless otherwise specified, the reaction was performed with (R)-BINAP
(10 mol-%), silver tetrafluoroborate (20 mol-%), aldehyde 1a–m (1 equiv.),
allyltrimethoxysilane (2, 1.5 equiv.), triethylamine (10 mol-%), and 2,2,2-tri-
fluoroethanol (3 equiv.) in THF at –20 °C. [b] Yield of isolated product. [c] De-
termined by HPLC analysis. [d] The reaction was performed at –20 to 0 °C.
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carboxaldehyde (1m) and allyltrimethoxysilane (2) at –20 to
0 °C for 19 h; however, we obtained target adduct 3m in only
24 % yield, probably because of the low electrophilicity of this
aliphatic aldehyde (Table 4, entry 13).

The aforementioned results further encouraged us to use
ketones in the asymmetric allylation reaction. Initially, we at-
tempted to perform the reaction of simple acyclic and cyclic
ketones, such as acetophenone (4a) and 1-indanone (4b). How-
ever, desired allylated products 5a and 5b were not obtained at
all (Table 5, entries 1 and 2). So, we focused on α-keto carbonyl
compounds as the next target. We showed before that α-keto
esters were good electrophiles for the BINAP·AgI-complex-cata-
lyzed asymmetric aldol reaction of alkenyl trihaloacetates.[8,10]

Treatment of N-tritylisatin (4c) with allyltrimethoxysilane (2) in
the presence of (R)-BINAP (10 mol-%), AgBF4 (20 mol-%), trieth-
ylamine (20 mol-%), and CF3CH2OH (3 equiv.) in dry THF at 0 °C
for 21 h gave optically active allylation adduct 5c in 57 % yield
with 53 % ee (Table 5, entry 3). In addition to 4c, fluorine-atom-
substituted isatin derivatives 4d and 4e also reacted with
allylating agent 2 enantioselectively, although products 5d and
5e had low enantiomeric excess values (Table 5, entries 4 and
5).

Table 5. Enantioselective allylation of ketones 4a–e with allyltrimethoxysilane
(2) catalyzed by (R)-BINAP·AgBF4.[a]

Entry Ketone Time [h] Product Yield[b] [%] ee[c] [%]

1[d] 4a 46 5a <1 –
2[e] 4b 21 5b <1 –
3 4c 21 5c 57 53
4 4d 21 5d 65 21
5 4e 21 5e 73 14

[a] Unless otherwise specified, the reaction performed with (R)-BINAP
(10 mol-%), silver tetrafluoroborate (20 mol-%), ketone 4a–e (1 equiv.), allyltri-
methoxysilane (2, 1.5 equiv.), triethylamine (20 mol-%), and 2,2,2-trifluoro-
ethanol (3 equiv.) in THF at 0 °C. [b] Yield of isolated product. [c] Determined
by HPLC analysis. [d] The reaction was performed at –78 to 0 °C. [e] The
reaction was performed at 0 °C to r.t.

A plausible catalytic cycle is shown in Figure 1. Initially, (R)-
BINAP·AgBF4 reacts with trifluoroethanol in the presence of tri-
ethylamine to afford corresponding (R)-BINAP·AgOCH2CF3,
which is the true catalyst in the present asymmetric allylation
reaction. Next, the thus-generated chiral silver alkoxide attacks
allyltrimethoxysilane (2) to yield chiral allyl silver species 6. The
following addition reaction of chiral allyl silver 6 with carbonyl
compound 1 or 4 provides 7 as the chiral silver alkoxide of the
homoallylic alcohol. Finally, protonation of 7 with CF3CH2OH
results in the formation of optically active homoallylic alcohol
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3 or 5 with regeneration of the chiral silver alkoxide. Rapid alco-
holysis of silver alkoxide 7 promotes the catalytic cycle effi-
ciently.

Figure 1. Plausible catalytic cycle for the asymmetric allylation catalyzed by
chiral silver alkoxide.

A hypothesis for enantioface discrimination involving an al-
dehyde and an allyl silver in the present asymmetric allylation
reaction catalyzed by (R)-BINAP·AgBF4 is presented in Figure 2.
Chiral allyl silver attacks the Re face of the aldehyde to avoid
steric repulsion caused by a phenyl group of the chiral phos-
phine ligand through a six-membered cyclic transition-state
structure. Thus, carbon–carbon bond formation occurs select-
ively to yield the (R)-homoallylic alcohol.

Figure 2. Proposed transition-state structure in the catalytic asymmetric allyl-
ation of aldehydes.

Conclusions

In summary, we demonstrated a novel example of an asymmet-
ric allylation reaction of aldehydes or ketones with allyltri-
methoxysilane catalyzed by an in situ generated chiral allyl
silver species generated from BINAP·AgBF4 and triethylamine.
The procedure is simple, employs readily available chemicals,
and yields various optically active homoallylic alcohols with up
to 95 % ee not only from aromatic, α,�-unsaturated, and ali-
phatic aldehydes but also from isatin derivatives. To the best of
our knowledge, this is the first example of the enantioselective
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allylation of carbonyl compounds catalyzed by a chiral silver
alkoxide.[11] Further work is in progress on the asymmetric reac-
tion.

Experimental Section
General Procedure for the Asymmetric Allylation of Aldehydes
or Ketones Catalyzed by (R)-BINAP·AgBF4 and Et3N: A mixture
of AgBF4 (19.5 mg, 0.1 mmol) and (R)-BINAP (31.1 mg, 0.05 mmol)
was dissolved in dry THF (5 or 2 mL) under an argon atmosphere
with the exclusion of direct light, and the mixture was stirred at
room temperature for 20 min. CF3CH2OH (108 μL, 1.5 mmol) and
Et3N (3.5 or 7 μL, 0.05 or 0.10 mmol) were successively added at a
specified temperature (–20 or 0 °C). The mixture was stirred at the
specified temperature for 10 min. Then, aldehyde 1a–m or ketone
4a–e (0.5 mmol) and allyltrimethoxysilane (2, 0.75 mmol) were suc-
cessively added dropwise to the resulting solution at the specified
temperature. After stirring at –20 °C for 17–40 h or 0 °C for 21–46 h,
the mixture was treated with a mixture of 1 N HCl (5 mL) and solid
KF (ca. 0.5 g) at ambient temperature for 30 min. Then, the resulting
precipitate was filtered off by a glass filter funnel filled with Celite
and silica gel. The filtrate was dried with Na2SO4 and concentrated
in vacuo after filtration. The residual crude product was purified by
column chromatography (silica gel, EtOAc/hexane) to give homo-
allylic alcohol 3a–m or 5c–e (Table 4 or 5). The enantiomeric ratio
of the product was determined by HPLC analysis.

Supporting Information (see footnote on the first page of this
article): Experimental procedures, characterization data, and copies
of the 1H NMR and 13C NMR spectra and HPLC traces.
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