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Highly Enantioselective Aryl Additions of [AlAr3(thf)] to Ketones
Catalyzed by a Titanium(IV) Catalyst of (S)-Binol**
Chien-An Chen, Kuo-Hui Wu, and Han-Mou Gau*

The asymmetric catalytic C�C bond formation by addition of
an organozinc reagent to aldehydes for the synthesis of
enantiomerically pure secondary alcohols as building blocks
for bioactive compounds has been extensively studied, and
numerous catalytic systems have been developed to yield
excellent enantioselectivities.[1] Since tertiary alcohols appear
in bioactive compounds,[2] the construction of chiral quater-
nary carbon centers is synthetically important owing to the
inertness of ketones toward additions of carbon nucleophiles
and less differentiation of the two groups attached to the
carbonyl carbon atom. Despite efforts in recent years, only
limited examples of catalytic asymmetric additions to ketones
have been reported to give excellent stereoselectivities.
Organozinc compounds have been used for asymmetric
additions of alkyl compounds to ketones[3] or a-ketoesters[4]

and for additions of vinyl,[5] alkynyl,[2c,6] or aryl compounds[7]

to ketones. For allyl addition reactions, the considerably toxic
allyl tin compounds have been the commonly used reagents,[8]

and in fewer cases, allyl silicon[2e,9] or allyl boron com-
pounds[10] have been used. In addition to these reagents,
organoaluminum compounds are excellent nucleophiles for
organic reactions[11] owing their high reactivities, a greater
Lewis acidity of the aluminum center, and low toxicities.
However, the use of organoaluminum compounds in asym-
metric catalysis is rare. In the past few years, asymmetric
catalytic alkylation,[12] allylation,[13] and alkynylation[14] reac-
tions employing organoaluminum reagents have been estab-
lished to achieve good to excellent enantioselectivities.
Recently, we demonstrated that the novel [AlAr3(thf)]
reagents are powerful aryl nucleophiles for additions to
aldehydes catalyzed by the titanium catalyst of (R)-H8-binol
(binol= 2,2’-dihydroxy-1,1’-binaphthyl) with the reactions
complete in only 10 min.[15]

In studies of asymmetric aryl additions to ketones,[7] only a
few papers have been reported in just two catalytic systems.
The first system is a zinc catalyst of (+)-daib (3-exo-
(dimethylamino)isoborneol) with which direct additions of
the ZnPh2 reagent afford phenylation products.[7a] The second

system is a series of titanium catalysts of disulfonamides[16]

with which additions of ZnPh2 or aryl zinc reagents furnish
phenylation or arylation products.[7b–f] However, generation
of aryl zinc reagents from excess ZnEt2 and aryl boron
compounds requires reaction conditions at elevated temper-
atures for 12–16 h. Furthermore, the arylation reactions have
not reached a satisfactory level in yields and stereoselectivi-
ties.[7f] To extend applications of [AlAr3(thf)] reagents in
catalysis, we report herein the first example of asymmetric
aryl additions of organoaluminum reagents to ketones. The
(S)-binol molecule was selected as the ligand since binol is a
remarkable ligand applied to many varieties of asymmetric
reactions[17] and since dititanium complexes of binol ligands
with known structures[18] catalyze dialkyl zinc additions to
aldehydes via an alkyl titanium species.[18a] Furthermore, both
(R)- and (S)-binol ligands are commercially available and are
currently considerably inexpensive. Optimizations of reaction
conditions were conducted on 2’-acetonaphthone with cata-
lytic systems generated from mixing (S)-binol and [Ti(OiPr)4]
[Eq. (1)], with the results summarized in Table 1. In the
presence of 10 mol% (S)-binol and one equivalent of both
[Ti(OiPr)4] and [AlPh3(thf)] at 0 8C, the reaction afforded the
tertiary alcohol in 12 h in only 29% yield with an enantio-
selectivity of 77% ee (Table 1, entry 1). Increasing the

Table 1: Optimization of [AlPh3(thf)] additions to 2’-acetonaphthone
catalyzed by in situ formed (S)-binol/[Ti(OiPr)4] systems.[a,b]

Entry Equiv
[AlPh3(thf)]

Equiv
[Ti(OiPr)4]

Yield
[%][c]

ee
[%][d]

1 1.0 1.0 29 77
2 1.5 1.0 20 38
3 2.5 1.0 21 24
4 2.5 1.8 29 53
5 2.5 3.4 90 83
6 2.5 5.0 87 93
7 2.5 6.0 77 87
8 1.5 5.0 66 84
9 3.0 5.0 94 89
10[e] 2.5 5.0 98 78
11[f ] 2.5 5.0 66 91
12[g] 2.5 5.0 31 79
13[h] 2.5 5.0 36 82

[a] 0.50 mmol 2’-acetonaphthone, 0.050 mmol (S)-binol; toluene (6 mL),
0 8C. [b] Equivalents of [AlPh3(thf)] and [Ti(OiPr)4] relative to 2’-
acetonaphthone. [c] Yields are based on 1H NMR spectra. [d] The ee
values were determined by HPLC using a chiral OJ column from Daicel.
[e] 25 8C. [f ] 5 mol% (S)-binol. [g] In CH2Cl2. [h] In THF.
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amount of [AlPh3(thf)] to 1.5 and 2.5 equiv afforded the
product in low yields and low enantioselectivities (Table 1,
entries 2 and 3). While keeping [AlPh3(thf)] at 2.5 equiv and
tuning the amount of [Ti(OiPr)4] to 1.8, 3.4, and 5.0 equiv,
enantioselectivities increase from 24% ee to 53%, 83%, and
93% ee, respectively (Table 1, entries 4–6).[19] Increasing the
amount of [Ti(OiPr)4] further to 6.0 equiv gave the product in
77% yield and 87% ee (Table 1, entry 7). Keeping the
amount of [Ti(OiPr)4] at 5.0 equiv but tuning the amount of
[AlPh3(thf)] to 1.5 and 3.0 equiv afforded the product in yields
of 66% and 94% and enantioselectivities of 84% and 89% ee
(Table 1, entries 8 and 9).When the reaction was conducted at
25 8C, the product was obtained in the highest yield (98%) but
in a lower enantioselectivity of 78% ee (Table 1, entry 10).
Reducing the amount of (S)-binol to 5 mol% furnished the
product in a moderate yield of 66% with 91% ee (Table 1,
entry 11). When the reaction was carried out in CH2Cl2
(Table 1, entry 12) or in THF (entry 13), the product was
obtained in low yields of 31% and 36%.

To demonstrate generalities of the best catalytic system,
aryl additions to aromatic, a,b-unsaturated, and aliphatic
ketones [Eq. (2)] were conducted, and the results are listed in

Table 2. For aromatic ketones (Table 2, entries 1–15), [AlPh3-
(thf)] additions afforded tertiary alcohols in excellent enan-
tioselectivities of 90% ee or greater, except for substrates of
2’-methoxyacetophenone (30% ee, entry 9), 3’-methoxyace-
tophenone (77% ee, entry 10), 3’-(trifluoromethyl)acetophe-
none (85% ee, entry 12), and a-bromo-2’-acetonaphthone
(82% ee, entry 15). It was found that additions to the more
hindered ketones proceed sluggishly and require longer
reaction times to furnish products in satisfactory yields. For
example, the phenyl addition to 1’-acetonaphthone in 36 h
afforded the product in only 38% yield (Table 2, entry 2), and
the addition to 2’-bromoacetophenone gave the product in

Table 2: Asymmetric [AlAr3(thf)] addition to ketones catalyzed by 5.0 equiv [Ti(OiPr)4] with 10 mol% (S)-binol.[a]

Entry Substrate Ar t [h] Yield [%][b] ee [%][c] Entry Substrate Ar t [h] Yield [%][b] ee [%][c]

1 Ph 12 85 93 14 Ph 12 97 93

2 Ph 36 38 90 15 Ph 12 90 82[d]

3 Ph 12 35 90 16 Ph 12 96 87

4 Ph 12 73 97 17 Ph 12 93 91[d]

5 Ph 12 92 93 18 Ph 24 91 87[d]

6 Ph 36 50 97 19 Ph 16 95 84[d]

7 Ph 12 90 93 20 4-MeC6H4 12 94 91

8 Ph 168 50 96 (R) 21 2-naphthyl 12 81 90

9 Ph 12 98 30 22 4-TMSC6H4 12 91 93

10 Ph 36 74 77 23 4-MeOC6H4 12 87 78

11 Ph 36 97 93 24 Ph 12 67 19

12 Ph 12 91 85 25 Ph 36 37 33

13 Ph 12 98 92

[a] 0.50 mmol ketone, 0.050 mmol (S)-binol, 1.25 mmol [AlAr3(thf)], 2.5 mmol [Ti(OiPr)4] , toluene, 0 8C. [b] Yields of isolated product. [c] The ee values
were determined by HPLC using chiral columns from Daicel. [d] 20 mol% (S)-binol. TMS= trimethylsilyl.
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50% yield (Table 2, entry 6). The above results reveal
minimal effects of substituents and substituted positions on
the aromatic group in terms of stereoselectivities. However,
the reactivity is rather sensitive to steric hindrance of the
substrates.

Notably, the addition to 2’-methoxyacetophenone
afforded the product in an excellent yield of 98%, but with
a low enantioselectivity of 30% ee (Table 2, entry 9). The high
yield is attributed to the chelate effect of the substrate, which
facilitates the coordination of 2’-methoxyacetophenone to the
active metal center. However, the chelation lowers the
enantioselectivity. For 3’- and 4’-methoxyacetophenones
with the methoxy substituent oriented away from the
carbonyl group, enantioselectivities improve to 77 and
93% ee (Table 2, entries 10 and 11). For these two substrates,
longer reaction times of 36 h are required to afford products
in moderate to excellent yields of 74% and 97%.

To determine the absolute configurations of the phenyl-
ation products, the addition of the phenyl group to 2’-

iodoacetophenone was carried out, furnishing 1-
phenyl-1-(2-iodophenyl)ethanol ((R)-1) after
seven days in 50% yield with a superb enantio-
selectivity of 96% ee (Table 2, entry 8). The
absolute configuration of (R)-1 was determined
by comparing the optical rotation with the
resolved compound.[20] It is assumed that aro-
matic ketones coordinate to the active metal

center in the same orientation.
For a,b-unsaturated ketones and 2-acetylfuran, good to

excellent enantioselectivities of 84 to 91% ee (Table 2,
entries 16–19) were obtained. Notably, the tertiary alcohol
obtained from the phenyl addition to 2-acetylfuran (Table 2,
entry 19) is an important intermediate leading to a wide
variety of bioactive compounds.[21] Additions of different aryl
compounds, such as 2-naphthyl, 4-tolyl, or 4-(trimethylsilyl)-
phenyl, to aromatic ketones were carried out and gave the
desired products in high yields with excellent enantioselec-
tivities of 90 to 93% ee (Table 2, entries 20–22). In contrast,
the 4-methoxyphenyl addition to acetophenone afforded the
product in a good yield of 87% but with a moderate
enantioselectivity of 78% ee (Table 2, entry 23). The aryl
additions to acetophenone (Table 2, entries 21 and 23)
afforded products in an opposite absolute configuration
relative to products derived from the phenyl addition to
aryl ketones. In this study, two examples of the phenyl
addition to aliphatic ketones were examined. However,
products were obtained in low yields and poor enantioselec-
tivities (Table 2, entries 24 and 25).

In summary, novel asymmetric aryl additions of [AlAr3-
(thf)] to ketones by catalysis with a titanium catalyst of (S)-
binol are reported. A wide variety of ketones were examined
to afford products, in general, in excellent enantioselectivities
of 90% ee or greater for aromatic ketones bearing either an
electron-donating or an electron-withdrawing substituent at
the 2’-, 3’-, or 4’-position on the aromatic ring. Steric effects
were observed for additions to ortho-substituted aromatic
ketones in that longer reaction times were required to give
products in higher yields. The catalytic system applies also to
a,b-unsaturated ketones and 2-acetylfuran to give products in

good to excellent enantioselectivities. More importantly,
aluminum reagents with different aryl nucleophiles can be
easily prepared for additions to aromatic ketones, furnishing
tertiary diaryl alcohols in both absolute configurations.
Further investigations of organoaluminum reagents in catal-
ysis are currently underway.

Experimental Section
In a dry nitrogen atmosphere, (S)-binol (0.0143 g, 0.0500 mmol) and
[Ti(OiPr)4] (0.75 mL, 2.5 mmol) were mixed in dry toluene (1 mL) at
room temperature. After stirring the mixture for 1 h, a solution of
[AlAr3(thf)] (1.25 mmol) in toluene (5 mL) was added at 0 8C. The
mixture was stirred for another 30 min before addition of a ketone
(0.50 mmol). The mixture was stirred at 0 8C and quenched with 1m
aqueous HCl. The aqueous phase was extracted with CH2Cl2 (3 @
10 mL). The combined organic phase was dried over MgSO4, filtered,
and concentrated. The residue was purified by column chromatog-
raphy to give the tertiary alcohol. Enantiomeric excess of the
products was determined by HPLC using chiral columns from Daicel.
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