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Highly efficient alkylations and arylations of ketones with

Grignard reagents (RMgBr and RMgI) have been developed

using catalytic ZnCl2, Me3SiCH2MgCl, and LiCl. Tertiary

alcohols were obtained in high yields with high chemoselectivities,

while minimizing undesired side products produced by reduction

and enolization.

The Grignard addition to ketones and aldehydes has provided

a versatile method for synthesizing tertiary and secondary

alcohols.1,2 However, the reaction of carbonyl compounds

with Grignard reagents often gives undesired by-products via

b-H transfer and/or enolization. To avoid these problems,

some improvements have been achieved through the use of

stoichiometric or excess amounts of inorganic additives.3

Imamoto et al.4a and Knochel et al.4b,c have developed highly

useful stoichiometric organolanthanoid complexes, which are

prepared prior to use from Grignard reagents (RMgX,

X = Cl, Br, I) and lanthanoid(III) chlorides (CeCl3, LnCl3,

and NdCl3) by prolonged binary metal complexation (ca. 1–2

days). In sharp contrast to procedures involving these lanthanoid

reagents, we have developed a ZnCl2-catalyzed alkylation of

ketones with RMgCl via trialkylzinc(II) ate complexes

[R3Zn]
�[MgCl]+ (Scheme 1).5,6 Unfortunately, however,

the catalytic ZnCl2 system could not be applied to many

commercially available RMgBr as well as RMgCl, since

RMgBr is readily prepared from RBr/Mg but generally less

reactive than RMgCl.1 To improve our preliminary catalytic

system with RMgCl (R = alkyl) as limited Grignard reagents,

we devised a highly efficient addition to ketones using RMgBr

and RMgI (R = alkyl, aryl) with LiCl along with catalytic

amounts of ZnCl2 and trimethylsilylmethyl magnesium

chloride (TMSCH2MgCl), which effectively minimizes side

reactions.

The key to the design of further active catalytic zinc(II) ate

reagents is the use of dummy alkyl groups, which themselves

do not transfer to substrates on alkylation (Fig. 1).7,8 As a

dummy alkyl group, a TMSCH2 (R
0) group should be highly

attractive,9,10 since (1) the corresponding mixed zinc(II)

ate complexes [R(TMSCH2)2Zn]
�[MgX]+ can be quickly

prepared in situ from commercially available materials such

as ZnCl2, TMSCH2MgCl, and RMgX (Fig. 1a), (2) an alkylating

R group would be activated by electron transfer through

double s(C–Si)–Zn(pz) overlaps (Fig. 1b),11 and (3) two

dummy groups (TMSCH2) would be stabilized by back donation

through double dz2(Zn)–s*(C–Si) overlaps (Fig. 1c).12

Therefore, the activity of R and TMSCH2 mixed zinc(II) ate

complexes should increase with regard to these b-silyl effects.11

First we examined the isopropylation of acetophenone (1a)

with i-PrMgX, which is very simple but one of the most

difficult Grignard addition reactions (Table 1). The reactions

Scheme 1 ZnCl2-catalyzed RMgCl addition to ketones.

Table 1 Isopropylation of acetophenone (1a) catalyzed by ZnCl2,
TMSCH2MgCl, and LiCl

Entry i-PrMgX [equiv.]
ZnCl2
(equiv.)

R0MgCla

(equiv.)
LiCl
(equiv.)

Yield (%) of

2a 3a 4a

1 i-PrMgCl [1.1] — — — 31 11 6
2 i-PrMgBr [1.1] — — — 29 24 12
3 i-PrMgBr [1.1] — — 1.1 42 16 17
4 i-PrMgCl [1.3] 0.1 — — 85 0 7
5 i-PrMgBr [1.3] 0.1 — — 48 9 19
6 i-PrMgBr [1.1] 0.1 0.2 — 80 8 6
7 i-PrMgBr [1.3] 0.1 — 1.1 84 5 8
8 i-PrMgBr [1.1] 0.1 0.2 1.1 96 0 2
9 i-PrMgCl [1.1] 0.1 0.2 1.1 99 1 0
10b i-PrMgI [1.1] 0.1 0.2 1.1 499 0 0

a R0 = TMSCH2.
b Et2O was used as a solvent.

Fig. 1 Design of catalytic zinc(II) ate reagents in situ.
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with i-PrMgCl, i-PrMgBr, and i-PrMgBr�LiCl in the absence

of catalysts gave mixtures of the desired product (2a) and

by-products (3a and 4a) (entries 1–3). Our previous method

using 10 mol% of ZnCl2 with i-PrMgCl improved the yield of

2a (entry 4), but the combined use of ZnCl2 and i-PrMgBr was

not effective (entry 5), since this method has been limited to

RMgCl.5b In sharp contrast, the yield of 2a was dramatically

improved to 80% with the use of 10 mol% of ZnCl2 and

20 mol% of TMSCH2MgCl, even with i-PrMgBr (entry 6 vs.

entries 3 and 5). Moreover, the addition of ZnCl2 and LiCl

(1.1 equiv.) to i-PrMgBr was found to be effective (entry 7),3e

and ultimately 2a was obtained in 96% yield through the use

of ZnCl2, TMSCH2MgCl, and LiCl (entry 8). Under the

optimized conditions, i-PrMgCl and i-PrMgI in place of

Table 2 Grignard addition to ketones catalyzed by ZnCl2, TMSCH2MgCl, and LiCl

Entry 1 RMgX

Yield (%) of 2 (3)a

With ZnCl2�R0MgCl�LiCl With ZnCl2 Without ZnCl2�R0MgCl�LiCl

1
(1a)

MeMgI 93 (0) 58 (0) 40 (0)

2 4-FC6H4MgBr 92 (0) 88 (0) 86 (0)

3 i-PrMgBr 94 (0) 75 (11) 36 (17)

4 i-PrMgBr 95 (4) 78 (14) 25 (50)

5 i-PrMgBr 81 (0) 56 (0) 51 (0)

6 MeMgI 90 (0) 59 (0) 42 (0)

7 i-PrMgBr 85 (5) 55 (19) 16 (36)

8 MeMgI 91 (0) 62 (0) 48 (0)

9 i-PrMgBr 83 (0) 55 (0) 30 (2)
10 n-OctylMgBr 499 (0) 90 (5) 91 (7)

11 i-PrMgBr 92 (0) 73 (0) 76 (0)

12 i-PrMgBr 51 25 27

13 EtMgBr 80 (16) 28 (65) 18 (80)

14 1-NaphMgBr 82 (0) 39 (0) 49 (0)

15 i-PrMgBr 82 (0) 49 (0) 41 (0)

16 64 (32) 15 (42) 11 (89)

17 i-PrMgBr 94 (6) 37 (41) 11 (89)

18 c-HexMgBr 68 (24) 38 (59) 37 (58)

19 i-PrMgBr 90 (10)b 17 (82)c 15 (85)

20 i-PrMgBr 72 (25) 39 (58) 30 (65)

21 EtMgBr 71 69 45

a R0 = TMSCH2.
b 0.3 equiv. of ZnCl2, 0.6 equiv. of TMSCH2MgCl, 1.1 equiv. of LiCl, and 1.1 equiv. of i-PrMgBr were used. c 0.3 equiv. of

ZnCl2 and 1.7 equiv. of i-PrMgBr were used.
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i-PrMgBr also showed excellent reactivity (entries 9 and 10).

Remarkably, the TMSCH2 adduct of 1a was not obtained in

any of the reactions, which strongly indicated that TMSCH2

was effectively a dummy group.

Using the optimized ZnCl2�TMSCH2MgCl�LiCl system, we

next examined the catalytic addition of Grignard reagents

(RMgBr and MeMgI) to various ketones (Table 2). Without

ZnCl2�TMSCH2MgCl�LiCl (i.e. traditional Grignard addition

conditions) or with only ZnCl2 catalyst, the yields of the

desired tertiary alcohols were generally low to medium, due

to side reactions. In almost all cases, in addition to undesired

reduction, the starting material was recovered via enolization/

protonation, although a self-aldol product was scarcely

obtained due to the steric hindrance of the ketone. However,

in the presence of ZnCl2�TMSCH2MgCl�LiCl, not only

aromatic ketones, but also heteroaromatic ketones, aliphatic

ketones, and biaryl ketones gave the corresponding tertiary

alcohols in high yields. Moreover, MeMgI, which is a popular

methylation reagent, could be successfully used in this method

with minimum recovery of the starting material (entries

1, 6, 8). To our delight, arylation such as 4-fluorophenylation

and 1-naphthylation proceeded smoothly under ZnCl2�
TMSCH2MgCl�LiCl conditions, while our previous system

with ZnCl2 catalyst did not show the conspicuous improve-

ments (entries 2 and 14). Cyclohexylation as 21-alkylation

other than isopropylation (entry 18), and long chain alkylation

such as n-octylation (entry 10) also proceeded smoothly in the

presence of ZnCl2�TMSCH2MgCl�LiCl. Other a-functionalized
ketones such as a,a,a-trifluoroacetophenone, an a,a-acetal
ketone, and an a-ketoester were explored, and the corresponding

a-functionalized tertiary alcohols were obtained in high yields

without the decomposition of a-groups (entries 19–21).

Overall, this ZnCl2�TMSCH2MgCl�LiCl system may offer a

great advantage over traditional Grignard addition or our

previous ZnCl2-catalysis, since highly useful but less reactive

RMgBr andRMgI rather than RMgCl could be used successfully.

Although further investigation is necessary to fully under-

stand the reaction mechanism,13 the key in this catalysis is a

postulated catalytic alkylating ate complex, [R(TMSCH2)2Zn]
�-

[Li]+. The complex [R(TMSCH2)2Zn]
�[Li]+ would be readily

generated in situ from catalytic (TMSCH2)2Zn and

RMgX–LiCl reagents. In sharp contrast, [R3Zn]
�[MgCl]+

has been estimated in the absence of TMSCH2MgCl and LiCl

in our previous ZnCl2 catalysis with RMgCl (Scheme 1).5b

Along with the b-silyl effect of TMSCH2, which would

dramatically activate the anion part of the zinc(II) ate complex

(Fig. 1 and Table 1), the postulated active zinc(II) ate complex

with [Li]+ as the cation part can rationalize why not only

RMgCl but also RMgBr and RMgI can be used in this

catalytic system.

In summary, we have developed highly efficient alkylations

and arylations of ketones with Grignard reagents (RMgBr and

RMgI) using catalytic ZnCl2, TMSCH2MgCl, and LiCl. Desired

tertiary alcohols were obtained in high yields with high

chemoselectivities, while minimizing undesired side products by

reduction and/or enolization. This method is highly attractive for

academic as well as industrial research, since less reactive

RMgBr, which is readily prepared and commercially available,

as well as reactive RMgCl, can be used successfully.
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