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Transition metals of the fourth row are abundant and cheap
compared to those of the fifth and sixth rows. Therefore, by
introducing new reactivities with fourth-rowmetal complexes,
it might be possible to replace fifth- and sixth-row metals in
some fundamental and important reactions. Catalytic
Grignard-type addition of nucleophiles to aldehydes is one
such reaction. Grignard reagents are usually prepared from
organic halides and magnesium metal,[1] but this procedure
results in the unwanted formation of stoichiometric amounts
of metal salts. One way to solve this problem is to generate the
nucleophiles by C�H bond activation;[2] however, it has been
difficult to promote nucleophilic addition after the C�H
activation step. Although nucleophilic addition of species
generated by C�H activation has been reported using
ruthenium,[3] rhodium,[4] palladium,[5] and rhenium[6] catalysts,
it has been difficult to catalyze such reactions using fourth-
row transition-metal complexes.[7] We report herein that
1) complexes of manganese, a fourth-row transition metal,
can be employed for C�H bond activation of aromatic
compounds; 2) insertion of aldehydes into C�H bonds occurs
to give benzyl alcohols; and 3) catalytic transformation is
achieved with the manganese complex by the addition of
Et3SiH.
We initially investigated stoichiometric C�H bond acti-

vation and insertion of aldehydes with the manganese
complex [MnBr(CO)5]. A mixture of 1-methyl-2-phenyl-1H-
imidazole (1a) and [MnBr(CO)5] in toluene was heated at
100 8C for 5 min, at which point a solution of benzaldehyde
(2a) was added. The mixture was heated at reflux for 10 h to
give alcohol 3 in 52% yield (Scheme 1). Although stoichio-
metric C�H bond activation and insertion of the aldehyde
occured with [MnBr(CO)5], only a trace amount of 3 was
produced with a catalytic amount of the manganese complex.

To recycle the manganese complex, 2.0 equiv of triethyl-
silane (4) was added to the reaction mixture from the
beginning. As a result, silyl ether 5a was obtained in 93%
yield with 5 mol% [MnBr(CO)5].

[8,9] We examined the
catalytic activity of several metal complexes using the
reaction between 1a, 2a, and 4 as a probe. A different
manganese complex, [Mn2(CO)10], showed similar catalytic
activities (82% yield of 5a). However, the reaction did not
proceed at all with the following metal complexes: [MnCl2],
[Mn(acac)3] (acac= acetylacetonate), [{ReBr(CO)3(thf)}2],

[6]

[ReBr(CO)5], [Ru3(CO)12], [RuH2(CO)(PPh3)3], [RhCl-
(PPh3)3], and [Ir4(CO)12].

[10]

At the next stage, we investigated several aldehydes
(Table 1). Aromatic aldehydes with an electron-donating or

an electron-withdrawing group at the para position (2b and
2c) gave the corresponding silyl ethers in 87% yield (Table 1,
entries 1 and 2). Using an aldehyde with a methyl group at the
ortho position (2d), the yield of the silyl ether slightly
decreased, probably because of the steric hindrance (Table 1,
entry 3). By the reactions of alkyl aldehydes 2e and 2 f, the
corresponding silyl ethers 5e and 5 f were formed in 75% and

Scheme 1. Stoichiometric insertion of aldehyde into a C�H bond.
TBAF= tetra-n-butylammonium fluoride

Table 1: Reactions between 1a and several aldehydes.[a]

Entry Substrate R Product Yield [%][b]

1 2b p-(MeO)C6H4 5b 87 (89)
2 2c p-(CF3)C6H4 5c 87 (89)
3 2d o-MeC6H4 5d 59 (60)
4[c] 2e nC8H17 5e 75 (79)

5[c] 2 f 5 f 56 (57)

6[d] 2g 5g 66 (67)

7 2h 5h 48 (50)

[a] 2 (2.0 equiv); 4 (2.0 equiv). [b] Yield of isolated product. The yield
determined by 1H NMR spectroscopy is reported in parentheses.
[c] 135 8C. [d] 48 h.
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56% yields, respectively (Table 1, entries 4 and 5). Hetero-
aromatic aldehydes 2g and 2h also provided the correspond-
ing silyl ethers 5g and 5h in moderate yields (Table 1,
entries 6 and 7).
To determine the reaction mechanism, we examined the

sequential transformation via intermediate 7 (Scheme 2).

Treatment of 1a with a stoichiometric amount of the
manganese complex in toluene at 100 8C for five minutes,
followed by addition of benzaldehyde (2a) and heating to
reflux for ten hours gave the possible intermediate 7. Then
hydrosilane 4 was added to the reaction mixture and further
heating resulted in the formation of silyl ether 5a in 58%
yield. This result indicates that hydrosilane 4 promotes
reductive elimination of manganese by silylation of an
alkoxy moiety.
The proposed mechanism is as follows (Scheme 3):

1) oxidative addition of an aromatic compound to a manga-

nese center (C�H bond activation);[11] 2) insertion of an
aldehyde into the manganese–carbon (aryl) bond. In this step,
the polarity of the manganese–carbon bond is an important
factor affecting the insertion of the aldehyde (a polar
molecule) into the C�MnH bond; 3) silyl protection via the
formation of dihydrogen.
This reaction could also be applied to asymmetric trans-

formation.[12] By the reaction of chiral imidazolines 8a and 8b

and benzaldehyde (2a) with triethylsilane (4) in the presence
of manganese catalyst [MnBr(CO)5], an asymmetric reaction
proceeded, and a mixture of diastereomers of silyl ethers 9a
and 9b, respectively, was obtained in moderate diastereo-
meric excess (Table 2, entries 1 and 2). When we used

imidazoline 8c bearing an isopropyl group at the stereogenic
center, the corresponding silyl ether 9c was provided in high
yield and diastereomeric excess (Table 2, entry 3). Using alkyl
aldehyde 2e, the diastereomeric excess of silyl ether 9d
decreased to 38% (Table 2, entry 4).
In summary, we have succeeded in the insertion of an

aldehyde into a C�H bond of an aromatic compound using a
manganese catalyst, [MnBr(CO)5]. In this reaction, the
polarity of the manganese–carbon bond in the intermediate
manganese complex is an important factor for promoting the
insertion of aldehydes (polar molecules) into the C�H bond.
This reaction could be applied to asymmetric transformation
using an aromatic compound with a chiral substituent.
Further insertion reactions, promoted by manganese com-
plexes, of polar molecules into a C�H bond are currently
being investigated.

Experimental Section
A mixture of aromatic compound 1 or 8 (0.250 mmol), aldehyde 2
(0.500 mmol), hydrosilane 4 (0.500 mmol), [MnBr(CO)5] (3.4 mg,
0.0125 mmol), and toluene (1.0 mL) was stirred at 115 8C for 24 h. The
product was isolated by column chromatography on silica gel, using
hexane/ethyl acetate 3:1 as eluent, to give 5 or 9.
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Scheme 2. Manganese-mediated insertion of aldehyde into a C�H
bond.

Scheme 3. Proposed mechanism for the formation of silyl ethers.

Table 2: Asymmetric reactions of chiral imidazoline 8 with 2 and 4.[a]

Entry R R’ Yield of product [%][b] de [%]

1 Ph (8a) Ph (2a) 9a 60 60
2 PhCH2 (8b) Ph (2a) 9b 72 30
3 iPr (8c) Ph (2a) 9c 80 95
4 iPr (8c) nC8H17 (2e) 9d 68 38

[a] 2 (2.0 equiv); 4 (2.0 equiv). [b] Yield of isolated product.
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