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(1) 講義資料 p3, ブタジエンのヒドロシアノ化において分岐体からの逆反応をルイス酸が加速する

理由を定性的に説明せよ。ヒント：C-CN結合の酸化的付加反応は求核置換型で進行する(第 5回講

義資料 p15を参照すること) 

 

(2) 講義資料 p10, Speier's 触媒を用いたヒドロシリル化の TON, TOF (min–1)を計算せよ。ただし

Cat/Sub = 0.005 (×104) = 0.00005 mol%である。 

TON: 触媒 1分子が作り出す生成物の分子数 

TOF: 単位時間当たりの TON 

 

(3) 以下の反応では位置異性体混合物の octeneから直鎖アルコールが選択的に生成する。講義でや

った反応のパターンを考慮して、trans-3-octeneから 1-nonanolが生成する際の反応機構を記せ。 

  

 

(4) 講義資料 p16, Pt を用いた分子内ヒドロアミノ化の反応機構において、マルコフニコフ型の選

択性はアルケンへのアミンの攻撃の段階で決定する。アミノ基がアルケンの内部炭素に付加する理

由を定性的に説明せよ。学部時代に学んだカルボアニオンの安定性を思い出せ。 

 

alkene (Table 3, entry 6). Thus, to our delight the yield of C9-
alcohols was improved to 82% and the regioselectivity to 86:14.
Next, the scope and limitations of this ruthenium-catalyzed

isomerization/hydroformylation/reduction sequence were ex-
amined on 13 examples of industrially important aliphatic as
well as various functionalized internal olefins (Table 4). We
were pleased to find that simple internal alkenes (2-pentene, 2-
hexene, 3-hexene) reacted well to give linear alcohols in high
yield and regioselectivity (Table 4, entries 1−4). On the other
hand, 4-octene gave only 14% yield with poor regioselectivity
(Table 4, entry 5). Interesting building blocks for polymers
were obtained in moderate to good yields from internal alkenes
bearing hydroxyl or nitrile groups (Table 4, entries 6 and 7).
Although cyclic olefins often show low reactivity in carbon-
ylation reactions, a good result was obtained with cyclohexene
as a substrate (Table 4, entry 8). Similarly, 2,5-dihydrofuran
gave a good yield but only moderate regioselectivity (Table 4,
entry 9). 2,3-Dihydrofuran, which represents an enol ether
substrate, provided reverse regioselectivity in comparison to
2,5-dihydrofuran (Table 4, entry 10). Furthermore, the Boc-
group-protected cyclic enamine was transformed to the product
in moderate yield but good regioselectivity (Table 4, entry 11).
With (1E)-1-propenylbenzene, a mixture of three different
alcohols was obtained (Table 4, entry 12). When limonene was
used as the substrate, the internal double bond remained intact
and only the double bond in the side chain was selectively
hydroformylated to the corresponding alcohol with good
results (Table 4, entry 13).
Finally, the results obtained from the ruthenium-catalyzed

isomerization/hydroformylation/reduction of internal alkenes
prompted us to apply this system to an industrial mixture of
octenes, which contains less than 4% of the terminal olefin. To
our delight, nonanol was obtained in 68% yield with good
regioselectivity (Scheme 2).

■ CONCLUSION
The ruthenium-catalyzed conversion of terminal and internal
alkenes to linear alcohols via a domino (isomerization)-
hydroformylation/reduction reaction sequence has been
presented. In comparison to our previous work, the novel
protocol does not need any additives such as LiCl. Specifically,
the combination of Ru(methylallyl)2(COD) and 2-phosphino-
substituted imidazole ligands allows for a general synthesis of
linear alcohols from internal olefins, thereby expanding the
scope of this interesting transformation to industrially relevant
feedstocks.
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Scheme 2. Hydroformylation/Reduction of a Mixture of
Octenes

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4060977 | J. Am. Chem. Soc. 2013, 135, 14306−1431214311

Ruthenium-Catalyzed Hydroformylation/Reduction of Olefins to
Alcohols: Extending the Scope to Internal Alkenes
Lipeng Wu,† Ivana Fleischer,† Ralf Jackstell,† Irina Profir,† Robert Franke,‡,§ and Matthias Beller*,†
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ABSTRACT: In the presence of 2-phosphino-substituted
imidazole ligands and Ru3(CO)12 or Ru(methylallyl)2(COD)
direct hydroformylation and hydrogenation of alkenes to
alcohols takes place. In addition to terminal alkenes, also
more challenging internal olefins are converted preferentially to
industrially important linear alcohols in high yield (up to 88%)
and regioselectivity (n:iso up to 99:1).

■ INTRODUCTION
The so-called “oxo process”, now known as hydroformylation,1

was discovered by Otto Roelen in the course of the
investigations of Fischer−Tropsch synthesis.2 In general,
these terms describe the reaction of alkenes and synthesis gas
to give higher aldehydes and follow-up products. This
transformation has become highly important for the chemical
industry and represents currently the largest applied homoge-
neously catalyzed reaction, with more than 10 million tons of
oxo compounds produced every year.3

Typically, aldehydes, which are the primary products of the
hydroformylation of alkenes, are converted further to carboxylic
acids, amines, or alcohols. Among these products, linear
alcohols are widely employed as industrial solvents and raw
materials for plasticizers and detergents, while branched
alcohols are of some interest for the fine chemical and life
science industries.4 Today in industry, alcohols are mainly
produced in two separate processes: regioselective hydro-
formylation and subsequent reduction of the formed aldehydes
using molecular hydrogen.5

Due to the economic importance of alcohols, recently
Krische,6 Stahl,7 Grubbs,8 and Herzon9 et al. developed
alternative methods for their production. Despite these
achievements, there is still great interest in the atom-
economical and selective formation of linear alcohols. In this
respect, the combination of hydroformylation and hydro-
genation in a tandem sequence represents a straightforward
approach (Scheme 1).
The first selective domino hydroformylation/hydrogenation

sequence based on phosphine-modified cobalt catalysts was
developed in 1966 by chemists from Shell Oil Company.10

Since then, other catalyst systems based on Rh,11 Pd,12 and
Ru13 have been reported. In general, drawbacks of these catalyst
systems were low regioselectivity and often harsh reaction
conditions as well as the necessity to use high catalyst loading.
To improve the selectivity, interesting approaches based on

cooperative ligands11g or bimetallic catalyst systems were
performed.13h More recently, Breit and co-workers also
reported on supramolecular catalysts;14 the group of Nozaki
developed a Rh/Ru dual catalyst system for the synthesis of
alcohols from olefins.15

Though rhodium is the preferred catalyst for hydro-
formylation, its activity in the hydrogenation of the
corresponding aldehyde is in general rather low in the presence
of carbon monoxide. Therefore, the use of so-called “alternative
hydroformylation catalysts” for a direct synthesis of alcohols
from olefins is more interesting. On the basis of our continuing
interests in hydroformylation16 and application of less common
metals,17 we recently employed 2-phosphino-substituted
imidazole ligands18 (Figure 1) in the presence of Ru(0) in
hydroformylation19 and hydroaminomethylation reactions.20 In
the presence of LiCl and water also the synthesis of alcohols
from alkenes was realized.21 Here, lithium chloride is necessary
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Scheme 1. Hydroformylation/Reduction of Alkenes

Figure 1. Ligand of choice for ruthenium-catalyzed hydroformylation/
reduction of alkenes: 2-phosphino-substituted imidazole ligands.
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