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Carbonylation reactions of olefins are among the most
important industrially applied homogeneous catalytic trans-
formations.[1] Nowadays, especially, lower aliphatic olefins are
converted on a million-ton scale by hydroformylation into
aldehydes,[2,3] and further on into aliphatic alcohols, which are
used as major components of solvents, plasticizers, speciality
chemicals, etc. In general, the linear products are preferred
for such large-scale applications, whereas branched aldehydes
and alcohols are of interest for the fine chemical and life-
science industries.[4] By far the most utilized catalysts for
hydroformylation reactions both in industry and academia are
based on rhodium; cobalt catalysts are also highly utilized, in
particular for the functionalization of higher aliphatic olefins.
Other metal catalysts have not received much attention in the
past.[5]

During our ongoing research in the field of hydroformy-
lation,[6] we became interested in the activities of alternative
hydroformylation catalysts. Notably, the accepted order of
catalyst activity (Rh>Co> Ir>Ru>Os>Pt>Pd>Fe>
Ni) is solely based on fixed reaction conditions and the use
of unmodified metal carbonyl complexes.[2a] More recently,
we have demonstrated that metals such as palladium[6c] and
iridium[6a] can be successfully applied in the hydroformylation
of olefins, as they show improved activity under modified
reaction conditions. In the case of iridium, for example, the
addition of the required amount of hydrogen at the appro-

priate reaction temperature proved crucial for the prevention
of the undesired competitive hydrogenation of the substrate.

Among all the available noble metals used in catalysts for
carbonylation reactions, ruthenium is the least expensive
metal, and is also becoming increasingly important in
homogeneous catalysis.[7] For hydroformylations, the relative
activity of ruthenium carbonyl complexes is assumed to be
lower by a factor of 105 compared with similar rhodium
complexes. Although the first ruthenium-catalyzed hydro-
formylation, which employed [Ru(CO)3(PPh3)3] as a catalyst,
was reported as early as 1965 by Evans, Osborn, Jardine, and
Wilkinson,[8] only a few selective Ru-based catalysts have
been described in the decades since then.[9] In general, only
a narrow substrate scope could be realized with these systems
and the reactions were very often carried out under harsh
conditions with high catalyst loadings. Typically, mixtures of
aldehydes and alcohols were obtained, with higher temper-
atures preferred for obtaining the alcohols. In addition,
hydrogenation and/or isomerization of the olefin occurred as
side reactions. Hence, none of these systems was of practical
relevance. Notably, very recently Takahashi, Yamashita,
Tanaka, and Nozaki demonstrated a highly regioselective
catalytic system based on a specific [RuCp*] complex and
bidentate ligands for the transformation of olefins to alde-
hydes.[10] However, the activity of the reported catalysts is
considerably lower than that of rhodium-based catalysts.

Herein, we present a novel active ruthenium catalyst
system based on [Ru3(CO)12] and bifunctional ligands of type
1 or 2.[11] Our system allows for hydroformylation/hydro-
genation of olefins to provide selectively linear aliphatic
alcohols under reaction conditions typically used in industrial
hydroformylations. The resulting products are important
intermediates for the chemical industry.[12]

In the initial studies, 1-octene was subjected to the
hydroformylation reaction conditions, including [Ru3(CO)12]
(0.6 mol% [Ru]) in N-methylpyrrolidone (NMP) at 160 8C, in
the presence of synthesis gas (CO/H2 1:1; 60 bar). Water was
employed as an additive because Kalck et al. showed that it
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facilitates the production of a catalytically active ruthenium
hydride species from carboxylato ruthenium complexes.[13] To
suppress unwanted hydrogenation of the alkene, we added
0.25 equivalents of LiCl to the reaction mixtures.[14]

Around 20 different mono- and bidentate phosphines and
N ligands were tested under these reaction conditions;
selected results are shown in Table 1.[15] To our delight,
particular bifunctional P,N ligands generated active catalyst

systems. For example, when ligand 1a (L/[Ru] 1.1:1) was used
the desired C9-alcohols were obtained after 5 h, in 52 % yield
with n/i selectivity of 58:42. The use of the less basic ligand 1b
led to higher regioselectivity, but the activity was diminished
(Table 1, entry 2). The use of a ligand with an N-methylimi-
dazoyl moiety instead of the pyridyl had a surprising effect on
both yield (76 % yield of C9-alcohols) and regioselectivity
(86:14 n/i ; Table 1, entry 3). This bifunctional ligand structure
seems to be required to obtain high regioselectivity, as the
corresponding phenyl derivatives, for example, phenyldicy-
clohexyl phosphine, gave only a 60:40 mixture of isomers.
Similarly, ligand 3, which lacks one nitrogen atom in
comparison with 2 a, also provided the alcohols in good
yield, though with considerably lower regioselectivity
(Table 1, entry 7). As expected, the ligand-free system gave
inferior results (Table 1, entry 8) and a control reaction
performed in the absence of [Ru3(CO)12] ruled out the
possibility of contamination in the autoclave by other hydro-
formylation active metals (Table 1, entry 9).

The reaction parameters were further optimized for the
reaction employing ligand 2 a (Table 2). Here, the aim was to
find milder reaction conditions and to minimize side reactions
(aldol condensation, etc.), which were observed in the cases
when aldehyde reduction was slow. First, the effect of water
was studied in more detail.[9a,c,13,16] In the absence of water the
yield of the oxo products as well as the n/i ratio decreased
(Table 2, entry 2). However, when the reaction in the absence

of water was carried out with an increased partial pressure of
H2 (CO/H2 1:2), the yield of the alcohol improved (Table 2,
entry 8). Nevertheless, according to GC–MS measurements,
aldol condensation side products were formed. With a 1:1 gas
mixture, the optimum amount of water was found to be
2.8 equivalents (Table 2, entry 3). Thus, we can conclude that
the addition of a suitable amount of water suppresses the
formation of side products.

Next, the temperature was lowered to 130 8C (Table 2,
entry 5), a temperature that is more common for industrial
hydroformylations. Below this temperature, the overall
reaction became slower (Table 2, entry 6), which was also
the case in the absence of lithium chloride (Table 2, entry 7).
Hence, a mixture of aldehydes and alcohols was formed in the
absence of lithium chloride. Reduction of the catalyst loading
to 0.3 mol% ([Ru]) resulted in lower yield and formation of
side products (Table 2, entry 10).

Thus, the optimum performance of the catalyst system was
observed at 130 8C in the presence of 0.25 equivalents of LiCl
and 2.8 equivalents of water (Table 2, entry 5). The reaction
progress was closely examined under these conditions.[15] Gas
consumption started at approximately 80 8C. Surprisingly,
after 30 min, the reaction rate decreased. To understand this
phenomenon, samples were taken out of the reaction mixture
and analyzed. The decrease of gas uptake is explained by the
slower reduction of the terminal aldehyde and the hydro-
formylation of the internal olefins compared with the initial
hydroformylation of terminal olefin. Remarkably, the initial
TOF for the hydrofomylation step reached 200 h�1 after
30 min.

Next, the substrate scope and limitations were examined
under the optimized reaction conditions (Table 3). Both
short- and long-chained terminal alkenes 4 a–f provided the
corresponding alcohols in good to excellent yields and with

Table 1: Reaction of 1-octene with synthesis gas: Ligand screening.[a]

Entry L Yield [%][b]

5a (n/i) 6a (n/i) 4 + 7a[c]

1 1a 52 (58:42) 2[d] 26
2 1b 15 (73:27) 20 (60:40) 44
3 2a 76 (86:14) <0.5[d] 7 (7a)[e]

4 2b 32 (63:37) 17 (35:65) 10
5 2c 74 (84:16) <0.5[d] 5 (7a)[e]

6 2d 75 (67:33) 3[d] 15
7 3 80 (63:37) <0.5[d] 8 (7a)[e]

8 – 21 (71:29) 46 (50:50) 19
9[f ] 2a 0 0 98 (4a)

[a] Reaction conditions: 1-octene (20.0 mmol), [Ru3(CO)12] (40.0 mmol),
LiCl (5.00 mmol), L (132 mmol), H2O (0.5 mL), NMP (4 mL), CO/H2

(1:1; 60 bar), 160 8C, 5 h. [b] Determined by GC with 2.0 mL of isooctane
as internal standard. [c] 4a, its isomers, and 7a. [d] n/i ratio was not
determined. [e] Only n-octane (7a) was obtained. [f ] Without
[Ru3(CO)12] . L = ligand.

Table 2: Reaction of 1-octene with synthesis gas: Optimization of
reaction conditions.[a]

Entry T [8C] t [h] H2O [mol%] Yield [%][b]

5a (n/i) 6a (n/i) 4 +7a[c]

1 160 5 140 76 (86:14) <0.5[d] 7 (7a)[e]

2 160 5 0 44 (77:23) 4 (50:50) 14
3 160 5 280 87 (90:10) 2[d] 8 (7a)[e]

4 160 5 560 74 (92:8) 3 (67:33) 14
5 130 20 280 90 (88:12) 1[d] 3 (7a)[e]

6 120 22 280 78 (90:10) 5 (80:20) 3 (7a)[e]

7[f ] 130 20 280 37 (95:5) 54 (85:15) 7
8[g] 160 5 0 77 (88:12) <0.5[d] 5 (7a)[e]

9[g] 160 5 140 88 (86:14) <0.5[d] 5 (7a)[e]

10[h] 130 20 280 68 (90:10) 8 (75:25) 6

[a] Reaction conditions: 1-octene (20.0 mmol), [Ru3(CO)12] (40.0 mmol),
LiCl (5.00 mmol), 2a (132 mmol), H2O (0.5—2 mL), NMP (3–4 mL), CO/
H2 (1:1; 60 bar). [b] Determined by GC with 2.0 mL isooctane as internal
standard. [c] 4a, its isomers, and 7a. [d] n/i ratio was not determined.
[e] Only n-octane (7a) was obtained. [f ] No LiCl. [g] Performed with CO/
H2 (1:2; 60 bar). [h] With 0.1 mol% of [Ru3(CO)12] .

.Angewandte
Zuschriften

3022 www.angewandte.de � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 3021 –3025

http://www.angewandte.de


high chemo- and regioselectivities (Table 3, entries 1–6). The
lower n/i ratio of aldehydes can be explained by the faster
reduction of n-aldehyde. Furthermore, two cyclic alkenes
were tested; cyclohexylmethanol was obtained in 79% yield

(Table 3, entry 7), whereas cyclooctylmethanol was surpris-
ingly obtained in lower yield (Table 3, entry 8). The more
challenging internal alkene, 2-octene (4 i), was transformed to
C9-alcohols in 59 % yield and 66:34 n/i selectivity (Table 3,
entry 9). In this case, the conversion of 4 i was not complete
and the reduction of aldehydes to alcohols was relatively
slower. As a result of the stabilization of the in situ generated
benzylic ruthenium complex, lower or even inverted regiose-
lectivity was observed with aryl-substituted alkenes 4j and 4k
(Table 3, entries 10 and 11; Scheme 1). When isoprene (4 l)
was employed as a substrate, one double bond was hydro-
formylated and the corresponding aldehyde reduced, whereas
the second double bond was hydrogenated (Table 3, entry 12;
Scheme 1).

Finally, the reaction was carried out with methyl meth-
acrylate (4m), which bears an electron-poor double bond.
The corresponding lactone 5 m was obtained in good yield
(Table 3, entry 13; Scheme 1). This result represents an
efficient catalytic synthesis of g-lactones by a domino
hydroformylation/reduction/transesterification reaction
sequence.[17]

To investigate the active ruthenium complex involved in
the catalysis, a sample of the crude reaction mixture was
analyzed by 31P NMR spectroscopy. Two main signals were
observed, a major one at 32.0 ppm (A) and a minor one at
44.6 ppm (B). The same species were obtained when
[Ru3(CO)12] and 2a were stirred in [D8]toluene at 100 8C for
2 h under 30 bar of synthesis gas. As the ratio of signals of A
and B depended on the ratio of [Ru] and 2a, we assumed that
the L/Ru ratio was 1:1 for complex A and 2:1 for B
(Scheme 2). Indeed, we were able to isolate both complexes
separately and perform an X-ray analysis of complex B.
Complex B is stable under ambient conditions and contains
two P ligands and three CO molecules.[15] On the other hand,
complex A is unstable in the absence of a CO atmosphere, but
its NMR and HRMS analysis show that it contains of only one
phosphorous ligand, which likely coordinates in a bidentate
fashion.[18]

All attempts to recrystallize complex A led to isolation of
crystals of B. Thus, we propose an equilibrium between A and
B, depending on the presence of carbon monoxide. We

Table 3: Ruthenium-catalyzed domino hydroformylation/hydrogenation
sequence: Substrate scope.[a]

Entry Substrate Yield [%][b]

5[c] (n/i) 6 (n/i) 4[d] 7

1 90 [81] (88:12) 1[e] 0 3

2 82 [75] (89:11) 2[e] –[f ] –[f ]

3 85 [83] (89:11) 4 (75:25) 2 6

4 88 [81] (89:11) 3 (67:33) 3 6

5[g] 83 (85:15) 15 (73:27) –[f ] –[f ]

6 >99 [87] (>99:1) 0 –[f ] –[f ]

7 79 [76] 3 1 0

8 28 8 41 2

9 59 (66:34) 14 (57:43) 10 5

10 83 [80] (40:60) 0 0 10

11[h] 89 [85] (64:36) 0 0 9

12[h] >99 [80] (96:4) 0 –[f ] –[f ]

13[h] 74 [55] 0 0 –[f ]

[a] Reaction conditions: lkene(20.0 mmol), [Ru3(CO)12] (40.0 mmol), LiCl
(5.00 mmol), 2a (132 mmol), H2O (56 mmol), NMP (3 mL), CO/H2 (1:1;
60 bar) at 130 8C for 20 h. [b] Determined by GC with 2.0 mL of isooctane
as internal standard. [c] Yield of the isolated alcohols is given in square
brackets. [d] All isomers. [e] n/i ratio was not determined. [f ] Com-
pound(s) not detectable by GC. [g] Performed with 1-butene (103 mmol),
[Ru3(CO)12] (200 mmol), LiCl (25.0 mmol), 2a (660 mmol), H2O
(275 mmol), NMP (15 mL), under constant pressure CO/H2 (1:1;
60 bar) at 130 8C for 20 h. [h] For products, see Scheme 1.

Scheme 1. Hydroformylation/reduction of alkenes 4k, 4 l, and 4m.
Reaction conditions: alkene (20.0 mmol), [Ru3(CO)12] (40.0 mmol), LiCl
(5.00 mmol), 2a (132 mmol), H2O (56 mmol), NMP (3 mL), and CO/
H2 (1:1; 60 bar) at 130 8C for 20 h.

Scheme 2. Structures of ruthenium/2a complexes and the proposed
equilibrium between them.
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believe complex A is responsible for the performance of the
present catalytic system.

In summary, we have developed an active and selective
ruthenium-based catalyst system for the conversion of
terminal and internal aliphatic and araliphatic alkenes to
linear alcohols by a domino hydroformylation/reduction
reaction sequence. Although ruthenium complexes have
been largely neglected for carbonylations, this work demon-
strates that ruthenium can be an appropriate and promising
metal for such reactions. The results presented here constitute
a useful alternative to the recently reported rhodium-
catalyzed domino hydroformylation/reduction reactions.[19]

Experimental Section
General method for the optimized hydroformylation/reduction of
alkenes: A 25 mL steel autoclave was charged under argon atmos-
phere with [Ru3(CO)12] (25.6 mg, 40.0 mmol), 2a (36.7 mg, 132 mmol)
and LiCl (212 mg, 5.00 mmol). Then, NMP (3 mL), H2O (1.0 mL,
1.0 g, 56 mmol), and alkene (20.0 mmol) were added. The autoclave
was pressurized with 60 bar CO/H2 and heated to 130 8C for 20 h.
After the reaction time, the autoclave was cooled with ice water and
the pressure was released. The crude reaction mixture was analyzed
by gas chromatography with isooctane (2.0 mL) as internal standard.
For isolation of selected compounds, the solvent was removed by
washing the crude reaction mixture with water. Subsequent bulb-to-
bulb distillation afforded the desired product.
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