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ABSTRACT: An efficient and regioselective ruthenium-cata-
lyzed hydroaminomethlyation of olefins is reported. Key to
success is the use of specific 2-phosphino-substituted imidazole
ligands and triruthenium dodecacarbonyl as catalyst. Both
industrially important aliphatic as well as various functionalized
olefins react with primary and secondary amines to give the
corresponding secondary and tertiary amines generally in high
yields (up to 96%) and excellent regioselectivities (n/iso up to
99:1).

■ INTRODUCTION
Amines constitute essential pharmaceutically and biologically
active compounds, dyes and agrochemicals, which are produced
on significant industrial scale.1 A plethora of methods is
available for the synthesis of these compounds. Most
commonly, reductive amination of carbonyl compounds2 and
stoichiometric waste-generating nucleophilic substitutions of
alkyl halides are performed. In addition, hydrocyanation of
alkenes3 followed by reduction,4 and modern catalytic
technologies such as “borrowing hydrogen” reaction5 and
hydroaminations6 are known. Unfortunately, in the latter case
selective transformation to the linear amines from readily
available aliphatic olefins is still not possible. However, applying
hydroformylation conditions in the presence of amines, the so-
called hydroaminomethylation reaction takes place.7 This three
step domino process8 is of particular interest in terms of atom-
efficiency, selectivity, and applicability (Scheme 1). First, the

olefin is hydroformylated to the corresponding aldehyde, which
then reacts with the amine to form the enamine or imine.
Subsequent reduction provides the desired amine. Clearly, the
metal used in hydroaminomethylation must be active and
selective in both the hydroformylation and the hydrogenation
step. Aldol-type side reactions may take place under the basic
conditions if the reduction is slow. Moreover, the amine can act
as σ-donor ligand and thus compete with the original ligand.
Although the first hydroaminomethylation reaction was

discovered by Reppe already more than 60 years ago,9 it was
not until the 1990′s when more efficient and versatile
applications were reported especially by Eilbracht and co-

workers.10 Since then, our group has developed rhodium
catalysts based on modified Naphos- and Xantphos-ligands for
n-selective hydroaminomethylation of terminal and internal
olefins as well as other rhodium complexes for the preparation
of bioactive compounds.11 More recently, notable catalyst
improvements based on rhodium and novel synthetic
applications were reported by the groups of Zhang,12 Vogt,13

Alper,14 Kalck,15 and others.16 In addition, methodology
development on biphasic systems,17 and microwave-assisted
hydroaminomethylations were reported.18

In contrast to all these efforts, the application of alternative
metals apart from expensive rhodium was rarely reported. The
reason for the underrepresentation of other metals in this
reaction is mainly their lower activity in the hydroformylation
step.19 In this regard it is interesting that Nozaki and co-
workers reported recently the application of [Cp*Ru]
complexes for hydroformylation of propene and 1-decene
using bisphosphite and bisphosphine ligands.20 Parallel to this
work we applied 2-phosphino-substituted imidazole ligands21

for ruthenium(0)-catalyzed hydroxymethylation reactions.22

Based on these results and our continuous interest on
hydroformylation and related reactions we investigated the
possibility of ruthenium-catalyzed hydroaminomethylations.
Surprisingly, there exists only one study on the ruthenium-
catalyzed hydroaminomethylation reaction of propene by Keim
and Schaffrath using carbon monoxide.23 To the best of our
knowledge, no other olefins were explored and no general
methodology has been developed. In addition, Eilbracht and
co-workers reported on Ru3(CO)12-catalyzed hydroaminome-
thylation under reverse water-gas-shift-reaction conditions.24

However, high catalyst loading and harsh reaction conditions
were applied. Herein, we present a general and practical
ruthenium-catalyzed hydroaminomethylation reaction of in-

Received: December 16, 2012
Published: February 18, 2013

Scheme 1. Hydroaminomethylation of Alkenes
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dustrially important and functionalized olefins with various
amines using Ru3(CO)12/2-(dicyclohexylphosphino)-1-(2-me-
thoxyphenyl)-1H-imidazole as catalyst system. This work
extends the scope of Ru-catalyzed C−C bond forming
reactions.25,26

■ RESULTS AND DISCUSSION

Initially, the ruthenium-catalyzed hydroaminomethylation of 1-
octene with piperidine was systematically investigated. Based
on our previous experience in hydroaminomethylations, a 1:1
mixture of MeOH and toluene was chosen as solvent for the
variation of the ligand. In general, the reaction was performed
at 130 °C with 0.2 mol% of Ru3(CO)12 under 60 bar pressure
of CO and H2 (CO/H2 = 1:5). Using standard monodentate

PPh3 as ligand, only moderate amine selectivity (72%) was
achieved due to the high extent of isomerization of the
substrate (Table 1, entry 1). Besides, the regioselectivity (n/iso
= 72:28) was also at moderate level. The bidentate P-ligands
Xantphos and Naphos showed different activity in ruthenium-
catalyzed hydroaminomethylation: low conversion (47%),
moderate amine selectivity (74%), although high regioslectivity
(n/iso = 97:3) were obtained with Xantphos (Table 1, entry 2),
while Naphos gave 80% conversion with only 31% amine
selectivity and somewhat lower regioselectivity (n/iso = 84:16)
(Table 1, entry 3). To our delight, full conversion (>99%), high
amine selectivity (93%) and regioselectivity (n/iso = 95:5) were
obtained with the imidazole-substituted monophosphine ligand
L1 (Table 1, entry 4). Therefore, the structural influence of the

Table 1. Ruthenium-Catalyzed Hydroaminomethylation of 1-Octene with Piperidine: Ligand Effecta

selectivityb [%]

entry catalyst ligand conversionb [%] amine linear amine N-formyl piperidine n/isob

1 Ru3(CO)12 PPh3 97 72 52 2 72:28
2 Ru3(CO)12 Xantphos 47 74 72 <1 97:3
3 Ru3(CO)12 Naphos 80 31 26 6 84:16
4 Ru3(CO)12 L1 >99 93 88 <1 95:5
5 Ru3(CO)12 L2 >99 90 85 <1 94:6
6 Ru3(CO)12 L3 >99 90 86 1 95:5
7 Ru3(CO)12 L4 99 91 86 <1 94:6
8 Ru3(CO)12 L5 98 69 65 <1 94:6
9 Ru3(CO)12 L6 >99 74 71 1 96:4
10 Ru3(CO)12 L7 83 35 29 2 83:17
11 Ru3(CO)12 L8 80 34 29 2 85:15
12 Ru3(CO)12 L9 98 64 61 1 94:6
13c [Rh(cod)2]BF4 L1 >99 91 52 <1 57:43

aReaction conditions: 20 mmol 1-octene, 24 mmol piperidine, 0.2 mol% Ru3(CO)12, 0.66 mol% ligand, 10 mL of MeOH, 10 mL of toluene, 10 bar
CO, 50 bar H2, 130 °C, 20 h. bDetermined by GC analysis using isooctane as internal standard. c0.6 mol% [Rh(cod)2]BF4, 2 h.

Table 2. Activities of 2-Phosphino-substituted Imidazole Ligands L1−L5
a

selectivityb [%]

entry ligand conversionb [%] amine linear amine n/isob TOF [h−1]

1 L1 78 85 82 97:3 440
2 L2 56 86 83 96:4 320
3 L3 75 76 73 96:4 380
4 L4 72 83 81 97:3 400
5 L5 81 70 67 95:5 380

aReaction conditions: 20 mmol 1-octene, 24 mmol piperidine, 0.1 mol% Ru3(CO)12, 0.33 mol% Ligand, 10 mL of MeOH, 10 mL of toluene, 10 bar
CO, 50 bar H2, 130 °C, 0.5 h. bDetermined by GC analysis using isooctane as internal standard.
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2-phosphino-substituted heterocyclic ligands L1−L9 was
evaluated (Table 1, entries 4−12). Almost all these ligands
tested afforded quantitative conversion with different levels of
chemoselectivity. Ligands L1−L4 bearing different substituents
on nitrogen or phosphorus provided high amine selectivity
without significant differences (Table 1, entries 4−7). Though
L5 and L6 showed high conversion, the amine selectivities were
somewhat lower (Table 1, entries 8−9). Lower amine
selectivity arose from the isomerization of the olefins. 2-
Phosphino-substituted pyrole ligands L7 and L8 gave good

conversion but only low chemo- and regioselectivity (Table 1,
entries 10−11). Then, the benzimidazole derived ligand L9 was
tested and gave quantitative conversion but moderate amine
selectivity (Table 1, entry 12). Except using Naphos, negligible
amounts of N-formyl piperidine were formed in all cases.
Finally, the ligand L1 was tested with [Rh(cod)2]BF4.
Compared with our Ru catalyst, the rhodium-based complex
yielded similar amount of amine in shorter reaction time, but
only 57:43 regioselectivity was achieved (Table 1, entry 13). In
order to compare the activity of 2-phosphino-substituted

Table 3. Ruthenium-catalyzed Hydroaminomethylation of 1-Octene with Piperidine: Solvent Effecta

selectivityb [%]

entry solvent conversionb [%] amine linear amine N-formyl piperidine n/isob

1c MeOH/Tol >99 93 88 <1 95:5
2 Tol 99 85 80 <1 94:6
3 MeOH 99 84 79 1 94:6
4 EtOH 99 83 77 <1 93:7
5 THF 99 84 78 1 93:7
6 PC 90 44 42 1 96:4
7 NMP 98 61 57 <1 94:6

aReaction conditions: 20 mmol 1-octene, 24 mmol piperidine, 0.2 mol% Ru3(CO)12, 0.66 mol% L1, 20 mL solvent, 10 bar CO, 50 bar H2, 130 °C,
20 h. bDetermined by GC analysis using isooctane as internal standard. c10 mL MeOH and 10 mL toluene.

Table 4. Ruthenium-catalyzed Hydroaminomethylation of 1-Octene with Piperidine: Variation of Reaction Parametersa

selectivity [%]b

entry x CO/H2 [bar] conversion [%]b amine linear amine N-formyl piperidine n/isob

1 0.2 10:50 >99 93 88 <1 95:5
2 0.1 10:50 99 89 85 <1 95:5
3 0.05 10:50 99 85 81 2 95:5
4c 0.1 10:50 99 79 76 <1 96:4
5 0.1 10:40 99 84 79 1 94:6
6 0.1 7:35 99 87 83 1 95:5
7 0.1 5:25 99 76 71 <1 94:6
8 0.1 2:10 98 38 35 <1 94:6
9 0.1 20:40 99 81 77 2 95:5

aReaction conditions: 20 mmol 1-octene, 24 mmol piperidine, x mol% Ru3(CO)12, 3.3x mol% L1, 10 mL of MeOH, 10 mL of toluene, 130 °C, 20 h.
bDetermined by GC analysis using isooctane as internal standard. c120 °C.

Figure 1. Ruthenium-catalyzed Hydroaminomethylation of 1-Octene and Piperidine: (a) Δp (Pressure change compared to initial pressure) curve
and temperature curve. (b) Composition of the reaction mixture.
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imidazole ligands, the turnover frequency (TOF) values of the
corresponding complexes were compared 30 min after the
reaction temperature was reached. Again, ligand L1 performed
best (Table 2, entry 1). A significant difference in reactivity was
observed between ligands L2 and L5 (Table 2, entries 2 and 5).
Whereas the conversion achieved with ligand L2 was moderate,
the amine selectivity was particularly high. On the other hand,
good conversion, but also higher extent of isomerization were
obtained with L5.
Often in hydrogenation reactions the solvent has a significant

influence on the reactivity and selectivity of the catalyst system.

Hence, with the best ligand L1, the influence of different
solvents was studied (Table 3). Compared with the mixture of
methanol and toluene, lower chemoselectivity was achieved
when the reaction was performed in pure toluene or methanol
(Table 3, entries 2, 3). Similar results were obtained in ethanol
and THF (Table 3, entries 4, 5). The use of propylene
carbonate (PC) as a solvent led only to a moderate amine
selectivity due to high extent of isomerization of 1-octene
(Table 3, entry 6). The conversion and selectivity were slightly
improved in NMP, but only to a moderate level (Table 3, entry
7).

Table 5. Ruthenium-catalyzed Hydroaminomethylation of 1-Octene with Aminesa

aReaction conditions: 20 mmol 1-octene, 24 mmol amine, 0.1 mol% Ru3(CO)12, 0.33 mol% L1, 10 mL of MeOH, 10 mL of toluene, 10 bar CO, 50
bar H2, 130 °C, 20 h.

bDetermined by GC analysis using isooctane as internal standard. cIsolated yield after distillation or column chromatography.
d20 mmol amine, 40 mmol olefins, 0.2 mol% Ru3(CO)12, 0.66 mol% L1, 20 bar CO, 40 bar H2 used.
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Further efforts toward condition optimization are summar-
ized in Table 4. The amount of Ru3(CO)12 can be reduced to
0.1 mol% without significant loss of activity (Table 4, entry 2).

However, further lowering the catalyst loading resulted in lower
amine selectivity, albeit same regioselectivity was obtained
(Table 4, entry 3). Variation of the temperature showed that

Scheme 2. Hydroaminomethylation of Tryptamine and 1-Octenea

aReaction conditions as shown. bDetermined by GC analysis using isooctane as internal standard.

Table 6. Ruthenium-catalyzed Hydroaminomethylation of Olefins with Piperidinea

aReaction conditions: 20 mmol olefin, 24 mmol piperidine, 0.1 mol% Ru3(CO)12, 0.33 mol% L1, 10 mL of MeOH, 10 mL of toluene, 10 bar CO, 50
bar H2, 130 °C, 20 h. bSelectivity was determined by GC analysis using isooctane as internal standard. cIsolated yield after distillation or column
chromatography. d20 mmol olefin, 48 mmol piperidine, 0.2 mol% Ru3(CO)12, 0.66 mol% L1, 20 bar CO, 40 bar H2 used.

ePerformed with with 7
mmol olefin. f160 °C. g5 h. h40 h. iCombined yield.
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130 °C was essential to achieve high amine selectivity (Table 4,
entry 4). Reduction of partial hydrogen or overall pressure led
to inferior results in means of chemoselectivity (Table 4, entries
5−9).
Next, the reaction progress of the ruthenium-catalyzed

hydroaminomethylation of 1-octene with piperidine was
examined under the optimized reaction conditions: 0.1 mol%
Ru3(CO)12, 1.1 equiv of ligand L1 with 10 bar CO and 50 bar
H2 in MeOH/toluene mixture (1:1) at 130 °C. As depicted in
Figure 1a the gas consumption started at 125 °C and the
reaction rate decreased after 90 min. The explanation is
obtained from the analysis of samples taken from the reaction
mixture (Figure 1b). The conversion of 1-octene to the
corresponding amine started at 125 °C. At the same time,
isomerization of the double bond took place, albeit at lower
rate. However, 1-octene was almost completely consumed after
90 min and 2-octene dominated in the system, which led to a
slower isomerization-hydroaminomethylation pathway. To our
surprise, neither aldehyde, enamine nor imine were detected
during the whole reaction time, which indicates fast reactions of
the aldehyde with the amine and subsequent hydrogenation.27

Although the mechanism of ruthenium-catalyzed hy
droaminomethylation is still not clear yet, we propose a similar
mechanism to Nozaki’s work20 and commonly accepted
rhodium-catalyzed hydroformylations.28 First, a monometallic
Ru-hydride species should be formed from the triruthenium-
dodecacarbonyl complex in the presence of ligand, CO, and H2.
Coordination and insertion of the alkene gives the respective
alkyl complex. After migratory insertion of CO, the
corresponding ruthenium acyl species is formed, which

undergoes hydrogenolysis to release the aldehyde. Condensa-
tion of amine and the aldehyde forms the enamine or imine.
Finally, reduction of the enamine or imine provides the desired
amine in the last step. In contrast to most rhodium-catalyzed
hydroaminomethylations, here the hydrogenation of the imine
(enamine) should not constitute the rate determining step of
the reaction sequence since these intermediates are not
detected.
Next, the compatibility and limitations of our ruthenium-

catalyzed hydroaminomethylation protocol were tested on
more than 30 substrates. For example, we studied the reaction
of 1-octene with different secondary, primary, and functional
groups-containing amines (Table 5). Applying piperidine,
morpholine, 1-phenylpiperazine, 2,3-dihydro-indole, N,N-dime-
thylamine the corresponding linear products 1a−e were
obtained in good to excellent yields and regioselectivities
(Table 5, entries 1−5). Secondary amines with more bulky
substituents gave the products 1g-h similarly with excellent
results (Table 5, entries 7−8). The amino acid derivative
pyrrolidine-2-carboxylic acid methyl ester successfully yielded
1i. Noteworthy, the ester group survived the hydroamino-
methylation conditions without problems (Table 5, entry 9). 2-
(Methylamino)ethanol reacted readily with 1-octene to provide
the interesting amino alcohol 1j in high yield and selectivity
(Table 5, entry 10).
In addition to secondary amines, primary amines also reacted

well with 1-octene to give 1k−m in moderate to high yields and
selectivities (up to 82% GC yield and 96:4 regioselectivity)
(Table 5, entries 11−13). With (4-aminophenyl)(phenyl)-
methanone, the ketone was retained in the product 1n (Table
5, entry 14). Depending on the amine/alkene ratio, cyclo-
hexylamine can selectively react with one or two equivalents of
1-octene to yield the mono- or dialkylated amines 1o and 1p,
respectively (Table 5, entries 15−16).
Tryptamine and its derivatives are important alkaloids

showing numerous biological activities. For example, they act
as Serotonin Releasing Agents and Serotonergic Activity
Enhancers.29 Hydroaminomethylation of tryptamine with
alkenes provides an effective and benign way to selectively
alkylate the 9-NH2 position. Applying standard conditions, both
mono- and dialkylated tryptamine are obtained. The two
compounds can be easily separated by column chromatography.
However, varying the ratio of alkene and trypamine allows for a
selective formation of mono- or dialkylated trypamines
(Scheme 2).
Subsequently, we focused our attention on the variation of

olefins using piperidine (Table 6). Both lower and higher
aliphatic olefins provided the corresponding linear amines 1a,

Scheme 3. Hydroaminomethylation of Enamines with
Piperidinea

aReaction conditions: 10 mmol olefins, 12 mmol amine, 0.2 mol%
Ru3(CO)12, 0.33 mol% L1, 10 mL of MeOH, 10 mL of toluene, 10 bar
CO, 50 bar H2, 130 °C, 20 h. bDetermined by GC analysis using
isooctane as internal standard.

Table 7. Ruthenium-catalyzed Hydroaminomethylation of 2-Octene with Piperidinea

selectivityb [%]

entry x T [°C] time [h] conversionb [%] amine linear amine N-formyl piperidine n/isob

1 0.1 130 20 40 70 50 2 71:29
2 0.1 160 40 89 60 49 9 81:19
3 0.2 160 30 94 71 59 10 83:17

aReaction conditions: 20 mmol 2-octene, 24 mmol piperidine, x mol% Ru3(CO)12, 3.3x mol% L1, 10 mL of MeOH, 10 mL of toluene, 10 bar CO, 50
bar H2.

bDetermined by GC analysis using isooctane as internal standard.
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2a−c with excellent yields and regioselectivities (Table 6,
entries 1−4). Octa-1,7-diene reacted with two equivalents of
piperidine to yield the interesting 1,10-di(piperidin-1-yl)decane
2d (Table 6, entry 5). Dihydrochlorides of this type of amine
have potential radioprotective activity.30 We were also delighted
to find that the olefin bearing ester functionality underwent
exclusively hydroaminomethylation reaction to produce 2e
without side reactions involving the ester group (Table 6, entry
6). Linear and branched unprotected olefinic alcohols were
efficiently converted into interesting amino alcohols 2f−g in
high yield and with up to 99:1 regioselectivity (Table 6, entries
7−8). Moreover, acrolein diethylacetal underwent straightfor-
ward hydroaminomethylation to produce the protected γ-
amino-aldehyde 2h in moderate yield and regioselectivity
(Table 6, entry 9). 2i was obtained in lower yield from
allyloxybenzene, because of the ether-bond cleavage (Table 6,
entry 10). Higher temperature was necessary to convert the less
reactive cyclohexene to the corresponding product 2j in 65%
yield (Table 6, entry 11). In case of styrene an almost 1:1
mixture of n- and iso-amine 2k/2k′ was obtained in high yield
because of the stabilization of the benzylic metal complex
(Table 6, entry 12). On the other hand, allylbenzene was
converted to 2l with high regioselectivity (Table 6, entry 13).
The more sterically demanding aromatic olefin α-methylstyrene
provided 2m in inferior yield (Table 6, entry 14).
Selective hydroaminomethylation reactions of enamines and

enamides are known to be difficult, because of the hampered
formation of the acyl metal species.31 Gratifyingly, with 0.2
mol% of our catalyst system 1-vinyl-2-pyrrolidinone and 1-
vinyl-2-azepanone were successfully converted to 3a and 3b in
good yields (80% and 78%) and moderate to good linear
selectivity (n/iso = 65:35 and 81:19). Though the yield of 3c
was slightly lower (66%), linear selectivity (n/iso = 80:20) was
retained. 9-Vinylcarbazole was also employed as a substrate and
gave 3d with preferred selectivity for the branched isomer.
Noteworthy, the related N-(alkyl-piperidyl)carbazole deriva-
tives are pharmacologically useful substrates (Scheme 3).32

Finally, the more challenging isomerization-hydroamino-
methylation of 2-octene was investigated (Table 7). The
transformation of internal olefins is of considerable interest for
industrial applications due to their availability and advantageous
price. Applying the above-described conditions to the reaction
of 2-octene with piperidine, only 40% conversion and moderate
selectivity were observed after 20 h (Table 7, entry 1). In order
to increase the overall reaction rate, the reaction was performed
at higher temperature (Table 7, entries 2, 3). To our delight,
89% conversion and higher selectivity were achieved. Finally,
doubling of the amount of Ru3(CO)12 led to 94% conversion
and 83:17 regioselectivity.

■ CONCLUSION

We have developed a general catalytic system for hydro-
aminomethylation reactions of various olefins. Key to success is
the use of triruthenium dodecacarbonyl together with 2-
phosphino-substituted imidazole ligands. In general, syntheti-
cally important linear amines are obtained in good to excellent
yields and regioselectivities. This system also showed promising
activity in the challenging hydroaminomethylation of enamides
and internal olefins. The lower price of ruthenium, the lower
amount of ligand compared to rhodium-based catalysts and the
generality of our system render it a complementary option for
the synthesis of amines.
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