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In 1993 Murai et al. first
reported the regioselec-
tive activation of C±H
bonds and consecutive
C±C bond formation in
the ortho-position to aro-
matic keto or imine groups under control of ruthe-
nium catalysts.[1] Since then the Murai reaction[2]

and similar ruthenium-catalysed processes[3] have
been extended to a wide variety of aromatic and olefi-
nic substrates.

The currently established catalysts for this highly
interesting C±C bond forming reaction are ruthenium
complexes such as [RuH2(CO)(PPh3)3] 1. Unfortu-
nately, the application of these first-generation cata-
lysts requires rather forcing conditions (i. e., reaction
temperatures at or above 130 °C) to be most effective.

In 1998, Chaudret et al. first observed that the car-
bonyl-free complex [RuH2(H2)2(PCy3)2] 2[4] contain-
ing two dihydrogen ligands is able to catalyse the
Murai-type coupling between acetophenone and
ethene even at room temperature.[5]

As part of our continuing studies towards the use of
low-valent ruthenium complexes in C±H bond activa-
tion processes,[6] we have developed a practical
method for room temperature Murai-reactions based
on this pre-catalyst.[7] We have now extended this
protocol to the one-pot generation of 2 in the reaction
mixture. In both cases 2 is prepared via hydrogena-
tion of commercially available [Ru(cod)(2-methylal-
lyl)2] 3 in the presence of PCy3.[7,8] This approach al-
lowed us to study the activity of 2 towards various
substrates in detail and to investigate possible catalyst
deactivation pathways.

Pre-catalyst 2 was generated from a suspension of 3
and 2 equivalents of PCy3 in pentane by heating to
60 °C for 18 h in the presence of hydrogen in a pres-
sure vessel. After cooling to room temperature the re-
actor was vented and a pentane solution of acetophe-
none 4 a was added without intermediate purification
or work-up. The reaction mixture was then pres-
surised with ethene and stirred at 23 °C for 24 h. Ana-
lysis of the resulting red solution by GC/MS revealed

54 ± 10% conversion of 4 a.
The 1 : 1 coupling product
5 a was formed almost
exclusively and only trace
amounts of the 1 : 2-prod-
uct 6 a were detected.

If complex 2 was used in isolated and purified form
under otherwise identical conditions, yields of 5 a
were in a similar range, but even larger variations
were observed.[7] The significant deviation from the
average yield may be at least partially associated with
the poor solubility of 2 in saturated hydrocarbon sol-
vents and the presence of a suspension during the in-
itial state of reaction. Replacing pentane with toluene
gave homogeneous solutions throughout the course
of reaction and 63% conversion was obtained for the
standard substrate 4 a. Under these conditions, yields
were reproducible within ± 5% in two independent
runs for all substrates 4 b±e, respectively.

Table 1 summarises the results obtained with var-
ious para-substituted acetophenones 4 a±e in the
Murai-coupling with ethene at room temperature
using isolated 2 as catalyst in toluene solution
(Scheme 1).

Scheme 1.

All substrates gave good to excellent conversion to
the alkylated products. The results indicate that the
reactivity of the aryl ketones increases with the elec-
tron-withdrawing effect of the group R in the para-
position to the keto group. In particular, the amount
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of double substitution increased with the ±I effect of R,
reaching up to 36% in case of 4 e (R = CF3).

The influence of R on the reactivity of the substrates
observed with catalyst 2 is remarkably different to the
one reported by Murai et al. for [RuH2(CO)(PPh3)3] 1
as catalyst using triethoxyvinylsilane as the olefinic
substrate.[9,10] In the latter case, the reactivity fol-
lowed the order OCH3 > F > CF3. These complemen-
tary reactivities may indicate that the rate-determin-
ing step of the catalytic cycle is different for the two
catalytic systems.

In order to get further insight into the Murai-coup-
ling with 2, the course of the reactions of 4 c±e with
ethene were investigated under slightly elevated tem-
peratures (28 °C) using an online-GC/MS system.[11]

The results of typical experiments are illustrated in
Figure 1 and Figure 2. Conversion starts immediately
with a relatively high initial rate but slows down con-
tinuously and reaches a plateau after about 250 min.
The amount of double alkylation is small for 4 c (Fig-
ure 1) but can be studied in case of 4 e (Figure 2).
Double alkylation occurs in a sequential manner.
The mono-alkylated product 5 e is formed rapidly
from 4 e under standard conditions and subsequently
converted to 6 e.

The initial rates reflect the order of reactivity
CF3 > Cl > OCH3 already discussed earlier in a more
quantitative fashion (Table 2). Most notably, the data
also reveal that catalytic turnover ceases at around
the same time in all experiments independent of the
aromatic substrate. This indicates that a common ca-
talyst deactivation pathway limits the conversion in
all cases.

The deactivation of the catalyst was further sub-
stantiated by the observation that no conversion oc-
curred when additional substrate 4 c was added after
the reaction had ceased. In contrast, conversion of 5 c
to 6 c started again when fresh catalyst was added to
the reaction mixture.

Complex 2 is known to have only a limited stability
in aromatic solvents,[4a] but 31P NMR experiments
demonstrated that the signal of 2 retains at least 60%
of its initial strength after 330 minutes in toluene-d8

solution. The complex {RuH(H2)[o-C6H4-C(O)Me]-
(PCy3)2} 7, which is presumably the key intermediate
in the Murai-reaction of 4 a catalysed by 2,[5] shows a
similar lifetime. After 230 minutes the original signal
at 48.6 ppm had decreased to 75% of its initial inten-
sity with the concomitant formation of a new signal at
46.4 ppm. These experiments demonstrate that de-
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Table 1. Reactivity of substituted aromatic ketones 4 a±e to-
wards ethene in the presence of 2[a]

Substrate Yields (%)[b]

R 4 5 6

H a 63 1
CH3 b 76 1
OCH3 c 82 2
Cl d 89 7
CF3 e 61 36

[a] 4: 0.40 mmol, 2: 0.04 mmol, C2H4: 1.0 g (30 bar), toluene:
5 mL, 23 °C.
[b] Determined by GC/MS analysis after 24 h.

Table 2. Maximum rates and catalyst lifetime from online-
GC/MS monitoring

Substrate v0 [a] tmax
[b]

R 4 [mmol ´ min±1 ´ L±1] [min]

OCH3 c 0.95 253
Cl d 1.34 240
CF3 e 1.94 237

[a] Initial rate of consumption of 4.
[b] Time after which maximum conversion was first noticed,
± 15 min.

Figure 1. Conversion of 4 c (R = OCH3) with ethene moni-
tored by online-GC/MS. Conditions: 4c: 0.40 mmol, 2:
0.04 mmol, C2H4: 30 bar, toluene: 5 ml, 28 °C.

Figure 2. Conversion of 4 e (R = CF3) with ethene monitored
by online-GC/MS. Conditions: 4 e: 0.40 mmol, 2: 0.04 mmol,
C2H4: 30 bar, toluene: 5 mL, 28 °C.



composition of 2 or 7 is far too slow to account for the
observed deactivation. Furthermore, no indication
for formation of free PCy3 was observed in these ex-
periments. In contrast, 31P NMR spectroscopic investi-
gations of the reaction mixtures revealed the presence
of large amounts of free PCy3 after conversion had
ceased. This indicates that ligand dissociation may play
an important role in the deactivation process.

In summary, we have developed a practical method
for Murai-type couplings at room temperature based
on the formation of 2 from air-stable and readily
available starting materials. The electronic effects of
substrates on the reactivity of 2 were found to be re-
markably different from that of classical Murai-cata-
lysts. A substrate-independent deactivation pathway
was identified as the major limitation of the catalyst
lifetime under these conditions. Structural modifica-
tion of Chaudret's catalyst seems highly promising to
overcome these limitations for controlled alkylation
of aromatic compounds.

Experimental Section

General Comments

All manipulations were carried out under an argon atmos-
phere unless otherwise noted. Experiments involving ele-
vated pressures require appropriate safety precautions and
must only be carried out with suitable equipment.

Analytical Techniques

NMR spectra were recorded on a Bruker AMX-300 operating
at 121.5 MHz for the 31P nucleus. Chemical shifts are given
relative to H3PO4 as external standard. Gas chromato-
graphic analyses were performed with a Hewlett-Packard
6890 GC using a 30 m RTX-5 capillary column and flame de-
tector as well as a mass selective detection. Sample injection
was carried out manually or with an online-sampling sys-
tem.[11]

High-Pressure Equipment

Two stainless steel autoclaves of 10 mL and 100 mL volume,
respectively, were employed as reactors. Both were
equipped with two thick-walled glass windows, internal
thermocouple, pressure gauge and a Teflon-coated mag-
netic stirring bar. The 100 mL autoclave additionally fea-
tured a capillary and a second valve in order to allow on-
line-sampling during the reaction.

Materials

All solvents, starting materials and reagents were purified
and deoxygenated according to standard procedures.
[RuH2(H2)2(PCy3)2] 2 was synthesised by hydrogenation of
[Ru(cod)(2-methylallyl)2] 3 in the presence of PCy3 using n-
hexane as the reaction medium.[7]

One-Pot Generation of 2 and Consecutive Murai
Reaction

In a representative experiment, 3 (0.045 mmol) and PCy3

(0.090 mmol) were placed in a 10 mL autoclave and pentane
(5 mL) was added. The suspension was pressurised with H2

(10 bar) and heated to 60 °C for 18 h. After cooling to room
temperature the reactor was vented and a pentane solution
of acetophenone 4 a (0.40 mmol) and an internal standard
(eicosane, 0.04 mmol) was added. The reaction mixture
was pressurised with ethene (1.0 g, 30 bar) and stirred at
23 ± 2 °C for 24 h. GC/MS analysis revealed the presence of
4a (42%), 5a (58%) and 6a (trace amounts) as the only reac-
tion products.

Murai Reaction Employing Isolated 2

[RuH2(H2)2(PCy3)2] 2 (0.04 mmol) was added to a solution of
acetophenones 4 a±e (0.40 mmol) and an internal standard
(eicosane, 0.04 mmol) in toluene (5 mL). After stirring for
30 minutes the resulting orange-red solution was trans-
ferred into the reactor, pressurised with ethene (1.0 g,
30 bar) and stirred at 23 ± 2 °C for 24 h. The reaction mixture
was analysed by GC/MS. Results are given in Table 1.

Online Reaction Monitoring

[RuH2(H2)2(PCy3)2] 2 (0.04 mmol) was added to a solution of
acetophenones 4 c±e (0.40 mmol) and an internal standard
(eicosane, 0.04 mmol) in toluene (5 mL). After stirring for
30 minutes the resulting orange-red solution was trans-
ferred into the reactor, pressurised with ethene (30 bar)
and stirred at 28 ± 2 °C for 10 hours. Samples were taken
automatically from the solution for online-GC/MS analysis
every 30 min.

Monitoring the Decomposition of the Catalyst
Precursor

Catalyst 2 (0.05 mmol) was dissolved in toluene-d8 (0.5 mL)
and the obtained solution transferred into an NMR tube con-
taining a capillary with PPh3 in C6D6 as external standard.
The decomposition was monitored by 31P NMR at room tem-
perature. A similar experiment was carried out with a solu-
tion of 7, formed in situ from 2 (0.05 mmol) and 4 a
(0.50 mmol).
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