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The hydrogenation of ketones to alcohols in the
presence of a hydrido ruthenium triphenylphos-
phine complex, H2Ru(CO)2(PPh3)2, has been
investigated. Acetophenone was hydrogenated
at 120°C with a conversion of 69% after 24 h.
The yield is 85% working at 140°C. A kinetic
investigation of the reaction was also performed:
the reaction is first order with respect to the
hydrogen pressure, substrate and catalyst con-
centration. The rate of hydrogenation depends
on the nature of the substrate: steric and
electronic effects have a strong influence on the
hydrogenation of ketones. 2,2,2-Trifluoroaceto-
phenone is almost completely hydrogenated at
120°C after 3 h. A mechanism has been tenta-
tively suggested for the hydrogenation of ketones
in which the coordination of the substrate to the
metal is followed by its insertion into the
ruthenium–hydrido bond with formation of the
corresponding alkoxide. This complex reacts
with hydrogen, restoring the catalyst and form-
ing the alcohol. We have also tested the activity
of this catalyst in the hydrogenation of ana,b-
unsaturated ketone (trans-4-phenylbut-3-en-2-
one). The C=C double bond is preferentially
hydrogenated with a high chemoselectivity
(92.4% at 100°C). The data collected on the
hydrogenation of trans-4-phenylbut-3-en-2-one
suggest a different mechanism in which the rate-
determining step is the interaction between the
C=C double bond of the ketone with the metal–
hydrido bond. Experimental evidence is re-

ported to support this different hypothesis.
Copyright # 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

In recent years the need for sterically defined
compounds, i.e. alcohols, is increasing, especially
in the field of pharmaceutical and agrochemical
products. In this context a considerable effort has
been devoted to this problem and the hydrogenation
of aldehydes and ketones has been performed in the
presence of transition-metal complexes. The homo-
geneous catalytic hydrogenation of these substrates
leads to better results in terms of both stereo- and
regio-selectivity for the industrial synthesis. Sev-
eral organometallic complexes have been proposed
as possible catalysts in homogeneous phase; the
best compounds are Group VIII metal complexes,
in particular rhodium or ruthenium compounds.1,2

Ruthenium complexes have already been em-
ployed in the hydrogenation of alkynes,3 alkenes,3

aldehydes,4,5 ketones5,6 and a,b-unsaturated ke-
tones.7 The most convenient catalytic precursors
are phosphine-substituted hydrido ruthenium com-
pounds because these complexes do not promote
the decarbonylation of the starting substrate.

Several reaction mechanisms have been reported
for the hydrogenation of aldehydes and ketones
using these precursors.4,8,9 The catalytically active
species involved in this reaction are usually
supposed to be hydrido complexes, even if the
starting catalyst does not contain hydridic hydro-
gens.

The rate-determining step is usually attributed to
the initial coordination of the carbonyl group to the
metal through the oxygen atom to give, in the
subsequent step, a metal alkoxide as the key
intermediate. The following steps are the reaction
with molecular hydrogen or hydrogen donors,
followed by the elimination of the hydrogenated
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product while the initial catalyst is restored.
Neverthelessvery few examplesare reportedof
isolated and characterizedtransition-metal alk-
oxides8,10,11,12that are suggestedin the catalytic
cycle.Thesecompoundsarestablewhenelectron-
withdrawing groupsare present:8 for example,by
reaction of 2,2,2-trifluoroacetophenone with
HCo(N2)(PPh3) or H2Ru(PPh3)4 metal alkoxides
have beenisolatedand characterizedthrough 1H
NMR, 31P NMR, andIR spectroscopy.

Recently,we havefound a simpleandquantita-
tive methodfor the synthesisof the pure hydrido
ruthenium complex H2Ru(CO)2(PPh3)2.

13 It has
therefore been possible to evaluate its catalytic
activity because it has been proposed as an
intermediatein the homogeneoushydrogenation
of carbonyl groups in the presenceof the Ru(0)
[Ru(CO)3(PPh3)2] or the Ru(II) [Ru(CO)2(CH3-
COO)2(PPh3)2] complexes.4,14

RESULTS AND DISCUSSION

The catalytic activity of the ruthenium complex
H2Ru(CO)2(PPh3)2 in the hydrogenationof simple
ketoneshasbeenstudiedwith theaim of detecting
thebesthydrogenationconditionsandof obtaining
informationon the reactionmechanism.

Hydrogenation tests were carried out using
acetophenoneas the reference substrate: the
influenceof reactionparameterssuchas tempera-
ture,hydrogenpressure,andsubstrateandcatalyst
concentrationwas evaluated.Under appropriate
reactionconditionsa kinetic investigationof the
reactionwas also performed.The rate of hydro-
genationof substitutedketoneshavingsubstituents
with different steric and electroniceffectson the
C=O groupwasalsoinvestigated.

Thehydrogenationof ana, b-unsaturatedketone
(trans-4-phenylbut-3-en-2-one) has also been in-
vestigated.The chemoselectivityof the reaction,
i.e. the preferentialactivity of this catalystin the
hydrogenationof the carbonylicgroup and/or the
C=C doublebond,hasbeenevaluated.

2.1 Hydrogenation of
acetophenone

Severaltestshave beencarried out in tolueneas
solventwith a substrate/catalystratio of 87:1.The
conversionof the substratehasbeenevaluatedby
gaschromatographicanalysis(GC)andtheidentity
of theproductsconfirmedwith puresamplesor by

GC–MS analysis.A total chemoselectivityof the
reaction has always beenachieved,i.e. the only
hydrogenatedproductwas1-phenylethanol.

2.1.1 Influence of reaction temperature
In order to determinethe mostappropriatecondi-
tions, severalexperimentswere carriedout in the
temperaturerangebetween80 and140°C, undera
hydrogenpressureof 50atmwith areactiontimeof
3 h. At 80°C thehydrogenationrateis very low: a
conversionof only 3.0% has beenobtainedafter
3 h; at 140°C the conversionto 1-phenylethanol
reaches39.0%(Table1).

Thereactionrateat 120°C appearedappropriate
for a kinetic investigation.

2.1.2 Influence of hydrogen pressure
Reactionswereperformedundera constanthydro-
genpressurein therangebetween5 and100atm,at
120°C with a reactiontime of 3 h and a catalyst
concentrationof 4.31mmol lÿ1.

A positiveeffect of hydrogenpressurehasbeen
shown, and the conversion to 1-phenylethanol
increasesfrom 8.5% at 5 atm to 16.5%at 50atm
(Table 2). Using the data reportedin Table 2 a
linear relation was found betweenln(C0/C) and

Table 1 Influenceof temperatureonthehydrogenation
of acetophenonein thepresenceof H2Ru(CO)2(PPh3)2

a

T (°C) Yield (%)

80 3.0
100 7.3
110 13.3
120 16.5
140 39.0

a Catalyst,1.73� 10ÿ5 mol; substrate,1.50� 10ÿ3 mol; sol-
vent,4.0ml toluene;p(H2), 50atmat 20°C; reactiontime, 3 h.

Table 2 Influence of hydrogen pressure on the
hydrogenation of acetophenonein the presenceof
H2Ru(CO)2(PPh3)2

a

p(H2) (atm) Yield (%)

5 8.5
20 11.5
30 14.0
50 16.5
80 20.1

100 21.6

a Catalyst,1.73� 10ÿ5 mol; substrate,1.50� 10ÿ3 mol; sol-
vent,4.0ml toluene;T, 120°C; reactiontime, 3 h.
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p(H2), as expectedfor a first-order reaction rate
with respectto hydrogenpressure.Integrationof
thekinetic equation[1]:

ÿdC=dt � kpC � p�H2� �1�
whereC is thesubstrateconcentration,p(H2) is the
hydrogenpressureandt is the reactiontime, gives
Eqn [2]:

kp � f1=�t � p�H2��g � ln�C0=C� �2�
Thespecificrateis kp = 2.5� 10ÿ5 atmÿ1 minÿ1.

2.1.3 Influence of substrateconcentration
The reaction was carried out at 120°C under a
pressureof hydrogen of 50atm and a catalyst
concentrationof 4.31mmol lÿ1. Theconversionto
1-phenylethanolis enhancedby increasing the
reactiontime from 16.5%after 3 h to 69.0%after
24h (Table3).

In agreementwith thekinetic equation[3],

kc � �1=t� � ln�C0=C� �3�
a linear relation betweenln(C0/C) and t hasbeen
obtainedaccordingto afirst-orderreactionratewith
respectto the concentrationof the substrate.The
specificrateis kc = 1.8� 10ÿ3 minÿ1.

A reaction was carried out at 140°C under a

hydrogenpressureof 50atm for a reactiontime of
15h in order to test the catalytic activity in more
drastic conditions.A 85.3% conversionof aceto-
phenone was reached, in agreementwith the
maintenanceof the catalytic activity even at a
highertemperatureaftera prolongedreactiontime.

2.1.4 Influence of catalyst concentration
Theinfluenceof thecatalystconcentrationhasbeen
evaluatedby carryingout a seriesof testsin which
the other parameterswere all kept constant.The
dataobtainedarereportedin Table4.

In agreementwith thekinetic equation[4],

kcat� f1=�t�cat��g ln�C0=C� �4�
a linear relation has been obtained between
ln[C0/C] and t, so the reactionhas a partial first
orderwith respectto thecatalystconcentration.The
specificrateis kcat= 9.04� 10ÿ2 1 molÿ1 minÿ1.

Table 3 Influenceof reactiontime on the hydrogena-
tion of acetophenonein the presenceof H2Ru(CO)2(P-
Ph3)2

a

Reactiontime (h) Yield (%)

3 16.5
6 27.4

14 48.7
24 69.0

a Catalyst,1.73� 10ÿ5 mol; substrate,1.50� 10ÿ3 mol; sol-
vent,4.0ml toluene;T, 120°C; p(H2), 50atm.

Table 4 Influence of catalyst concentrationon the
hydrogenation of acetophenonein the presenceof
H2Ru(CO)2(PPh3)2

a

[Catalyst](mmol lÿ1) Yield (%)

1.08 11.9
2.16 13.9
4.31 16.5

a Substrate, 1.50� 10ÿ3 mol; solvent, 4.0ml toluene; T,
120°C; p(H2), 50atm; reactiontime, 3 h.

Table 5 Freeactivationenergy(DG**) asafunctionof
temperaturefor the hydrogenationof acetophenonein
thepresenceof H2Ru(CO)2(PPh3)2

a

T ( °C) DG** (kcalmolÿ1)

80 29.756
100 30.806
110 31.170
120 31.820
140 32.652

a DG** =ÿRTln(kh/KbT) valueshavebeencalculatedfrom the
data in Table 1 (h and Kb are the Planck and Boltzmann
constants,respectively).

Figure 1 Freeactivationenergyvalues(DG**) asa function
of 1/T for thehydrogenationof acetophenonein thepresenceof
H2Ru(CO)2(PPh3)2.
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2.1.5 Activation parameters
TheactivationparametersDG** wasalsoevaluated
usingthedatareportedin Table1 andEqn [5]:

�G�� � ÿRT ln�kh=KbT� �5�
where h and Kb are the Planck and Boltzmann
constants,respectively(Table5). Througha curve-
fitting of thelinearregressionDG** asafunctionof
T (DG** = DH** ÿTDS**), it wascalculatedthat
DH** = 12.65kcal molÿ1 and DS** =ÿ48.52cal

molÿ1 (Fig. 1). Thesevaluesarerelatedto therate-
determiningstepandanegativevalueof DS** is an
indicationthatthestepinvolvedin theformationof
theactivecomplexis anassociativeprocess.In fact
thenegativechangeof entropysuggests,in therate-
determiningstep,theformationof a specieshaving
a largersterichindrancethan the initial dihydrido
rutheniumcomplex.

Thesedata(Table5) supportthehypothesesof a
catalyticprocessin which therate-determiningstep

Scheme1
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of the reaction is the ketonecoordinationto the
metal hydride (Scheme 1). It is presumably
followed by the formationof a metal alkoxide. In
a subsequentstep, hydrogen reacts with this
complex and through elimination of the alcohol
restoresthe catalytically active hydrido species.
Unfortunately the metal alkoxide intermediateis
not observed;however,this fact is in agreement
with the low stability of thesecomplexes.15

2.2 In¯uence of the substrate

The ability of rutheniumdihydrideto hydrogenate
different ketoneshas been tested in a seriesof
experimentsusing substrateshaving a different
sterichindranceor containinga substituenthaving
differentelectroniceffects.Analysisof thereaction
productsshowsthat thereactionis alwayschemio-
selectivebecausethe alcoholcorrespondingto the
startingketoneis formedexclusively,asshownin
Table6.

2.2.1 Influence of chain length
The conversionsachievedusing methyl ketones
having a linear alkyl moiety of increasinglength,
suchasacetone(1), butan-2-one(2) andpentan-2-
one(3), werecompared(Table6). The datashow
that thechainlengthof thealkyl moietybondedto
thecarbonylgroupdoesnot influencetherateof the
hydrogenationappreciably.

2.2.2 Influence of steric hindrance causedby
the substituent adjacent to the carbonyl group
The dataobtainedin the hydrogenationof 1, 2, 3-
methylbutan-2-one(4) and 3,3-dimethylbutan-2-
one (5) are reportedin Table 6. The conversion
decreaseswith increasingsteric hindrancecaused

by the alkyl moiety of the ketone,i.e. the lowest
conversionwasobtainedwith 5, aketonehavingan
alkyl groupwith a remarkablestericeffect.We can
concludethat the hydrogenationof ketonesin the
presenceof H2Ru(CO)2(PPh3)2 is hardlyinfluenced
by steric effects of the substituentlinked to the
carbonylgroupof theketones.

Thesedataarein agreementwith thehypothesis
of a catalyticprocessin which therate-determining
stepis the coordinationof the ketoneto the metal
hydride. In the presenceof a bulky substituenton
the ketone,e.g. a t-butyl group, the attackof the
substrateon the metal hydride complex is very
difficult, and consequentlythe reaction rate is
reduced.

A hydrogenationexperimenthasbeenperformed
in more drastic conditions to test whether the
conversionof 5 could be increased.The reaction
wascarriedoutat140°C underahydrogenpressure
of 50atm, for a reaction time of 15h: the
conversionreached33.8%.Comparingthis result
with that achievedwith acetophenone(9) (Section
2.1.3), we observethat the steric effect of the t-
butyl group is such that although for a higher
reactiontemperatureanda longerreactiontime the
conversionincreases,it is still not very high.

Analogousbehaviouris shownin thehydrogena-
tion of 1, 9 anddiphenyl ketone(8). Conversions
decreasein this seriesfrom 23.2%, to 16.5% to
5.7%,respectively(Table6).

2.2.3 Influence of electronic effectsdue to the
substituentslinked to the carbonyl group
An alkyl moiety having electron-withdrawing
groupsshowsa positive effect on the conversion:
with 2,2,2-trifluoroacetophenone (10) assubstrate,
the conversion to the corresponding alcohol

Table 6 Hydrogenationof ketonesto the correspondingalcoholsin thepresenceof H2Ru(CO)2(PPh3)2
a

Substrate Product Yield (%)

CH3COCH3 (1) CH3CH(OH)CH3 23.2
CH3CH2COCH3 (2) CH3CH2CH(OH)CH3 24.7
CH3CH2CH2COCH3 (3) CH3CH2CH2CH(OH)CH3 25.5
(CH3)2CHCOCH3 (4) (CH3)2CHCH(OH)CH3 14.0
(CH3)3CCOCH3 (5) (CH3)3CCH(OH)CH3 2.8
CH3COCH2COCH3 (6) CH3CH(OH)CH2COCH3 4.0
CH3COCH2COOCH2CH3 (7) CH3CH(OH)CH2COOCH2CH3 15.4
C6H5COC6H5 (8) C6H5CH(OH)C6H5 5.7
C6H5COCH3 (9) C6H5CH(OH)CH3 16.5
C6H5COCF3 (10) C6H5CH(OH)CF3 99.8

aCatalyst,1.73� 10ÿ5 mol; substrate,1.50� 10ÿ3 mol; solvent,4.0ml toluene;T, 120°C; p(H2), 50atmat20°C; reactiontime,3 h.
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increases(conversion99.8%;Table6) if correlated
with the resultobtainedwith 9 (conversion16.5%;
Table6).

The results achievedin the hydrogenationof
acetylacetone(6) andethyl acetoacetate(7) canbe
rationalizedby consideringa positiveeffectdueto
thepresenceof anelectron-withdrawingsubstituent
and a negative role played by the keto–enol
equilibrium. In the presenceof these substrates
the keto–enolequilibrium is shifted towards the
enol form, especiallywith 6. Otherwisevery little
shifting of theketoneto theenol form is presentin
substratescontainingonly onecarbonylgroup.16

The enol forms of b-diketonesandb-ketoesters
are stabilized by intramolecularhydrogenbonds
and by conjugationof the carbon–carbondouble
bond with the carbonyl group. This strong intra-
molecularhydrogenbondminimizesthemolecular
dipole of the C=O group, reducingthe negative
chargeon the oxygen of the carbonyl group and
thereforethe interactionwith thecatalyst.The low
catalytic activity in the hydrogenationof 6 and 7
may be attributedto the stabilizationof the enol
form by hydrogenbonding.

A 100% conversionwas reachedin the hydro-
genationof acetylacetoneworking at 140°C under
ahydrogenpressureof 50atmfor areactiontimeof
24h. 4-Hydroxypentan-2-one(yield 2.1%)and2,4-
pentanediol(yield 97.9%) were formed. By in-
creasing the temperatureand reaction time the
conversionincreasedbut a different chemoselec-
tivity was obtainedbecausethe hydrogenationof
both carbonyl groups occurs with almost total
formationof thecorrespondingdiol.

2.3 Hydrogenation of trans-4-
phenylbut-3-en-2-one
(benzylidenacetone)

Severalhydrogenationtestsof trans-4-phenylbut-
3-en-2-onewerecarriedout to studythe influence
of thereactionparameterson thechemoselectivity,
using a substrate/catalystratio of 87:1. The
hydrogenation products, identified through GC
and GC–MS analyses,were 4-phenylbutan-2-one,
4-phenylbutan-2-oland trans-4-phenylbut-3-en-2-
ol.

Table 7 Influenceof reactiontemperatureon thehydrogenationof trans-4-phenylbut-3-en-2-onein thepresenceof
H2Ru(CO)2(PPh3)2

a

Reactionproducts:yields (%)

T (° C) trans-4-Phenylbut-3-en-2-ol 4-Phenylbutan-2-one 4-Phenylbutan-2-ol

40 — 1.6 0.2
60 — 3.6 0.2
70 0.4 8.0 0.5
80 0.8 17.4 0.8
100 1.9 54.5 2.6
120 — 72.9 25.1

a Catalyst,1.73� 10ÿ5 mol; substrate,1.50� 10ÿ3 mol; solvent,4.0ml toluene;p(H2), 50atm at 20°C; reactiontime, 3 h.

Table 8 Influenceof hydrogenpressureon the hydrogenationof trans-4-phenylbut-3-en-2-onein the presenceof
H2Ru(CO)2(PPh3)2

a

Reactionproducts:yields (%)

p(H2) (atm) trans-4-Phenylbut-3-en-2-ol 4-Phenylbutan-2-one 4-Phenylbutan-2-ol

5 0.9 22.6 1.0
20 2.6 35.0 1.7
50 1.9 54.5 2.6

100 1.4 79.0 6.2

a Catalyst,1.73� 10ÿ5 mol; substrate,1.50� 10ÿ3 mol; solvent,4.0ml toluene;T, 100°C; reactiontime, 3 h.
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2.3.1 Influence of temperature
Thetemperaturerangebetween40 and120°C was
explored,undera hydrogenpressureof 50atmand
a reaction time of 3 h (Table 7). The dihydrido-
rutheniumcomplexis catalyticallyactiveata lower
temperature(40°C) than that necessaryto hydro-
genateacetophenone(80°C; Table1).

The substrate conversion was enhancedby
increasingthe temperature,from 1.8%at 40°C to
98.0%at120°C.Thesaturatedketoneis alwaysthe
mainproduct,with a chemoselectivityof 92.4%at
100°C.

Thereis alsoa low, butsignificant,isomerization
of the initial ketonefrom trans-to cis-4-phenylbut-
3-en-2-one,working in the temperaturerange40–
80°C, as confirmed by the GC and GC–MS
analyses.

2.3.2 Hydrogen pressure
The reactionswere performedunder a hydrogen
pressurein the rangebetween5 and 100atm, at
100°C with a reactiontime of 3 h (Table8).

The substrate conversion was enhancedby
increasingthe hydrogenpressure,from 23.6% at
5 atm to 86.6%at 100atm.

Takinginto accountthepseudofirst-orderkinetic
rate equation(seeSection2.1.2),a linear relation
wasobtainedwith respectto thehydrogenpressure
with aspecificrateof kp = 2.1� 10ÿ4 atmÿ1 minÿ1.

The hydrogenpressureinfluencedthe reaction
ratebut the influenceon the chemoselectivitywas
not very high: the best value (chemoselectivity
92.2%)wasobtainedusinga hydrogenpressureof
5 atm.

2.3.3 Influence of the solvent
The hydrogenationof trans-4-phenylbut-3-en-2-
onewasinvestigatedusingthe following solvents:
toluene,dioxane,tetrahydrofuran,di-n-butyl ether.
The reactionhasbeencarriedout at 100°C with a
reaction time of 3 h and a hydrogenpressureof

50atm (Table 9). It is not possible to employ
ethanolor methanolas solvents,becausein these
solventsthe catalystpartially decomposesduring
its preparation.

Thesubstrateconversionin aproticsolventswas
enhancedin the order toluene< dioxane< tetra-
hydrofuran< di-n-butyl ether, while the chemo-
selectivity to 4-phenylbutan-2-oneincreasedfrom
tolueneto dioxaneto tetrahydrofuranbutdecreased
in di-n-butyl ether.

2.3.4 Activation parameters
Using the procedurereportedin section2.1.5and
the data reported in Table 7, the values of the
activation parameters are: DH** = 18.60kcal
molÿ1 and DS** =ÿ27.67calmolÿ1 (Table 10;
Figure2).

Thenegativevalueof DS** is an indicationthat
in this casealsothe rate-determiningstepinvolves
an associativeprocessand the formation of a
complexhavinga larger steric hindrancethan the
initial dihydrido rutheniumcomplex.

The absolutevalueof DS** is smallerthanthat
evaluatedwith acetophenone:it meansthat with

Table 9 Influence of solvent on the hydrogenation of trans-4-phenylbut-3-en-2-onein the presence of
H2Ru(CO)2(PPh3)2

a

Reactionproducts:yield (%)

Solvent trans-4-Phenylbut-3-en-2-ol 4-Phenylbutan-2-one 4-Phenylbutan-2-ol

Toluene 1.9 54.5 2.6
Dioxane 2.8 58.8 3.9
THF 2.5 79.4 5.3
(n-C4H9)O — 78.3 21.7

a Catalyst,1.73� 10ÿ5 mol; substrate,1.50� 10ÿ3 mol; T, 100°C; p(H2), 50atm at 20°C; reactiontime, 3 h.

Figure 2 Freeactivationenergy(DG**) asa function of 1/T
for the hydrogenationof trans-4-phenylbut-3-en-2-onein the
presenceof H2Ru(CO)2(PPh3)2.
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bothketoneswe havea reductionin thedegreesof
freedom, but with trans-4-phenylbut-3-en-2-one
theprocessinvolvesa lower lossof entropy.

3 CONCLUSIONS

On thebasisof thedataobtainedandin analogyto
thosereportedin the literature,3,9,15 a mechanism
hasbeensuggestedwheretherate-determiningstep
is the ketonecoordinationto the metal–hydrogen
bondwith formationof afour-centretransitionstate
(Scheme1). The following step is the ketone
insertion into the ruthenium–hydridobond, with
formation of the correspondingalkoxide. The
subsequentstep is the addition of a hydrogen
molecule,which is followed by the eliminationof
the hydrogenatedproduct and restorationof the
startingcatalyst.

The negative value of DS** supports the
hypothesisthat the rate-determiningstep is the
coordinationof the ketoneto the metal.A further
supportto this hypothesisis given by the conver-
sionsobtainedwith differentketones(Table6).The
rateis decreasedby increasingthesterichindrance
of thesubstrate:thehydrogenationis favouredwith
substrateshavingareducedsterichindrance:butan-
2-one> 3-methylbutan-2-one> 3,3-dimethylbu-
tan-2-one. An electron-withdrawing substituent
also increasesthe reactionrate by increasingthe
polarity of theC=O group.

Thehydrogenpressureexertsapositiveinfluence
on the third step, becausean increaseof this
parameterfavoursthe alkoxide hydrogenolysis.A
phosphinedisplacement,assupposedin the mech-
anism reported by Sanchez-Delgado,4,9 may be
excluded.A 31PNMR experimentcarriedoutusing
a solutionof the catalystin C6D6 assolventanda

large excess of acetophenone(substrate/cata-
lyst = 1000:1) at 60°C does not show any free
phosphinein thesolutionafter 3 h.

On thebasisof thedatareportedwe canexclude
the formation of a coordinatively unsaturated
species[Ru(CO)2(PPh3)2] by reductiveelimination
of hydrogen from H2Ru(CO)2(PPh3)2 which is
followed by the addition of ketoneto the unsatu-
ratedspecies.This last stepis a very fast reaction,
accordingto the datareportedby Perutz,17 so the
reaction rate should display a zero order with
respectto the substrateconcentration;instead,we
haveshownthat thereactionrateis first orderwith
respectto this parameter.The first-orderratewith
respectto hydrogen pressurecontributesfurther
evidence to exclude the formation of [Ru-
(CO)2(PPh3)2] from H2Ru(CO)2(PPh3)2.

In the sameway, the eliminationof the alcohol
from the hydridoalkoxy intermediate may be
excluded becausethe hydrogen addition to the
unsaturatedspecies[Ru(CO)2(PPh3)2], which must
be formed, is alsovery fast,17 so the reactionrate
should display a zero order with respectto the
hydrogen pressure instead of the first order
observed.

Thedataachievedin thehydrogenationof trans-
4-phenylbut-3-en-2-oneshow that this catalyst
hydrogenatesthe C=C doublebondpreferentially
with respectto the carbonyl group, with a high
chemoselectivityboth at low temperature(66.7%
at 40°C) and at high temperature(92.2% at
100°C).

The mechanismsuggestedis similar to that
reportedin theliteraturefor [(PP3)RuH(H2)]BPh4.

7

The rate-determiningstep is postulatedto be, in
our case,the interactionof the C=C doublebond
of the ketone with the metal–hydrido bond
(Scheme2). In the following step there are two
possiblepaths:

(a) thehydrogenmigrationonthecarbonatomin
position4, giving analkyl species;

(b) the displacementof a phosphineligand by
the carbonyl group forming a p-oxoallylic
specieswhich is followed by the phosphine
coordinationto obtainanalkyl species.

Thedatacollectedarenot sufficientto discriminate
betweenthesetwo paths.

In the following step,underhydrogenpressure,
the saturated ketone 4-phenylbutan-2-one is
formed,andthecatalyticspeciesrestored.

This mechanismis in agreementwith a negative
DS** value which indicates,in this casealso, an
associativeprocesswith reductionof thedegreesof

Table 10 Freeactivationenergy(DG**) asa function
of temperaturefor the hydrogenationof trans-4-phenyl-
but-3-en-2-onein thepresenceof H2Ru(CO)2(PPh3)2

a

T ( °C) DG** (kcalmolÿ1)

60 27.773
70 28.084
80 28.370

100 28.978
120 29.417

a DG** =ÿRTln(kh/KbT) valueshavebeencalculatedfrom the
data in Table 7 (h and Kb are the Planck and Boltzmann
constants,respectively).
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freedom.This supportsthehypothesisthattherate-
determiningstepis theformationof aspecieswith a
high sterichindrance,not very different from that
formedby theinteractionof aketonewith themetal
hydride.

The following considerationsare in agreement
with a mechanism(Scheme2) slightly different
from that reported for simple ketones(Scheme
1):

(1) thelower temperaturenecessaryto achievea
catalyticactivity (40°C) whenusingtrans-4-
phenylbut-3-en-2-onethanthatnecessaryfor
acetophenone;

(2) the preferentialhydrogenationof the C=C
doublebondwith respectto theC=O,

(3) the isomerizationof theC=C doublebond;
(4) ThedifferentDS** valuesobtained.

EXPERIMENTAL

4.1 Instruments

Gaschromatographicanalysis(GC)wasperformed
using a ShimadzuGC-14A systemwith a C-R4A
integrator, or using a Perkin Elmer Autosystem
with a NELSON 1022 unit for elaborationof the

Scheme2
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data;both instrumentshadflameionizationdetec-
tors. Gas chromatographic–mass spectroscopic
(GC–MS)analysiswascarriedout on a CarloErba
QMD 1000GC–MSdatasystemequippedwith an
MS5 capillary column (Hewlett-Packard, 30m,
internaldiameter0.25�m).

Thepackedcolumns(2 m) were:

(a) PPG: Polypropylenglycol LB-550-X (15%)
on ChromosorbW;

(b) FFAP: ‘Free Fatty Acids Phase’ (5%) on
ChromosorbG AW-DMSC;

(c) CW 20M: Carbowax20M (15%) on Chro-
mosorb:

NMR spectrawereregisteredusinga Varian VXR
300spectrometeroperatingat299.944MHz for 1H,
at 75.429MHz for 13C andat 121.421MHz for 31P
NMR spectra;tetramethylsilanewas usedas the
referencefor 1H and13C NMR spectra.In 31PNMR
spectra downfield values from external H3PO4
(85%) were takenas positive. 13C and 31P NMR
spectrawereacquiredasprotondecoupledspectra.

IR spectrawererecordedwith anFT-IR Perkin-
Elmer model 1760-X spectrometerusing IRDM
software.

4.2 Materials

All reactionsand manipulationswere performed
with theSchlenktechniqueunderdry nitrogen.

The complexesRu3(CO)9(PPh3)3,
18 Ru(CO)3-

(PPh3)2,
19 Ru(CO)2(CH3COO)2(PPh3)2

20 and H2-
Ru(CO)2(PPh3)2

13 were preparedas describedin
the literature.

Diphenylmethanol, ethyl 3-hydroxybutyrateand
3-methylbutan-2-ol were synthesized from the
correspondingketonesby reductionwith NaBH4
by themethoddescribedelsewhere.21

trans-4-Phenylbut-3-en-2-ol was prepared as
describedby Kwart andKirk.22

The synthesizedproductswerecharacterizedby
1H and 13C NMR spectroscopy,GC and GC–MS
analysis.The datacollectedarein agreementwith
thosereportedin the literature.

4.3 Catalytic activity of H2Ru(CO)2-
(PPh3)2 in the hydrogenation of
ketones

4.3.1 General procedure
The catalyst H2Ru(CO)2(PPh3)2 was preparedas
previouslydescribed.13 In a glassvial placedin a
stainless-steelautoclave,underdry nitrogen,1.72

� 10ÿ5 mol of Ru(CO)2(CH3COO)2(PPh3)2, 6.60
� 10ÿ4 mol of Na2CO3 and4.0ml of the selected
solvent were introduced;the autoclavewas then
sealedandhydrogenaddedup to 100atm at room
temperature.The vesselwas heatedat 100°C for
24h; aftercoolingat roomtemperature,thegaswas
vented,and after filtration a pale yellow solution
was obtained. The solution of the catalyst was
placedin a glassvial containedin a stainless-steel
autoclave,then 1.50� 10ÿ3 mol of substratewas
introduced (substrate/catalystratio= 87:1). The
autoclavewas sealedand hydrogenaddedto the
pressurerequired (see Tables). The vessel was
heatedat the prefixed temperaturefor the time
reported,thenaftercoolingat roomtemperaturethe
gaswasventedandthesolutionwascheckedby GC
usingpurestandardasreference.

4.4 Identi®cation of products

The catalytic activity of H2Ru(CO)2(PPh3)2 was
evaluatedin the hydrogenationof the following
ketones:acetophenone,acetone,butan-2-one,pen-
tan-2-one,3-methylbutan-2-one,3,3-dimethylbutan-
2-one, ethyl acetoacetate,acetylacetone,benzo-
phenone,2,2,2-trifluoroacetophenoneand trans-4-
phenylbut-3-en-2-one.The product of ketone
hydrogenation was identified by GC analysis
usingthe following procedures.The dataobtained
arereportedinTables1–10.

4.4.1 Acetophenone
A CW 20M columnwaskept at 60°C for 10min,
thenheatedto 160°C at a rateof 5 °C minÿ1 and
keptat this temperaturefor 30min.

4.4.2 Acetone
A PPGcolumnwaskept at 40°C for 10min, then
heatedto 100°C at a rateof 3 °C minÿ1 andkeptat
this temperaturefor 10min.

4.4.3 Butan-2-one,pentan-2-one,3-methyl-
butan-2-oneand 3,3-dimethylbutan-2-one
A PPGcolumnwasheatedat 50°C.

4.4.4 Ethyl acetoacetate
A PPGcolumnwaskeptat40°C for 10min,heated
to 100°C at a rateof 10°C minÿ1 andkept at this
temperaturefor 10min, thenheatedto 130°C at a
rateof 10°C minÿ1 andkeptat this temperaturefor
30min.

4.4.5 Acetylacetone
A CW20M column waskept at 50°C for 25min,
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heatedto 100°C ata rateof 2 °C minÿ1 andkeptat
this temperaturefor 4 min, thenheatedto 200°C at
arateof 5 °C minÿ1 andkeptat this temperaturefor
35min.

4.4.6 Benzophenone
A FFAPcolumnwasheatedat 200°C.

4.4.7 2,2,2-Trifluoroacetophenone
A CW20M column waskept at 60°C for 10min,
thenheatedto 180°C at a rateof 10°C minÿ1 and
keptat this temperaturefor 40min.

4.4.8 trans-4-Phenylbut-3-en-2-one
A FFAPcolumnwaskept at 50°C for 2 min, then
heatedto 180°C at a rateof 10°C minÿ1 andkept
at this temperaturefor 20min.
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