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KINETI CC STUDIES AND A PROPOSED 
MECHANISMM OF RUTHENIUM-CATALYZED 
HYDROGENOLYSISS OF ESTERS 

11 Introduction 

Thee mechanistic aspects of homogeneous catalytic hydrogenations have been addressed by a 

numberr of authors and some impressive developments have emerged over the years; 1.2,3,4-5 

nevertheless,, this remains an area of constant evolution, as the understanding of many active 

systemss is far from complete. Although one of the commonly cited advantages of homogeneous 

catalystss over their heterogeneous counterparts is that they are amenable to detailed mechanistic 

elucidation,, a complete catalytic cycle is often difficul t to establish since it involves several 

connectedd elementary steps and numerous labile species in equilibrium. Thus, the apparently 

simplee reaction schemes which often appear to be 'plausible' on the basis of chemical intuition 

andd knowledge, or even as a result of chemical or spectroscopic identification of a few species, 

mayy in fact correspond to systems of great complexity. It is only when such considerations are 

combinedd with the study of the reaction kinetics that a full understanding of the catalytic 

phenomenonn may be assumed. On the other extreme, trying to understand the mechanisms of 

homogeneouss hydrogenation reactions purely from a kinetic study of the overall process may 

alsoo lead to incomplete or even erroneous conclusions. Possibly the best way to tackle this type 

off  problem is through a combination of kinetic measurements of the overall catalytic reaction 

andd of as many of the individual steps as possible, with the isolation and/or independent 

synthesess of stable intermediates or model compounds (chapter 4). 
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22 Results and discussion 

2.11 Kinetic measurements 

Thee quantitative relationship between the rate of the reaction and the concentration of the 

reactantss is expressed in a rate law: 

RateRate of reaction = k [A] m[B] n (1) 

Ass written above, the reaction is mt h order with respect to reactant A and nt h order with respect 

too reactant B. The values of m and n have to be determined experimentally by evaluating the 

dependencee of the rate of the reaction on the concentration of reactants. In the case at hand, 

thee hydrogenolysis of benzyl benzoate, kinetics were assessed by means of the initial rates 

method.. This method is considered to be the best general method for the determination of 

reactionn orders, provided that one can comply with the prerequisites that the mixing and 

analyticall  methods are fast on the timescale of the reaction and that enough data can be 

collected,, such that reliable rates can be determined. Throughout the previous chapters, benzyl 

benzoatee was used as a benchmark substrate in hydrogenolysis. It was shown that this ester can 

effectivelyy be hydrogenolyzed to two equivalents of benzyl alcohol (scheme 1). Here, this ester is 

usedd as a substrate in the elucidation of the mechanism for ruthenium-catalyzed hydrogenolysis; 

i tt has the advantage that a single product is obtained from the reaction, so one does not have to 

deall  with the occurrence of complex mixtures of products. 

00 OH 

O ^ ^ r j ^ jj 1,1,1,3,3,3-hexafluoro-2-propanol [| ^ ^ + H (~ ) 

[II J Hydrogen source; catalyst; AT; AP N A 

(1)) (2) 

Schemee 1: Model reaction studied in the kinetic measurements 

Thee variables studied were, concentration of catalyst precursor, which was varied between 

0.33 and 4 .010-6M (for the precursors Ru(acac)3 and (triphos)Ru(//-Cl)3Ru(triphos)]Cl), and 

thee initial hydrogen pressure (only for the dinuclear complex 
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[(triphos)Ru(//-Cl)3Ru(triphos)]Cl).. The order in catalyst concentration for the 

Ru(acac)2(K
2-triphos)) catalyzed hydrogenolysis has not been determined. Neither have the 

orderr in substrate and additive been rigorously addressed. From several experiments it had 

appearedd that the reaction is zero order in substrate and additive. The reactions were performed 

inn l,l,l,3,3,3-hexafluoro-2-propanol at pressures of about 110 bar of dihydrogen gas and at a 

temperaturee of 140 °C for Ru(acac)3- triphos (because of the slower reaction, see chapter 4), 

andd 120 °C for [(triphos)Ru(//-Cl)3Ru(triphos)]Cl. 

2.1.11 Assessing the order in catalyst precursor Ru(acac)3 - triphos 

Thee order in Ru(acac)3 catalyst precursor was determined by monitoring the rate at which 

dihydrogenn was consumed at various catalyst concentrations. Using the least squares fitting 

methodd on the linear part of the hydrogen consumption curve, the initial rate of the reaction 

wass determined (ester conversion 0-30%). 

1.00 2.0 3.0 

Concentrationn Ru(acac)3 

(10-33 mol l1) 

0.11 0.2 0.3 0.4 0.5 
Logg (Concentration) 

Figuree 1: Rate of dihydrogen consumption as a function of the Ru(acac) ̂precursor concentration in the hydrogenolysis 

ofof benzyl benzoate to benzyl alcohol 

Thee maximum catalyst loading at which the conversion of benzyl benzoate was performed was 

determinedd by the solubility of the precursor at higher concentrations. All other concentrations 

(substrate,, additive) were considered constant (1st order approximation). Initial rates were 

determinedd for a number of experiments, resulting in figure 1. 
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Ass can be seen from figure 1, a linear relation between catalyst concentration and reaction rate 

hass been obtained, indicative for a first order (a factor of 1.05 was obtained) rate dependence in 

catalystt concentration according to equation 2. 

^^=k[Ru(acac)^^=k[Ru(acac)33]]  (2) 
dt dt 

Itt appeared that duplos and triplos for similar concentrations exhibit a large variation in 

observedd reaction rate. This variation is explained by the non-reproducible extent to which the 

catalystt is formed in situ, an irreproducible amount of the starting material is converted to the 

finalfinal catalytic species (presumably via Ru(acac)2(K
2-triphos); see chapter 4) and some of the 

precursorr is most likely lost in the formation of a different (inactive) compound {vide infra). 

2.1.22 Assesing the order in catalyst precursor [(triphos)Ru(/V-Cl)3Ru(triphos)]Cl 

Hydrogenolysiss of benzyl benzoate with the Ru(acac)3 - triphos catalyst precursor, required an 

incubationn time of approximately 2 hours before actual hydrogenolysis starts. To prevent errors 

causedd by the slow formation of the actual catalyst, the dinuclear complex 

[(triphos)Ru(//-Cl)3Ru(triphos)]Cl,, of which the synthesis has been described in chapter 4, was 

employedd for kinetic measurements. The choice for this dinuclear complex is not accidental, 

preliminaryy experiments pointed towards the existence of dinuclear species during and after 

catalysiss {vide infra). 

Inn experiments similar to the ones performed to determine the order in Ru(acac)3, the initial 

ratee of hydrogenolysis was determined as a function of the [(triphos)Ru(//-Cl)3Ru(triphos)]Cl 

concentration.. This dinuclear compound does not exhibit any incubation time, and monitoring 

iss started immediately. Rates were determined on ester conversions of up to 30%. 
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[{(triphos)Ru((i-CI)3Ru(triphos)}CI] ] 
(umoll ml"1) 

Log[{(triphos)Ru(u-CI)3Ru(triphos)}CI] ] 
(lamoll ml-1) 

Figuree 2: Dependence of reaction rate on the concentration of[(triphos)Ru(/J-Cl)i)Ru(triphos)]Cl 

AA graphical representation of the obtained rates for the dihydrogen consumption is presented in 

figurefigure 2. The data obtained for the dinuclear catalyst precursor, were expected not to follow 

firstfirst order in the concentration of this compound. Indeed, we have calculated an order of 

0.4455 (R2=0.9803), which has been determined by plotting the logarithm of the observed 

reactionn rate versus the logarithm of the concentration. The obtained order of 0.445 was 

interpretedd as a half order in diruthenium complex, hence the rate equation for the 

[(triphos)Ru(//-Cl)3Ru(triphos)]Cll  catalyzed hydrogenolysis of benzyl benzoate can be written 

ass in equation 3: 

 [(triphos)Ru(n - Cl)3Ru(mpbos)JCl 
dt dt 

(3) ) 

2.1.33 The dependence of the reaction rate on the dihydrogen pressure 

Thee reaction rate as a function of the dihydrogen pressure was evaluated for 

[(triphos)Ru(//-Cl)3Ru(triphos)]Cl.. A constant concentration of 1.4 raM of catalyst precursor 

wass applied in the hydrogenolysis of benzyl benzoate at various dihydrogen pressures (0 to 

1400 bar). 
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20.00 60.0 80.0 100.0 

Initiall Pressure P0 

(bar) ) 

120.0 0 140.0 0 

Figuree 3: Rate of hydrogenolysis as a function of the starting dihydrogen pressure using 

[(triphos)Ru(/j-Cl)$Ru(triphos)]Cl[(triphos)Ru(/j-Cl)$Ru(triphos)]Cl as catalyst precursor 

Thee initial reaction rates (based on approximately 30% ester conversion) were plotted against 

pressuree (see figure 3), showing a linear dependence of the rate of hydrogenolysis on the 

dihydrogenn pressure. When no dihydrogen pressure is available, no hydrogenolysis is observed 

att all. Assuming that the concentration of hydrogen in the solution is proportional to the 

appliedd dihydrogen pressure, this implies a first order dependence of the rate on the dihydrogen 

pressuree (eq. 4). 

d[Hd[H 22] ] 

dt dt 
:k'":k'" PPHH 2 2 (4) ) 

Combinat ionn of equation 4 with equation 2 leads to the overall equation for the 

Ru(acac)33 - triphos catalyzed hydrogenolysis of benzyl benzoate to benzyl alcohol: 

^^=k^^=k##pH2[Ru(acac)pH2[Ru(acac)3 3 
dt dt 

(5) ) 
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Assumingg that the dinuclear compound [(triphos)Ru(//-Cl)3Ru(triphos)]Cl results in the 

formationn of a similar catalytic species, and that the half reaction order finds its origin in the 

formationn of this catalytic species, it wil l show a similar first order dependence on hydrogen 

pressuree and an overall rate equation for the catalyzed reaction can be written as: 

d[Hd[H 22] ] r=~!-^J-r=~!-^J-== kk * pHl^j [(triphos)Ru{\y - ClJ3Ru(triphos)JCl (6) 
dt dt 

2.22 Mechanism of ruthenium(triphos)-catalyzed ester hydrogenolysis 

2.2.11 Formation of the precatalyst from Ru(acac)3 - triphos 

Basedd on the experimental findings presented in the previous sections and chapters, a 

mechanisticc proposal can be deduced. 

Ass was shown, an active precatalyst is formed from Ru(acac)3 - triphos presumably by the 

intermediatee formation of Ru(acac)2(K
2-triphos) (see chapter 4) resulting from loss of the 

2,4-pentanedionatee ligands and in situ reduction of the ruthenium center from Ru(III) to 

Ru(II)) (scheme 2). 

R u ( a c a c ) 33 Solvent; NEt3; H2 \ / ~ P \ Solvent; NEt3; H2 \\ / "\ Solvent; NEt3; H2 

p^JXp^JX Ru(acac)2 ^ -  Active catalyst 
CH3C(CH2PPh2)33 \ W 3 

2,4-pentanedioll  W p=PPh2 2,4-pentanediol 

Schemee 2: Formation of the active catalyst 

CatalystCatalyst composition 

Afterr hydrogenolysis (and also in separate experiments starting from Ru(acac)3 and triphos), a 

redd microcrystalline compound could be isolated directly from the reaction mixture in the 

autoclave.. Analysis of the compound showed a mixture of products, and unambiguous 

characterizationn was hampered by the impure character of the compound. The composition of 

thee mixture seemed to be independent of the catalyst precursor selected and identical mixtures 

weree obtained from Ru(acac)3 - triphos and [(triphos)Ru(//-Cl)3(triphos)]Cl. NM R analysis 

KineticKinetic studies and a proposed mechanism of ruthenium-catalyzed hydrogenolysis of esters 10 5 



HomogeneousHomogeneous Ruthenium-catalyzed Hydrogenolysis of Esters 

resultedd in 'H NMR spectra identical to that observed for compound 

[(triphos)Ru(//-H)3Ru(triphos)]++ as described by Rhodes et al.13 The spectrum contains a 

characteristicc broad hydride signal at -8.85 ppm. The dinuclear character of the compound and 

thee position of two K^-triphos ligands were determined by preliminary single crystal x-ray 

analysis,, however the crystals were of too low quality for full characterization. Besides the 

(triphos)Ru-Ru(triphos)) feature, additional electron density was observed in the bridging 

positions,, although the identity of the atoms could not be established. Mass spectrometry 

indeedd confirmed the existence of a compound with molecular formula C82H8]P6Ru2 (m/z 

1455.29,, calculated 1455.29 for [(triphos)Ru(//-H)3Ru(triphos)]+). Mass spectrometry 

furthermoree showed masses for an ion that could be determined as [(triphos)Ru(//-OH)(//-

H)2Ru(triphos)]++ (m/z 1471.29, calculated 1471.28) and [(triphos)Ru(//-OH)2(//-

H)Ru(triphos)]+.788 In addition, in the 'H NMR spectrum a small signal could be discerned at 

approximatelyy —1.8 ppm. It has previously been reported for a number of bridging hydroxide 

complexess that the resonance is at approx -2.0 to -3.5 ppm.9'10 The water needed for the 

formationn of these two species is possibly formed by dehydration of 2,4-pentanediol1' or benzyl 

alcohol,122 but it could also stem from inadvertent water during isolation of the complexes. 

2.2.22 Formation of the precatalyst from [(triphos)Ru(/7-Cl)3Ru(triphos)]Cl 

Itt was shown in the determination of the reaction order in Ru(acac)3 that duplos and triplos for 

similarr concentrations of Ru(acac)3 exhibit a large variation in observed reaction rate. This was 

explainedd by an irreproducible formation of an (inactive) by product in situ. Alternatively, and 

activee catalyst precursor could be obtained from [(triphos)Ru(//-Cl)3Ru(triphos)]Cl (5). In 

orderr to arrive at an active catalyst species, it is assumed that the bridging chlorides between 

bothh ruthenium centers are (partially) substituted for hydrides to form 6, aided by the presence 

off  NEt3 to neutralize the evolving HCl (scheme 3). It is known from literature13 that an 

equilibriumm exists between the complex RuHClfPPr^̂  and the dinuclear chloride bridged 

complexx [RuHCl(PPli3)3]2 in the presence of NEt3 similar to scheme 3. 
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P-Ru-ci^Ru—P P 

p''  v -
(5) ) 

++ 2 H ; 

ci--
22 HCI 

PsV„CLL ,P 
P-Ruu .Ru-P 
PP C M P 

4HC C 2H, , 
(a) ) 

P-Ru-H H 
P'' T 

(c) ) 

Pxx / H X / P 
P-Ru-H-Ru—P--
P''  V > 

(6) ) 

HX X 
V V Pss / H H 

P-Ru—!! X-

P'' I H 

(b) ) 

Schemee 3: Breaking of the Ru-Cl-Ru bridge 

2.2.33 Hydrogen dependence 

Thee catalytic conversion of benzyl benzoate was shown to follow a first order dependence on 

thee applied dihydrogen pressure. The conversion of the ester, however, requires two equivalents 

off  dihydrogen gas to form the benzyl alcohol. The observed first order in dihydrogen gas can be 

explainedd when considering that transfer of dihydrogen to the substrate proceeds in two 

sequentiall  steps, of which one is rate determining (scheme 4). 

O O OH H 

O' ' [catalyst]] R 1 ^ X> 
(d) ) 

, R' ' 
O'O' R [catalyst] ' H O R 

SLOW W 
R2OH H 

FAST T 

Schemee 4 : Hydrogenolysis of an ester viaformation of a hemi-acetal 

Inn the first step, hydrogen is transferred from the ruthenium hydride catalyst to the substrate 

formingg a hemi-acetal (d). The hemi-acetal is considered not to be stable under operating 

conditions,, it looses one equivalent of alcohol to give benzaldehyde. Recently, it has indeed 

beenn found that, in the hydrogenolysis of methyl phenylacetate, phenyl acetaldehyde occurs in 

tracee amounts.14 This route via the aldehyde was previously considered and investigated by 
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hydrogenationn of benzaldehyde with the catalyst precursot Ru(acac)3 - ttiphos. Indeed it was 

shownn that benzaldehyde was effectively hydtogenated with turnover frequencies of up to 

15000 per hour (which, compared to benzyl benzoate is six times faster, see chapters 3 and 4). 

Thee transfer of the hydrogen to the substrate is aided by the presence of the highly polar 

l, l , l ,3,3,3-hexafluoro-2-propanol.. It was shown in chapter 3 that the carbonyl function of the 

esterr is activated by this polar alcohol solvent, which at the same time activates the ruthenium 

hydridee according to an "ionic hydrogenation" mechanism.1'' 

2.2.44 Mechanistic proposal 

Thee active catalyst precursor most likely arises from splitting of the dinuclear trihydride species 

(12),, which is formed from the trichloride by a number of fast equilibria involving hydrogen 

(seee scheme 3). Splitting of the dinuclear species leads to the formation of a cationic dihydrogen 

speciess b and a neutral ruthenium dihydride species c. As is known from studies by Shubina,16 

Berke177 and Chaudret18 these may interconvert upon reaction with the proton donating 

solvent.. Recently such proton transfer equilibria between the highly polar alcohols 

2,2,2-trifluoroethanoll  or l,l, l,3,3,3-hexafluoro-2-propanol with 

[{(MeC(CH 2PPh2)3}Ru(CO)H2]]  (scheme 5) have been investigated and reported.19 

Schemee 5: Proton transfer of polar alcohols to ruthenium hydrides 

Alternatively,, the catalyst may enter the cycle at species c starting from Ru(acac)3 by 

intermediatee formation of Ru(acac)2(K
2-triphos). 

Takingg all relevant experimental and literature data into account, it is most likely that catalysis 

proceedss via cycle A (scheme 6), in which (going from b to e) dissociation of a dihydrogen 

moleculee liberates a coordination site to accommodate the incoming substrate. The polar 
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alcoholl  activates the ester carbonyl by H-bridge formation, which has previously been shown by 

1 3CC N M R and IR measurements (chapter 3) to occur. Hydrogen is transferred in a concerted 

stepp from ruthenium-substrate-solvent complex (e) to the solvent-activated substrate according 

too an "ionic hydrogenation" mechanism.20 Deuterium labeling has shown (chapter 3), that 

deuteriumm is incorporated in the substrate and as the - OH proton in the solvent, indicating 

thatt the alcoholic proton of the solvent is indeed involved in hydrogenolysis. Next, rate-limiting 

substitutionn of the primary product by a dihydrogen molecule occurs, resulting in the 

formationn of the alkoxo-ruthenium species f and the primary product, a hemi-acetal. The 

eliminatedd hemi-acetal is unstable under the reaction conditions, and wil l decompose into one 

equivalentt of an alcohol and an aldehyde. The aldehyde can be converted to the corresponding 

alcoholl  in a second catalytic hydrogenation, which is much faster and may involve the same or 

anotherr cycle. The active species b is regenerated from the alkoxo species f by a second 

equivalentt of dihydrogen. 

Althoughh less likely, catalysis could also proceed according to cycle B, in which one of the 

phosphinee arms of the tripodal ligand must dissociate to form the catalyst-substrate complex g. 

Inn a concerted step similar to the one in cycle A, hydrogen is transferred to the substrate and a 

hemi-acetall  is eliminated through substitution by H2. 

Dissociationn of a phosphine from a metal complex as in cycle B, is considered to be rate 

determiningg in many hydrogenation reactions,21'22 but seems less likely in this case. The reason 

whyy cycle A is preferred stems from the fact that, although species b and c readily interconvert, 

substitutionn of dihydrogen from the hydrido-ruthenium(dihydrogen) complex b by the 

substratee (cycle A) is much more favorable than substitution of a phosphine arm from the 

dihydrido-rutheniumm complex c (cycle B). 

KineticKinetic studies and a proposed mechanism of ruthenium-catalyzed hydrogenolysis of esters 109 9 
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33 Conclusions 

Kineticc experiments have been performed and have led to an understanding of several of the 

factorss affecting the rate of hydrogenolysis. Based on these and previous findings and a number 

off  facts and similarities in the literature, a proposal for the mechanism of ruthenium-catalyzed 

hydrogenolysiss has been made. It was shown that depending on the catalyst precursor used, the 

reactionn rate follows a first order dependence in ruthenium precursor (for Ru(acac)3) or a half 

orderr for the dinuclear species [(triphos)Ru(//-Cl)3Ru(triphos)]Cl. The catalysis shows a first 

orderr dependence on the hydrogen pressure. 

Thee mechanism proposed is in concert with all observations, taking the rate equations into 

accountt as well as crucial species like an activated ruthenium hydride species, as well as 

activationn of the substrate and/or catalyst-substrate complex by the polar solvent. 

44 Experimental section 

Alll  experiments were conducted using standard Schlenk techniques. Solvents were purified 

accordingg to standard literature procedures, and were distilled prior to use.25 RUCI3 -xH20 was 

obtainedd from Johnson and Matthey and was used directly without further purification. 

Ru(acac)33 was obtained commercially from Acros Organics, and was used without further 

purification.. Triphos was obtained from Acros Organics, and was purified by crystallization 

fromm a boiling hexane solution. Hydrogen gas was obtained in 10m3 cylinders from Hoek Loos 

B.V.. Holland in a 5.0 (99.999%) purity and was used without further purification or drying. 

4.11 Equipment 

NuclearNuclear magnetic resonance spectroscopy 

Thee characterization of the compounds was based mainly on NMR techniques. !H, 19F and 
31PP NMR spectra were recorded on a Varian Mercury 300 spectrometer. NMR spectra were 

referencedd to tetramethylsilane (TMS), 19F-NMR spectra to CFCI3 and 31P-NMR spectra to 
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85%% H3PO4. All samples were measured at room temperature with deuterated chloroform 

(99.88 atom % D, Cambridge Isotope Laboratories, Inc.) as the solvent. 

MassMass spectrometry 

Fastt Atom Bombardment (FAB) mass spectrometry (MS) was carried out using a 

JEOLL JMS SX/SX 102A four-sector mass spectrometer, coupled to a 

JEOLL MS-MP9021D/UDP system program. 

Sampless were loaded in a matrix solution (3-nitrobenzyl alcohol) on to a stainless steel probe 

andd bombarded with Xenon atoms with an energy of 3 KeV. During the high resolution FAB-

MSS measurements, a resolving power of 10,000 (10% valley definition) was used. 

4.22 Chemicals 

Ru(acac)Ru(acac)22(K(K22-triphos)-triphos) (4) 

AA mixture of Ru(acac)3 (0.54 gram, 13.5 mmol) triphos (1.33 gram, 21.3 mmol) in 45 ml of 

2-propanoll  in the presence of NEt3 (2 ml) was prepared. The mixture was transferred to the 

autoclavee that was subsequently flushed three times with 15 bar of hydrogen before applying 

thee final pressure of 90 bar. The mixture was stirred over a period of 4 hours at 120 °C after 

whichh the contents of the autoclave were forced into a round-bottomed flask. The yellow 

suspensionn was filtered, and the remaining solid was successively washed with 2-propanol, 

hexanee and ether to remove the NEt3and non-reacted ligand. The remaining solvent was 

evaporated,, after which the remaining solid was transferred into a soxhlet-extraction apparatus. 

Thee solid was extracted over 2 days using 2-propanol. The extract was filtered and subsequently 

washedd with hexane to remove 2-propanol. Traces of solvents were removed by drying in vacuo. 

Yieldd 0.4 gram (0.4 mmol). 

!HH NMR (300.13 MHz, CD2C12): 5/ppm 8.10-6.90 (m, 30H, ar) 4.95 (s, 1H, 

C(=0)CHC(=0)),, 4.71 (s, 1H C(=0)CHC(=0)), 2.40 (m, 4H -CH2P) 2.13 (s, 2H,-CH2P), 

1.877 (s, 3H, CH3C(=0)), 1.77 (s, 3H, CH3C(=0)), 1.43 (s, 3H, CH3C(=0)), 1.32 (s, 3H, 

CH3C(=0)),, 0.54 (s, 3H, -CH3). 
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3 1PP N M R (121.5 MHz, CD2C12): 5/ppm 49.97 (AB, IP, Vpp = 49.3 Hz, P1 ^ ), 45.57 (BA, 

IP,, V PP - 49.3 Hz, P;[>rd ), -26.27 (s, IP, Pn o n.c o o r d. ). 

FABB MS (m/z): M + 924.2207 (calc. 924.2200, composition C5 1H4304P3Ru). 

f(triphos)Ru(jU-Cl)f(triphos)Ru(jU-Cl)33Ru(triphos)]Cl(5) Ru(triphos)]Cl(5) 

RuCl2(PPh3)33 (3.1 g, 3.22 mmol) and l,l, l-tris(diphenylphoshinomethyl)ethane (3.1 g, 

5.00 mmol) were dissolved in toluene (100 ml). The reaction mixture was refluxed over a period 

off  2 hours during which the dark brown suspension changes color to red/orange and finally 

yellow.. The reaction was allowed to cool to room temperature and the precipitate was filtered 

usingg a g4 sintered glass filter. The yellow solid was washed with toluene, hexane and finally 

etherr and dried by evaporation of the solvent. Yield 1.95 g (1.22 mmol, 76%). 

»HH N M R (300.13 MHz, CDC13): 5/ppm 7.38 (broad, Ph, 12H), 7.16 (t, Ph, 37=7.5 Hz, 6H), 

6.833 (t, Ph, 3/=7.2 Hz, 12H), 2.41 (s, -CH2- , 6H), 1.58 (s, -CH3> 3H). 

3ipp N M R (121.5 MHz, CDC13): 5/ppm 36.79. 

[(triphos)Ru[(triphos)Ru ({l-H)3Ru(triphos)J+ (6) 

AA compound with presumably the molecular composition [(triphos)Ru(/y-H)3Ru(triphos)]  + was 

obtainedd from the autoclave after catalytic runs. The isolated compound was independent from 

thee starting material. It was obtained as a red microcrystalline powder by evaporation of the 

solventt used in catalysis and subsequent precipitation with pentane from an ethanolic solution. 

Thee compound was air stable. The dinuclear character of the species was confirmed by single 

crystall  x-ray analysis, however the crystals were of too low quality for full characterization. 

llHH (300.13 MHz, CDCI3): 5/ppm 7.23-6.18 m (aromatic, 60H), 2.22 s (CH2, 12H), 1.58s 

(CH3,, 6H), -8.85 (hydrides, 3H). 

3'PP (121.5 MHz, CDCI3): 5/ppm 44.25. 

FABB MS (m/z): M+ 1455-2969 (calc. 1455.2851, composition C8 2H 8 1P6Ru2) . 

KineticKinetic studies and a proposed mechanism of ruthenium-catalyzed hydrogenolysis of esters 113 



HomogeneousHomogeneous Ruthenium-catalyzed Hydrogenolysis of Esters 

4.33 Kinetic Measurements 

Al ll  kinetic experiments were performed in the autoclave system described on page 91 of chapter 

4.. Prior to a kinetic measurement, the autoclave was placed under a vacuum to remove all 

oxygen.. The autoclave was then filled with nitrogen and again evacuated. This cycle was 

repeatedd three times. In the meantime, a sample consisting of the appropriate amount of benzyl 

benzoatee (30 mmol), NEt^, (3 mmol) and the solvent (l, l, l,3,3,3-hexafluoro-2-propanol, 

13.55 ml) was prepared in a small Schlenk vessel closed by a septum under an inert nitrogen 

atmosphere. . 

Thee autoclave was then connected to a cannula that was forced, under outflow of nitrogen gas, 

throughh the septum into the sample mixture. The connection from the autoclave to the cannula 

wass closed, and the autoclave was placed under a vacuum. The autoclave was disconnected from 

thee vacuum line while maintaining its vacuum. The connection of the autoclave to the cannula 

wass opened, and the sample mixture was transferred from the Schlenk vessel to the autoclave. 

Thee autoclave was closed and connected to the high pressure dihydrogen line. The sample 

mixturee was flushed three times with a pressure of 15 bar of dihydrogen after which the 

autoclavee was pressurized to 45 bar. The autoclave was placed into its oven and was allowed to 

reachh 120 °C at which it was stabilized for 60 minutes. While the autoclave was stabilizing, a 

solutionn of the appropriate catalyst precursor (30 //mol in the case of Ru(acac)3 (with 

1.55 equivalents of triphos) and Ru(acac)2(K
2-triphos), or 15 //mol in the case of 

[(triphos)Ru(//-Cl)3Ru(triphos)]Cl)) in 1.5 ml l,l, l,3,3,3-hexafluoro-2-propanol was made in 

ann inert atmosphere. In some cases, additional heating was required to aid the solution of the 

precursorr at higher concentrations. The catalyst mixture was then transferred using a syringe to 

thee injection unit of the autoclave in a slow outflow of hydrogen gas. 

Thee contents of the injection unit were flushed three times with dihydrogen gas, after which the 

contentss of the injection unit are forced into the autoclave by applying an overpressure of 

approximatelyy 70 bar. The total pressure in the autoclave had now reached its final pressure of 

1155 bar. 

SinceSince high gas pressures were involved, safety precautions had to be taken at all stages of studies involving 

highhigh pressure equipment. 
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Figuree 4 displays a typical reaction profile. It was recorded for the conversion of 

dimethyll  phthalate to l,2-di(hydroxymethyl)benzene with the catalyst precursor 

[(triphos)Ru(//-Cl)3Ru(triphos)]Cl. . 
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Figuree 4: General reaction profile as was recorded for the conversion of dimethyl phthalate to 

l,2-di(hydroxymethyl)benzenel,2-di(hydroxymethyl)benzene with the catalyst precursor [(triphos)Ru(/U-Cl)^Ru(triphos)]Cl 

Figuree 4 shows the temperature and hydrogen pressure during the progress of the reaction in 

time.. It can be seen that there exists a small oscillation in the temperature around the setpoint 

thatt has its effect on the pressure recording. On average, the temperature was accurate within 

11 °C (ranging from 119.5 to 120.5 °C) after stabilization. 

Fromm the moment the catalyst precursor was forced into the autoclave, the reaction was 

monitoredd at 10-second intervals. Besides reaction time, temperature and pressure are recorded. 

Thee first five minutes of data were discarded because of the large oscillation in temperature 

observedd after injection of the cold catalyst sample. The reaction was allowed to proceed for 

11 hour (in the case of the Ru(acac)3 system an incubation time of maximum two hours had to 

bee taken into account) after which the autoclave was allowed to cool to room temperature and 

thee pressure was relieved. 
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4.3.11 Condit ions for assessing the order in Ru(acac)3 

Thee determination of the dependence of the reaction rate on the concentration of Ru(acac)3 as 

thee catalyst precursor were performed in a manner identical as described in the previous section. 

Althoughh the hydrogenolysis of benzyl benzoate with Ru(acac)3 required prolonged incubation 

times,, the method of introduction by the mixing chamber was employed. The experiments 

performedd were conducted in 15 ml l,l,l,3,3,3-hexafluoro-2-propanol containing 30 mmol of 

substratee and 0.3 mmol NEt3. The rate of hydrogen consumption was determined from the 

slopee of the linear reaction profile between 0 and 30% conversion using the least squares curve 

fittin gg method. Results are summarized in table 1. 

Tablee 1: Rate of hydrogen depletion as function of catalyst loading 

Averagee Concentration Average H 2 Consumption 

(/ymoimH)) (10-̂  mol sec'1) 

1 1 
2 2 
3 3 
4 4 
5 5 

) ) 
) ) 

2.407 7 
3.038 8 
3.811 1 

) ) 

) ) 
1.166 6 

2.308 8 

2.283 3 

4.3.22 Conditions for assessing the order in [(triphos)Ru(//-Cl)3Ru(triphos)]Cl 

Forr determination of the order in [(triphos)Ru(/y-Cl)3Ru(triphos)]Cl, the concentrations of this 

catalystt precursor were varied, whilst all other reactants are kept constant. The hydrogenolysis 

experimentss were conducted according to the general hydrogenolysis procedure described in 

sectionn 4.3 of this chapter. 

Tablee 2: Rate of hydrogen depletion as function of catalyst loading 

Averagee Concentration Average H 2 Consumption 

(//moll  ml"1) (10-3 mol seer1) 

11 ) ) 
22 0.953 1-093 

33 ) ) 

44 1.631 ) ) 

_55 ) 1.631 ) 

Thee proceedings of the catalyzed reactions were recorded at 10 second intervals by registering 

temperaturee and pressure. The rate of hydrogen consumption was determined from the slope of 
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thee linear reaction profile between 0 and 30% conversion using the least squares curve fitting 

method.. Table 2 summarizes the found rates of hydrogen consumption per catalyst 

concentration. . 

4.3.33 Conditions for assessing the order in hydrogen pressure 

Forr these experiment, the catalyst precursor [(triphos)Ru(/7-Cl)3Ru(triphos)]Cl was selected. In 

alll  experiments, catalyst concentrations were 1.4 mM. The hydrogenolysis reactions were 

performedd in 1,1,1,3,3,3-hexafluoro-2-propanol. The hydrogenolysis was performed analogous 

too the general hydrogenolysis procedures. Table 3 summarizes the obtained rate of hydrogen 

consumptionn per initial pressure. The pressures in table 3 are the pressures at 120°C after 

injectionn of the catalyst. Monitoring was performed by recording temperature and pressure at 

100 second intervals. The rate of hydrogen consumption was determined from the slope of the 

monitoredd reaction profde between 0 and 30% conversion. 

Tablee 3: Hydrogen consumption as function of the initial pressure 

1 1 
2 2 
3 3 
4 4 
5 5 

Initiall  Pressure 
(bar) ) 

0.00 0 
67.70 0 
99.50 0 

) ) 
129.00 0 

Hyd d rogen n 
{10-5 5 

Consumption n 
moll  sec"') 
0.00 0 
0.89 9 
1.10 0 

) ) 
1.40 0 
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