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SYNTHESISS AND CHARACTERIZATION OF 
NOVELL RUTHENIUM COMPLEXES AND 
THEIRR APPLICATION IN THE CATALYTI C 
HYDROGENOLYSISS OF ESTERS 

11 Introduction 

Potentiallyy multidentate coordinating phosphine species in combination with transition metals 

havee proven to be valuable starting compounds in various homogeneously catalyzed reactions. 

Exampless are the hydrogenation of unsaturated organic substrates like olefins, aldehydes, 

ketones1'2'33 and esters (chapters 2 and 3). Often, the resulting chelate complexes show increased 

activityy with respect to complexes with monodentate hgands. 

Inn the previous chapters it has been shown that, in the ruthenium-catalyzed hydrogenolysis of 

esterss to alcohols, tridentate ligands are preferred over monodentate or didentate ligands. 

Furthermore,, to ensure high catalyst activities, facial coordination of the ligand is preferred over 

meridionall  coordination. The tripodal ligand l,l,l-tris(diphenylphosphinomethyl)ethane is 

ablee to enforce these characteristics and has indeed proven to be the ligand of choice for this 

conversion.. It has been especially successful for the conversion of benzyl benzoate into benzyl 

alcohol.. The catalytic system employed has so far been generated in situ from Ru(acac)3 and the 

faciallyy coordinating tripodal ligand. The exact nature of this catalyst under reaction conditions 

iss not known. Furthermore, it is not clear whether the entire amount of precursor introduced in 

thee reaction is indeed converted into the active species or some of it might be lost as a (inactive) 

by-productt in the formation of the actual catalyst. 

Heree we describe the synthesis and characterization of some well defined ruthenium(II) 

complexess that may act as a catalyst precursor in the ruthenium-catalyzed hydrogenolysis of 

esterss to alcohols. The synthesized complexes all contain the tripod ligand triphos, shown in 

previouss chapters to be essential for excellent catalytic conversions. These newly synthesized 

complexess should better resemble the actual, active catalyst than a mere mixture of Ru(III) salts 

andd triphos for the hydrogenolysis of esters to alcohols. The new complexes were furthermore 
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screenedd on their activity as a potential catalyst precursor in the hydrogenolysis of three selected 

substrates. . 

22 Results and discussion 

2.11 Ruthenium starting material 

2.1.11 Synthesis and characterization of Ru(acac)2(K
2-tripfios) 

Too better understand what processes take place in the autoclave, it was attempted to isolate 

intermediatess from the reaction mixture that play a role in catalysis. For these experiments, a 

modifiedd autoclave was used that allowed sample withdrawal under catalytic conditions without 

thee need to break off any progressing reactions. 

Ru(acac)3wass reacted with l,l,l-tris(diphenylphoshinomethyl)ethane under standard 

conditionss using 2-propanol as solvent in the presence of NEt3. The solvent 2-propanol was 

chosenn instead of l,l, l,3,3,3-hexafluoro-2-propanol because ester hydrogenolysis in the former 

iss much slower than in the latter alcohol and observation or isolation of compounds during 

catalysiss should be easier. After a reaction time of 4 hours, a yellow precipitate was isolated from 

thee reaction vessel. ! H N M R analysis revealed two inequivalent acetyl acetonate ligands (-CH-

8=4.955 and 6=4.71 ppm). Furthermore, different signals were found for the -CH3 groups of the 

acetyll  acetonate (6=1.87; 1.77; 1.43 and 1.32 ppm). The ratio between the aromatic region of 

thee spectrum and the acetyl acetonate resonances pointed to a ratio of one triphos ligand versus 

twoo acetyl acetonate ligands. 

Thee recorded 3 1P N M R spectrum consisted of three signals. An AB pattern in the 3 1P N M R 

indicatedd the presence of two inequivalent (or diastereotopic) mutually «V-coordinating 

phosphoruss nuclei (5A = 49-97, ppm, 5B = 45.57 ppm; 2/pp = 49.3 Hz),4 and a singlet 

(8cc = -26.27 ppm), indicative of a non-coordinated phosphorus. The diastereotopirity was 

observedd as well in the lH N M R spectrum by a multiplet for the -CH2P groups. The 

inequivalencee of the phosphine arms persists even at higher temperatures. Measurement of  3 1P-

N M RR spectra in toluene-d8 at temperatures up to 100°C showed no change. In the ] H 

spectrumm no hydride signal was observed. 
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Thee NM R data indicate the existence of a species with the moleculat formula 

Ru(acac)2(K
2-triphos)) (1), in which one of the P-atoms is non-coordinating.5'6 

Ru(acac)3++ CH3C(CH2PPh2)3 ^ X s o S ^ ' P J > ( A u ( a c a c ) 2 

(l)) P=PPh2 

Schemee 1: Formation of 'theproduct Ru(acac)2(K^-tripbos) (1) 

X-RayX-Ray single crystal structure ofRu(acac)2(K
2-triphos) 

Yelloww crystals of (1) were obtained by slow diffusion of hexane into a CH2C12 solution of the 

complex.. The molecular geometry of the complex together with atom numbering is shown in 

figurefigure 3. Selected interatomic distances and angles are listed in table 1. 

Figuree 3: A—isomer of Ru(acac)2(K -triphos) (1). In the centrosymmetric crystal structure, both enantiomers are 
presentpresent in equal amounts. Displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms are 
omittedomitted for clarity 
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Compoundd (1) crystallizes as a racemate in the centrosymmetric space group P\ (no. 2). The 

rutheniumm atom is in a distorted octahedral environment formed by two chelating 

2,4-pentanedionatee ligands and two phosphorous atoms of the chelating triphosphine ligand 

triphos.. Of the potentially tridentate ligand phosphine ligand triphos, only two of the three 

phosphoruss are coordinated to the ruthenium metal. Close to the non-coordinating phosphine 

atom,, additional electron density was found that could indicate partial oxidation of the 

non-coordinatingg phosphine during the crystallization process.Like all octahedral tris-chelate 

species,, for example [Co(en)3] 3+ and Ru(acac)3 itself, the molecule is chiral.7-8 In figure 3, the 

A-isomerr is displayed, but by space group symmetry the crystal structure is racemic. The 

2,4-pentanedionatee chelates are planar with a maximal deviation from the least squares plane of 

0.034(2)) and -0.037(3) A, respectively. The six-membered chelate ring of the triphosphine 

ligandd is in a chair conformation, which is chiral due to the torsion of the exocyclic C(51)-C(2) 

bond,, which is fixed in the crystalline state and brakes the mirror symmetry of the chair (torsion 

angless C(4)-C(51)-C(2)-P(3) 54.1(2), C(3)-C(51)-C{2)-P(3) 172.91(15)°). 

Thee cis angles of the ruthenium octahedron vary between 80.78(6) for 0 (2) -Ru( l ) -0 (3) and 

97.21(5)°° for P( l ) -Ru( l ) -0 (4), the trans angles range between 172.25(2) and 175.76(6)°. The 

Ru-OO distances range from 2.0595(15)-2.1128(15) A. Ru-O distances trans to the coordinating 

phosphiness P(l) and P(2) are slightly longer than Ru-O distances trans to the coordinating 

oxygenn atoms due to the larger trans-influence of the phosphine. The distances Ru( l ) -0(2) 

(2.1128(17)) A) and Ru( l ) -0 (3) (2.1076(16) A) are of similar magnitude compared to the 

complexx aV-[Ru(acac)2(PMePh2)2] in which this distance was determined as 2.1044(18).9 Ru-P 

distancess are 2.2499(6) and 2.2575(6) A and are comparable but slightly shorter than those in 

«>-[Ru(acac)2(PMePh2)2] .. D u e t o t n e forcing character of the neo-pentyl backbone of the 

ligandd the P(l)-Ru(l)-P(2) angle in this complex is smaller than found in the related structure 

ai-[Ru(acac)2(PMePh2)2] 99 (96.23(5)), it is, however, comparable to what is found for other 

K 2-coordinatedd triphos complexes10 and for complexes bearing the didentate dppp 

(PPh2PC3H 6PPh2)) ligand.11 
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Tablee I: Selected bond lengths (A) and angles (°) for Rufacacjjf/é-tripbos), with Esd in parenthesis 

Rud)-p(i) ) 
Ru(l)-P(2) ) 
Ru(l)-OO) ) 
Ru(l)-0(2) ) 
Ru(l)-0(3) ) 
Ru{l)-0(4) ) 
0(1)-C(47) ) 
0(2)-C(49) ) 
0(3)-C(42) ) 
0(4)-C(44) ) 
P(l)-C(3) ) 
P(2)-C(4) ) 
P(3)-C(2) ) 
C(3)-C(51) ) 
C(4)-C(51) ) 
C(43)-C(42) ) 
C(43)-C(44) ) 
C(47)-C(48) ) 
C(48)-C(49) ) 

P(l)-Ru(l)-P(2) ) 
0( l ) -Ru( l ) -0(2) ) 
0( l ) -Ru( l ) -0(3) ) 
0( l ) -Ru( l ) -0(4) ) 

2.2499(7) ) 
2.2575(6) ) 
2.0822(16) ) 
2.1128(17) ) 
2.1076(16) ) 
2.0596(15) ) 
1.278(3) ) 
1.260(3) ) 
1.266(3) ) 
1.273(3) ) 
1.841(3) ) 
1.837(3) ) 
1.862(3) ) 
1.551(3) ) 
1.537(4) ) 
1.400(4) ) 
1.388(4) ) 
1.387(4) ) 
1.402(4) ) 

91.39(2) ) 
91.36(6) ) 
87.08(6) ) 

175.76(6) ) 

0(2)-Ru(l)-0(3) ) 
0(2)-Ru(l)-0(4) ) 
0(3)-Ru(l)-0(4) ) 
P(l)-Ru(l)-0(1) ) 
P(2)-Ru(l)-0(1) ) 
P(l)-Ru(l)-0(2) ) 
P(2)-Ru(l)-0(2) ) 
P(l)-Ru(l)-0(3) ) 
P(2)-Ru(l)-0(3) ) 
P(l)-Ru(l)-0(4) ) 
P(2)-Ru(l)-0(4) ) 
Ru(l)-P(l)-C(3) ) 
P(l)-C(3)-C(51) ) 
C(3)-C(51)-C(4) ) 
P(2)-C(4)-C(5D D 
Ru(l)-P(2)-C(4) ) 
Ru(l)-0(1)-C(47) ) 
0(1)-C(47)-C(48) ) 
C(47)-C(48)-C(49) ) 
0(2)-C(49)-C(48) ) 
Ru(l)-0(2)-C(49) ) 
Ru(l)-0(3)-C(42) ) 
0(3)-C(42)-C<43) ) 
C(42)-C(43)-C(44) ) 
0(4)-C(44)-C(43) ) 
Ru(l)-0(4)-C(44) ) 

80.78(6) ) 
85.13(6) ) 
90.00(6) ) 
85.98(5) ) 
86.28(5) ) 

172.58(5) ) 
95.35(5) ) 
92.15(5) ) 

172.24(5) ) 
97.21(5) ) 
96.40(5) ) 

113.60(8) ) 
118.44(19) ) 
111.18(19) ) 
120.40(15) ) 
113.40(8) ) 
123.41(16) ) 
126.8(2) ) 
128.4(2) ) 
127.0(2) ) 
122.73(17) ) 
124.01(16) ) 
126.7(2) ) 
127.1(2) ) 
126.5(2) ) 
125.40(16) ) 

2.1.22 Synthesis and characterization of [(triphos)Ru(//-Cl),Ru(triphos)]Cl 

Anotherr type of complexes already bearing the tripodal triphos ligand are the dimetallic 

compoundss extensively studied and documented by the group of the late Venanzi.12 

Reactionn of RuCl2(PPh3)3 or RuHCl(PPh3)3 with l, l, l-tris(diphenylphosphinomethyl)ethane 

inn refluxing toluene resulted in the precipitation of a yellow compound, which, after filtration 

wass identified as the dinuclear compound [(triphos)Ru(//-Cl)3Ru(triphos)]Cl (scheme 2, 2). 

22 RuCI2(PPh3)3 + 2 CH3C(CH2PPh2)3 ™"f" > - - ^ W c i - R u ^ ^ V - " 1 CI" + 6 PPh3 
X - PP -z( P ^ 

(2) ) 

Schemee 2 : Formation of the dinuclear compound [(triphos)Ru(fJ-Cl)i)Ru(triphos)JCl (2) 
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N M RR spectroscopy of the yellow solid reveals identical spectra as were previously reported by 

Rhodess et al.13 The synthesis reported here, however, has the advantage of an easier work-up 

andd shorter reaction times than previously reported method employing RuCl2(DMSO)4 as the 

startingg complex. The dinuclear character of the complex was confirmed by single crystal x-ray 

analysiss on crystals obtained via slow diffusion of pentane in a dichloromethane solution of the 

complexx (figure 4). 

X-RayX-Ray single crystal structure of[(triphos)Ru(/J-Cl)3Ru(triphos)]Cl 

Thee molecular geometry of the dinuclear complex [(triphos)Ru(/ü-Cl)3Ru(triphos)]Cl (2), 

togetherr with the atom numbering scheme, is shown in figure 4. Selected interatomic distances 

andd angles are listed in table 2. 

Figuree 4: Platon picture of the single crystal X-Ray structure of [(triphos)Ru(/J-Cl)iRu(triphos)]Cl (2) (hydrogen atoms 

andand the phenyl rings on the phosphorus were omitted for clarity) 

Compoundd (2) crystallizes in the centrosymmetric spacegroup Pl^lc (number 14). The crystal 

structuree contains large voids that are filled with disordered solvent molecules 

(l, l , l ,3,3,3-hexafluoro-2-propanol).. The Ru atom is in a slightly distorded octahedral 

environmentt formed by the facially coordinating triphos ligand and the three bridging chloride 

atoms.. The structure is in agreement with the N M R data. The ruthenium chloride distances are 

alll  very similar and are identical to the distances measured for 

[(triphos)Ru(//-Cl)3Ru(triphos)]BPh4aswass prepared by Rhodes et al.u 
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Tablee 2: Selected bond lengths (A) and angles O for [(tnphos)Ru({A-Cl)^Ru(triphos)]Cl (2), with Esd in in parenthesis 

Ru(l)-Cl(l) ) 
Ru(l)-Cl(2) ) 
Ru(l)-P(l l) ) 
Ru(l)-P(21) ) 
Ru(l)-P(31) ) 
Ru(2)-Cl(2) ) 
Ru(2)-Cl(3) ) 
Ru(l)-Cl(3) ) 
Ru(2)-P(12) ) 
Ru(2)-P(22) ) 
Ru(2)-P(32) ) 
Ru(2)-Cl(l) ) 
Ru{l)-Ru(2) ) 

Cl(l)-Ru(l)-Cl(2) ) 
Cl(l)-Ru(l)-Cl(3) ) 
Cl( l )-Ru(l)-P(l l ) ) 
Cl<l)-Ru(l)-P(21) ) 
Cl(l)-Ru(l)-P(31) ) 
Cl(l)-Ru(2)-Cl(2) ) 
Cl(l)-Ru(2)-Cl(3) ) 
Cl(l)-Ru(2)-P(12) ) 
Cl(l)-Ru(2)-P(22) ) 

2.4884(7) ) 
2.4813(7) ) 
2.2763(9) ) 
2.2857(8) ) 
2.2889(9) ) 
2.4841(7) ) 
2.4935(7) ) 
2.4841(8) ) 
2.2827(9) ) 
2.2868(8) ) 
2.2937(9) ) 
2.4895(7) ) 
3.450 0 

77.36(2) ) 
76.85(2) ) 
97.64(3) ) 
96.56(3) ) 

174.54(3) ) 
77.29(2) ) 
76.66(2) ) 

168.54(3) ) 
102.76(3) ) 

Cl(l)-Ru(2)-P(32 2 
Cl(2)-Ru(l)-Cl(3) ) 
Cl(2)-Ru(l)-P(ll l 
Cl(2)-Ru(l)-P(21 1 
Cl(2)-Ru(l)-P(31 1 
Cl(2)-Ru(2)-Cl(3) ) 
Cl(2)-Ru{2)-P{12 2 
Cl(2)-Ru(2)-P(22 2 
Cl(2)-Ru(2)-P(32 2 
Cl(3)-Ru(l)-P(ll l 
C!(3)-Ru(l)-P(21) ) 
Cl(3)-Ru(l)-P(31) ) 
Cl(3)-Ru(2)-P(12) ) 
Cl(3)-Ru(2)-P(22) ) 
Cl(3)-Ru(2)-P(32) ) 
P(ll)-Ru(l)-P(21 1 
P(ll)-Ru(l)-P(31 1 
P(12)-Ru(2)-P(22 2 
P(12)-Ru(2)-P(32 2 
P(21)-Ru(l)-P(31 1 
P(22)-Ru(2)-P(32 2 
Ru(l)-Cl(l)-Ru(2 2 
Ru(l)-Cl(2)-Ru(2 2 
Ru(l)-Cl(3)-Ru(2 2 

94.27(3) ) 
77.57(2) ) 

170.55(3) ) 
100.16(3) ) 
97.58(3) ) 
77.35(2) ) 

100.54(3) ) 
93.94(3) ) 

171.34(3) ) 
93.54(3) ) 

173.34(3) ) 
100.21(3) ) 
91.87(3) ) 

171.22(3) ) 
102.82(3) ) 
88.31(3) ) 
87.08(3) ) 
88.59(3) ) 
88.11(3) ) 
86.27(3) ) 
85.96(3) ) 
87.75(2) ) 
88.03(2) ) 
87.76(3) ) 

2.22 Hydrogenolysis of selected substrates with Ru(acac)3- triphos, Ru(acac)2(K2-triphos) 

andd [(triphos)Ru(//-Cl)3Ru(triphos)]Cl 

Thee various precursors were applied in hydrogenolysis experiments of selected substrates to 

comparee their relative activity. For this purpose, the in situ mixed system Ru(acac)3 - triphos, 

thee purposefully prepared mononuclear compound Ru(acac)2(K
2-triphos) (1) and the dinuclear 

speciess [(triphos)Ru(//-Cl)3Ru{triphos)]CI (2) were applied as catalyst precursors in the 

hydrogenolysiss of dimethyl phthalate (3) to l,2-di(hydroxymethyl)benzene (4), methyl 

phenylacetatee (5) to 2-phenyl-ethanol (6) and methanol and the hydrogenolysis of 

benzyll  benzoate (7) to benzyl alcohol (8) (scheme 3). 
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OMe e 
OMe e 

OMe e 

Catalystt Precursor, H2, NEt3 

1,1,1,3,3,3-hexafluoro-2-propanol l 

Catalystt Precursor, H2, NEt3 

1,1,1,3,3,3-hexafluoro-2-propano|r r 

Catalystt Precursor, H2, NEt3 

1,1,1,3,3,3-hexafluoro-2-propanol' ' 

OMe e 
OMe e 

++ MeOH 

(4) ) 

OH H 

(6) ) 

OH H 

++ MeOH 

(8) ) 

Schemee ^-.Substrates used in hydrogenolysis reactions using Ru(acac) ̂ - triphos, Ru(acac)2(KL-triphos) (1) and 

[(triphos)Ru(fl-Cl)^Ru(triphos)]Cl[(triphos)Ru(fl-Cl)^Ru(triphos)]Cl (2) as catalyst precursor 

Dimethyll  phthalate and benzyl benzoate were used previously as model compounds in the 

hydrogenolysiss using Ru(acac)3 and triphos as the catalyst precursor. Methyl phenyl acetate is a 

substratee that had not been subjected to hydrogenolysis thus far. The recent finding of 

Nomuraa et al.14 that the catalyst system Ru(acac)3 - triphos is not suited to convert this ester to 

thee corresponding alcohols, prompted us to evaluate this substrate in hydrogenolysis as well. 

Inn all hydrogenolysis reactions, the ruthenium concentration was kept constant, taking into 

accountt the addition of two equivalents of ruthenium atoms by compound (2). Reaction 

conditionss were chosen identical to all previous experiments. A typical profile that has been 

recordedd for these experiments is shown in figure 5. 
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Figuree 5: General reaction profile recorded for the hydrogenolysis of esters 

Thee hydrogen consumption during by the hydrogenolysis of dimethyl phthalate (3) is shown in 

figuree 6; for methyl phenylacetate (5) and benzyl benzoate (7), it is displayed in figure 7. 

Relativee reaction rates were determined using the least squares fitting method on the linear 

sectionn of the curve obtained (for dimethyl phthalate and methyl phenyl acetate this means 

totall  conversion of 30-40%. For benzyl benzoate, reaction rates are low and monitoring was 

stoppedd at 15%). 

Figuree 6 shows the hydrogen consumption for the hydrogenolysis of dimethyl phthalate; each 

curvee is associated with one of the catalyst precursors. The main striking feature in figure 6 is 

thee apparent delay in the hydrogenolysis of dimethyl phthalate when the precursor system 

Ru(acac)33 - triphos is employed. Since catalysis starts very slowly, prolonged reaction times were 

required,, and only after 1.5 hours and 20% conversion a steady reaction rate was observed. 

Clearly,, from figure 6, it appears that the catalysis for the precursors 

[(triphos)Ru(//-Cl)3Ru(triphos)]CII  and Ru(acac)2(K
2-triphos) requires no incubation time, the 

hydrogenolysiss starts immediately upon introduction of the catalyst. 
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10000 2000 3000 4000 

Timee (sec.) 

5000 0 60000 7000 

Figuree 6: Hydrogenolysis of dimethyl phthalate using different precursors (*=Rufacacjjf*?'-triphos); I 

Ru(acac)^Ru(acac)^ - triphos:  = [(triphos)Ru()J-Cl)^Ru(triphos)]Cl, some data points are omitted for clarity) 

Forr benzyl benzoate and methyl phenylacetate, similar plots have been obtained, shown in 

figuree 7. Similar to dimethyl phthalate, the hydrogenolysis of benzyl benzoate using the 

precursorr Ru(acac)3 and triphos requires an incubation time of approximately 1.5 hours before 

thee actual catalysis starts and the ester is converted to the corresponding alcohols. 

20000 4000 6000 

Timee (sec.) 

5000 1000 1500 

Timee (sec.) 

Figuree 7: Hydrogenolysis of benzyl benzoate (left) and methyl phenyl acetate (right) using different precursors 

(*=Ru(acac)2(t^-triphos);(*=Ru(acac)2(t^-triphos);  = Ru(acac) ̂- triphos; A = [(triphos)Ru(/J-Cl)^Ru(triphos)]Cl, some data 

pointspoints are omitted for clarity) 
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Inn case of methyl phenylacetate, no hydrogenolysis is observed using this catalyst precursor. The 

ester,, however, could (although very difficult , and very slow with low turnovers) be reduced 

usingg the catalyst system Ru(acac)3- P(n-Oct)3, previously employed by Hara in the 

hydrogenationn of lactones.̂ 

Turnoverr frequencies for the hydrogenolysis of the three esters were determined from the 

graphss of the different reactions that were monitored, resulting in figure 8. Clearly, the catalytic 

conversionn of esters to their corresponding alcohols proceeds faster using pre-defined catalyst 

precursors,, i.e. those already containing a triphos ligand coordinated to the ruthenium metal 

center,, such as ([(triphos)Ru(//-Cl)3Ru(triphos)]Cl and Ru(acac)2(K
2-triphos)). In all cases, the 

Ru(acac)33 - triphos system requires prolonged reaction times before any conversion is observed 

andd it shows lower activity than the pre-defined catalyst precursors. 

Dimethyll phthalate 

1983 3 

Methyll phenylacetate 

2669 9 

00 500 1000 1500 2000 2500 3000 

Turnoverr Frequency (mol mol"1 h"1) 

 [(triphos)Ru(n-CI)3Ru(triphos)]CI  Ru(acac)3 - triphos  Ru(K2-acac)2(ic
2"triphos) 

Figuree 8: Observed turnover frequencies (mol motxhA) in the various hydrogenolysis reactions using three different 
catalystcatalyst precursors 

Comparingg the catalyst precursor Ru(acac)3- triphos with Ru(acac)2(K
2-triphos), the 

incubationn time required by the former can then be explained by assuming that this time is 

requiredd for the formation of the compound Ru(acac)2(K
2-triphos) which is subsequently 
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convertedd to the actual catalyst. Indeed, Ru(acac)2(K
2-triphos) was isolated from a 2-propanol 

solutionn of Ru(acac)3 and triphos that was submitted to the standard hydrogenolysis conditions. 

Supposedly,, Ru(acac)2(K
2-triphos) is formed by reduction of one of the 2,4-pentanedionate 

ligandss to 2,4-pentanediol in conjunction to the reduction of the ruthenium center from II I to 

I II  followed by coordination of the triphosphine ligand (scheme 4). 

Ru(acac)33 S o |v e n t ; N E t  H , \ /~~P\ Solvent; NEt3; H2 . x. 
++ - = - — - 1 * P-SK Ru(acac)2 ^ T  Active catalyst 

CH3C(CH2PPh2)33 \ ^~P \ 
2,4-pentanedioll  f1) P-PPn2 2,4-pentanediol 

Schemee 4: Formation of the active catalyst 

Thee activity of the complex [(triphos)Ru(//-Cl)3Ru(triphos)]Cl is intermediate to 

Ru(acac)33 - triphos and Ru(acac)2(K
2-triphos). In addition, similar to Ru(acac)2(K

2-triphos) this 

complexx does not require an incubation time and catalysis starts immediately after the 

introductionn of the catalyst into the reaction mixture (containing the ester and additive). 

[(triphos)Ru(//-Cl)3Ru(triphos)]Cll  (2) was considered an excellent catalyst precursor because 

thee breaking of the chloride bridge in between the ruthenium centers was assumed to be easier 

andd faster than the hydrogenation of the acetyl acetonate ligands in Ru(acac)3 upon forming the 

catalyst.. Breaking of the chloride bridge is promoted by the presence of a base, which 

neutralizess the HC1 evolved in the process.16 

-RR xcis / P ^ r 2T2
 / - R ^ CI ,P-

P-Ru-CI-Ru-P^s—— CI' ^ v » - ^ P - R u „ ; R U - P 
KK~"~" o Hr.i n 

2HCI I 

(2)) (a) 
+L L 

P=PPh22 ^ - p - R ^ - H « , S _ ^ p - R u - d 
L=Solvent,, H2 ^ ~ P ' 'L * P 'L 

HCI I 

(c)) (b) 

Schemee 5: Breaking of the Ru-Cl-Ru bridge 
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Startingg with [(triphos) Ru(//-Cl)3Ru(triphos)] (2), reaction with two moles of hydrogen may 

lead,, by elimination of HCl to the symmetric //-dichloro diruthenium dihydride species 

[(triphos)Ru(H)(//-Cl)2Ru(H)(triphos)]]  (a), which upon reaction with the solvent or the 

dihydrogenn present leads to the mononuclear [Ru(H)(Cl){triphos)(L)] species (b, L=solvent or 

H 2) .. This species subsequently reacts with one further mole of hydrogen to give the 

dihydridoruthenium(triphos)(solvento)) species (c), which is a likely candidate for the structure 

off  the actual hydrogenolysis catalyst. 

33 Conclusions 

Twoo new catalyst precursors have been obtained that enable the hydrogenolysis of esters to 

alcohols.. The active catalyst can be formed from the complex Ru(acac)2(K
2-triphos) (1), which 

wass isolated directly from the autoclave from a reaction mixture when using Ru(acac)3 and 

triphoss for the in situ formation of the catalyst. Alternatively, an active catalyst might be formed 

fromm dinuclear complex [(triphos) Ru(//-Cl)3Ru(triphos)] CI (2) by the NEt3 promoted breaking 

off  the chloride bridge. Both new complexes, which were characterized by X-ray structure 

analysis,, have shown excellent activity in the hydrogenolysis of dimethyl phthalate (3), methyl 

phenylacetatee (5) and benzyl benzoate (7). Contrary to the case of Ru(acac)3- triphos, neither 

off  these two complexes require an incubation time; catalysis starts immediately. 

44 Experimental section 

Al ll  synthetic experiments were conducted using standard Schlenk techniques. Solvents were 

purifiedd according to standard literature procedures, and were distilled prior to use.17 

RuCl33  x H 2 0 was obtained from Johnson and Matthey and was used directly without further 

purification.. Ru(acac)3was commercially available from Acros Organics, and was used as 

received.. The ligand triphos was obtained from Acros Organics, and was purified by 

recrystallizationn from a boiling hexane solution. Hydrogen gas (5.0; 99.999% purity) was 

obtainedd from Hoek Loos B.V. Holland. RuH2(PPh3)4 was obtained from Aldrich and used as 
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is.. RuCl2(PPh3)318 and RuCl2(DMSO)419 were prepared according to established literature 

procedures. . 

4.11 Equipment 

NuclearNuclear magnetic resonance spectroscopy 

Thee characterization of the compounds was based mainly on N M R techniques. 1H, 19F and 

3 1PP N M R spectra were recorded on a Varian Mercury 300 spectrometer. NM R spectra were 

referencedd to tetramethylsilane (TMS), 1 9F-NMR spectra to CFC13 and 3 1P-NMR spectra to 

8 5%% FTPOH. Al l samples were measured at room temperature with deuterated chloroform 

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

SingleSingle crystal' X-Ray diffraction 

Intensitiess were measured on a Nonius KappaCCD diffractometer with rotating anode 

(Mo-K(x,, A. - 0.71073 A) at a temperature of 150 K. The structure was solved with automated 

Pattersonn methods using the program DIRDIF97,20 and refined with the program 

SHELXL97211 against F of all reflections up to a resolution of (sin d/^.)maj( = 0.65 A' . 

Non-hydrogenn atoms were refined freely with anisotropic displacement parameters. Hydrogen 

atomss were refined as rigid groups. The drawings, structure calculations, and checking for 

higherr symmetry were performed with the program PLATON.22 

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 3KeV. During the high resolution FAB-

M SS measurements, a resolving power of 10,000 (10% valley definition) was used. 
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AutoclaveAutoclave system 

Al ll  hydrogenolysis experiments described in this chapter were performed in a homebuilt closed 

batchh reactor (autoclave) designed for reactions up to 140 bar. The autoclave is schematically 

representedd in figure 9 and was a modification of the autoclave described on page 39 of 

chapterr 2. 

Thee modified autoclave consisted of a thick-walled beaker of an approximate volume of 200 ml 

(3).. The beaker was attached to a wider outer ring of stainless steel to allow for closing (6). In 

thiss outer ring an opening was present that allows for the placement of a Viton® O-ring (18) to 

ensuree an airtight seal. Closing of the autoclave was achieved by tightening six bolts (7), 

attachingg the outer closing ring (6) to the lid of the autoclave (8). Tightening of the six bolts 

wass done in a crosswise manner to ensure perfect alignment of the top and bottom of the 

autoclavee thus preventing deformation of the lid of the autoclave. The lid of the autoclave was 

fittedd with eight connectors (17) to facilitate placement of different accessories. 

Thee connectors were used for: an in- (9), and outlet connector (16) for the cooling coil inserted 

inn the reaction medium; a sample valve (10) that allowed withdrawal of small sample volumes 

underr reaction conditions; a sample entry valve (20) to insert samples at atmospheric 

conditions;; a connector for a thermocouple (23); a connector for the pressure transducer 

(combinedd with the safety relief valve, 21) and a connection for a sample mixing and injection 

chamberr (14), that allowed introduction of samples at operating conditions. The contents of 

thee autoclave were stirred by an externally motor (22) driven impeller (1), mixing was further 

improvedd by the presence of baffles (19) in the beaker of the autoclave (mechanical insert, can 

bee removed). 

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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Sidee view Top view 

Figuree 9: Autoclave setup (1: Impeller; 2: Cooling coil; 3: Autoclave beaker; 4: Sample tubing; 5: Stirrer shaft; 
6:6: Outer closing ring; 7: Closing bolt; 8: Lid of the autoclave; 9: Cooling inlet; 10: 3-way sample valve; 
11:11: Gas inlet I outlet; 12: Sample introduction valve; 13: Inlet mixing chamber; 14: Mixing chamber; 
15:15: Sample introduction valve; 16: Cooling outlet; 17: Swagelok connector fitting; 18: Viton® O-ring; 
19:19: Baffles; 20: Sample entry valve; 21: Safety relief valve I Pressure transducer; 22: stirrer; 
23:23: Thermocouple) 

4.22 Chemicals 

Ru(acac)Ru(acac)22(K(K22-triphos)-triphos) (1) 

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 an 

autoclave,, and flushed three times with 15 bar of hydrogen before applying the final pressure of 
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900 bar. The mixture was stirred over a period of 4 hours at 120 °C after which the contents of 

thee autoclave was forced into a round-bottomed flask. The yellow suspension was filtered, and 

thee remaining solid was successively washed with 2-propanol, hexane and ether to remove the 

NEt33 and non-reacted ligand. The remaining solid was evaporated to dryness, after which it was 

transferredd into a soxhlet-extraction apparatus. The solid was extracted over 2 days using 

2-propanol.. The extract was filtered and washed to remove 2-propanol, and evaporated to 

dryness.. Yield 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). 

31PP NMR (121.5 MHz, CD2C12): 5/ppm 49.97 (AB, IP, 2/PP = 49.3 Hz, P',H,rd), 45.57 (BA, 

IP,, 2/pp = 49.3 Hz, Pc;ürd), -26.27 (s, IP, Pnon.coord.). 

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

CrystalCrystal structure determination of Ru(acac) 2(K
2 -tripkos) 

Tablee 3: Crystal and structure refinement data for Rufacac^K^-triphos) 

Chemicall  Formula C ^ H ^ C ^ P ^ Ru 

Molecularr Weight 923.91 
Crystall  System Triclinic 
Spacee group PJ (no. 2) 

a/AA 9.0138(1) 
b/AA 12.4831(1) 
c/AA 21.4073(3) 
a/°° 78.5167(5) 

p7°° 81.3654(5) 

y/°° 74.2265(5) 
U/A 33 2259.84 

ZZ 2 
T/KK 150 
///cm"11 5.0 

X-Radiationn MoKa (0.71073 A) 
Totall  Reflections 33625 
Uniquee reflections 10246 
pp o • /eA-3 1.09,-0.74 
Kmax>> Kmin/cn 
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C51H5304P3Ru,, Fw = 923-91, yellow block, 0.18 x 0.12 x 0.06 mm3, triclinic, Pl (no. 2), a = 

9.0138(1)) A, b = 12.4831(1) A, c = 21.4073(3) A, a = 78.5167(5)°, p = 81.3654(5)°, y = 

74.2265(5)°,, V = 2259.84(4) A3, Z = 2, p = 1.358 g cm"3, 33625 measured reflections, 

102466 unique reflections (Rint - 0.0521), 8258 observed reflections [I > 2o(I)]. 537 refined 

parameters,, 0 restraints. R (obs. refl): Rl = 0.0362, wR2 = 0.0807. R (all data): Rl = 0.0529, 

wR22 = 0.0863. S - 1.025. 

Thee absorption correction was based on multiple measured reflections (|I = 0.50 mm'1, 

0.88-0.999 transmission). 

[(triphos)Ru[(triphos)Ru (fl- Cl)3Ru (triphos)JCl (2) 

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. . 

Thee reaction was allowed to cool to room temperature and the precipitate was filtered using a 

g44 sintered glass filter. The yellow solid was washed with toluene, hexane and finally ether and 

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

mm NMR (300.13 MHz, CDC13): 5/ppm 7.38 (broad, Ph, 12H), 7.16 (t, Ph, 3/=7.5 Hz, 6H), 

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

3ipp NMR (121.5 MHz, CDC13): 5/ppm 36.79. 

CrystalCrystal structure determination of [(triphos)Ru(fX-Cl) 3Ru(triphos)]Cl 

[C82H78Cl3P6Ru2](C3HF60)2(Cl)) + solvent, Fw = 1927.28, yellow block, 0.48 x 0.42 x 

0.188 mm3, monoclinic, P2xlc (no. 14), a = 16.7688(1) A, b = 23.6954(2) A, c - 25.1233(2) A, 

(33 = 90.5875(3)°, V = 9982.05(13) A3, Z - 4, p = 1.282 g cm"3, 124982 measured reflections, 

228188 unique reflections (Rint = 0.0607), 18364 observed reflections [I > 2a(I)]. 1027 refined 
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parameters,, 354 restraints. R (obs. refl): Rl = 0.0441, wR2 = 0.1279. R (all data): Rl = 

0.0568,, wR2 = 0.1339. S = 1.106. 

Tablee 4: Crystal and structure refinement data for [(triphos)Ru(j^-Cl)^Ru(triphos)]Ch2fipa 

Chemicall Formula 

Molecularr Weight 
Crystall System 
Spacee group 

a/A A 
b/A A 
c/A A 
a/0 0 

(J/° ° 
y/o y/o 

U/A3 3 

z z 
T/K K 
///cm"1 1 

X-Radiation n 

Totall Reflections 
Uniquee reflections 

C 8 8 H 8 0 C 1 4 F 1 2 ° 2 P 6 R u 2 2 
1927.29 9 
Monoclinic c 
PlPlxxlc lc 
16.7688(1) ) 
23.6954(2) ) 
25.1233(2) ) 
90 0 
90.5880 0 
90 0 

9982.05(13) ) 
4 4 
150 0 
5.7 7 

MoKaa (0.71073 A) 
124982 2 
22818 8 

Thee absorption correction was based on multiple measured reflections (ji = 0.57 mm - 1 , 

0.77-0.955 transmission). The crystal structure contains large voids (2303.9 A^) filled with 

disorderedd solvent molecules. Their contribution to the structure factors was secured by 

back-Fourierr transformation (program PLATON, 2 2 CALC SQUEEZE, 280 e /uni t cell). 

4.33 Standard hydrogenolysis procedure 

Inn a standard hydrogenolysis experiment, the autoclave was prepared by evacuating the entire 

systemm to prevent influences by the presence of oxygen. After that, the autoclave was flushed 

threee times with nitrogen by a cycle of evacuating and filling the autoclave with nitrogen. In the 

meantime,, a substrate sample consisting of the appropriate amount of ester (30 mmol), additive 

(NEt3 ,, 3 mmol) and the solvent (l,l,l,3,3,3-hexafluoro-2-propanol, 13.5 ml) was prepared in 

ann inert atmosphere using a Schlenk vessel closed by a septum. The autoclave was connected to 

aa cannula that was inserted through the septum of the Schlenk vessel under nitrogen outflow. 

Thee connection of the cannula to the autoclave was closed and the autoclave was evacuated. 

Thee vacuum line to the autoclave was disconnected leaving the autoclave in a vacuum. The 
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connectionn to the cannula was opened and the sample mixture was transferred to the autoclave. 

Thee filled autoclave was flushed three times with 15 bar of dihydrogen after which the 

autoclavee was charged with its final pressure of 30 bar of dihydrogen. The autoclave was heated 

too 120 °C at which it was stabilized over a period of 60 minutes. While stabilizing the 

autoclave,, a sample containing the catalyst precursor (30 //mol in the case of Ru(acac)3 (with 

1.55 equivalents of triphos) and Ru(acac)2(K2-triphos), or 15 //mol in the case of 

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

Thee catalyst mixture was transferred to the injection unit of the autoclave in an outflow of 

hydrogenn using a syringe. The sample was flushed three times with dihydrogen and the 

contentss of the injection unit were forced into the autoclave with an overpressure of 

approximatelyy 60 bar totaling the final pressure in the autoclave at 90 bar of dihydrogen. 

Thee reaction was monitored at 10-second intervals by recording time, temperature and 

pressure.. The first five minutes of data were discarded because of the large oscillation in 

temperaturee observed after injection. 
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