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SCOPEE OF RUTHENIUM-CATALYZED 

HYDROGENOLYSIS;; SELECTION OF THE 

SOLVENTS S 

11 Introduction 

Catalyticc reduction of carbonyl compounds is one of the many useful and widely applied 

syntheticc reactions available. Hydrogenation of the carbonyl group in ketones and aldehydes to 

formm their respective alcohols, using NaBH^ or L1AIH4 as reducing agents, has been well 

established.. Besides these stoichiometric reagents, a wide variety of (transfer) hydrogenation 

catalystss are available. In general, excellent conversions of carbonyl compounds into alcohols 

cann be accomplished. In contrast to the relative easy with which aldehydes and ketones are 

hydrogenatedd is the conversion of esters. Esters are only slowly reduced using stoichiometric 

amountss of NaBH4 while acids are not reduced at all,1-2 furthermore, esters are rather inert 

towardss the direct reaction with molecular hydrogen to form the corresponding alcohols. The 

generall  reaction to form alcohols is depicted in scheme 1. 

OO OH 
R l A 0 _ R 22 Hydrogen source ^ R 1 J + H Q _ R 2 

Schemee 1: Hydrogenolysis of esters to alcohols 

Ass was seen in chapter 1, the difficulty of hydrogenolysis of esters to alcohols is due to the 

endothermicityy of the reaction under standard conditions. For the hydrogenolysis of esters, the 

reactionn enthalpy for the reduction to the alcohol is relatively small, whereas the change in 

entropyy is negative. The 'cross-over' temperature (AH°/AS°) has been estimated at 200 - 400 K 

andd relatively low temperatures and pressures are required to ensure good conversions. 

Inn chapter 2, an efficient catalyst for the hydrogenolysis of dimethyl oxalate (1) to ethylene 

glycoll  (3) was reported (scheme 2).3 
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OO O O OH OH 
yj/yj/ Ru-cataiyst , y-J + j-J + MeOH 

MeOO OMe MeO HO 

(1)) (2) (3) 

Schemee 2: Hydrogenolysis of dimethyl oxalate (1) to ethylene glycol (3) 

Thee catalyst for this conversion was generated in situ starting from Ru(acac)3 and the 

appropriatee triphosphine ligand triphos (Q-^CXCr^PPf^^ ), and can be applied using 

relativelyy mild conditions (temperatures up to 120 °C and pressures lower than 80 bar). The in 

situsitu generated catalyst was the first homogeneous catalyst that provided a reproducible full 

conversionn with a reasonable reaction rate for the hydrogenolysis of dimethyl oxalate (1) to 

ethylenee glycol (3). 

Inn the previous chapters, it became clear that catalysts currently available and documented are 

limitedd in their scope, i.e. the number of different substrates that can be converted. For 

example,, the catalytic system reported by Matteoli et al? can only be used effectively in the 

hydrogenolysiss of dimethyl oxalate (1); application of this catalyst for the conversion of other 

substratess invariably leads to zero or low conversions. The same is true for the catalyst of 

Greyy et al.,  ̂ which could only be applied in the hydrogenolysis of fluorinated esters. One may 

off  course activate the substrate, but this would result in a good catalyst system for only a limited 

typee of substrates. Activation of the substrate may be achieved by the introduction of 

suitablee functional groups within the ester, such as fluorinated alkyl moieties as was applied by 

Grey.44 Another way of achieving the same goal is using a second ester function as activation for 

thee first ester function; this was successfully demonstrated in hydrogenolysis by both Grey4 and 

Matteoli55 and later by some of us.3 The preferred catalyst, however, should be able to perform 

catalyticc hydrogenolysis for a wider range of substrates. 

Ass wil l be shown in this chapter, the scope of the catalyst developed in the previous chapter is 

nott limited to the hydrogenolysis of 1 and similar esters solely. It can be applied for a variety of 

substrates,, ranging from ketones and aldehydes to nitriles and esters. As wil l become clear at the 

endd of this chapter, the solvent in which the conversion of the substrate is performed, largely 
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influencess the outcome of the catalytic process. Furthermore, it wil l be shown that, depending 

onn the additive chosen, the products of the hydrogenolysis may differ. 

22 Results and Discussion 

2.11 Scope of the catalyst; substrates 

2.1.11 Hydrogenolysis of simple aliphatic di-esters 

AA range of simple aliphatic carboxylic acid di-esters were subjected to hydrogenolysis, table 3, 

givess the di-esters that were screened. In all cases, the catalyst system based on Ru(acac)3 and 

thee tripodal ligand triphos was applied. Entry 1 recalls dimethyl oxalate (1), this substrate was 

usedd in a number of occasions, and provides excellent comparison to established methods of 

esterr hydrogenolysis.3-4,5 As was shown in the previous chapter, depending on the catalytic 

systemm chosen this ester can readily be reduced to the corresponding OC-hydroxy ester or diol. 

Usingg the ligand CE^CfCH^PPr ^̂  in the presence of zinc, full conversion of the ester was 

observedd and ethylene glycol (1) was obtained in quantitative yields. With a turnover frequency 

off  54 mol moWrr1 (based on the conversion after 16 hours), this catalyst was shown to be the 

mostt active in homogeneous catalyzed hydrogenolysis of the activated ester dimethyl oxalate. 

Uponn increasing the distance between the ester functions by the introduction of a -CH2- group, 

ass in dimethyl maleate (entry 2), catalytic activity is reduced to zero and no traces of alcohols 

weree observed. Even when changing the solvent to the polar medium 

1,1,1,3,3,3-hexafluoro-2-propanoll  (the choice of this solvent wil l become clear in section 2.2 of 

thiss chapter), no hydrogenolysis to the alcohol was observed and the ester was fully recovered 

afterr a reaction time of 16 hours. It could be argued that the activating effect of the second ester 

functionn present diminishes upon increasing the distance between both ester functions, similar 

ass was found for o-, m-, and/>-dimethyl phthalate.6 

Inn this case however, another explanation exists for the inability to hydrogenolyze this ester: the 

acidityy of the -CH2- protons and the structural similarity of the resulting dimethyl malonate 

comparedd with acetyl acetonate; the deprotonated substrate itself can act as a ligand and 

stabilizess the ruthenium catalyst.7 

ScopeScope of Ruthenium-Catalyzed hydrogenolysis; Selection of the solvents 45 



Ruthenium-CatalyzedRuthenium-Catalyzed Homogeneous Hydrogenolysis of Esters to Alcohols 

Tablee 3: Hydrogenolysis of simple aliphatic t 
Substratee Solvent Product Conversion T.O.N. (T.O.F.)*) 

(%)) (mol mol- '(h"1)) 
OMe e 

CK"OMe e 
DimethylDimethyl oxalate (1) 

O O 
VoMe e 

CH3OH H 

CH3OH H 
(CF3)2CHOH H 

EthyleneEthylene glycol 
(84%)(84%) (3) 

100 0 8577 (54) 

(CF3)2CHOH H 

DimethylDimethyl maleate (4) 

r^-OH H 

1,4-butanediol 1,4-butanediol 
(6) ) 

100 0 2019(126) ) 

"^Generall  conditions: Ru(acac)3 10 /Jmo\, 1.5 eq. triphos, in 15 ml solvent pH2 = 80 bar, T=120 °C. 

^)T.O.N.== Turnover number = amount of ester converted (mmol) / amount of catalyst (mmol); T.O.F. = 
Turnoverr Frequency = amount of estet converted (mmol) per hour / amount of catalyst (mmol). T.O.N, and 
T.O.F.. wete determined as an avarage after the standard reaction time of 16 hours. 

Inn entry 3, the chemoselectivity of the catalyst in hydrogenolysis of unsaturated di-esters was 

investigatedd by introducing a carbon-carbon double bond between the two ester functions, as in 

dimethyll  maleate (4). In this case, not only both ester functions are reduced to the 

correspondingg alcohols, but also the catbon-carbon double bond is effectively hydtogenated 

usingg the catalyst precursor Ru(acac)3 - triphos in l,l,l,3,3,3-hexafluoro-2-propanol with 

NEt33 present in the reaction mixture (scheme 3). The hydrogenation of the carbon-carbon 

doublee bond was not surprising since the hydrogenation of alkenes to alkanes using ruthenium 

catalystss is well documented and generally has a low activation barrier.8 Normally, catalytic 

hydrogenationn of olefins proceeds much faster than carbonyl compounds. For example, a 

competitionn experiment in the hydrogenation of the aldehyde heptanal and the olefin 1-octene 

withh RuCl2(PPh3)3 as the catalyst precursor reveals that the olefin was saturated 250 times 

faster.9 9 

I tt was therefore assumed that hydrogenolysis of dimethyl maleate proceeds via intermediate 

formationn of dimethyl succinate (5). The dimethyl succinate, however, was not isolated from 
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thee reaction, nor was it monitored during the proceedings of reaction. Full conversion of 

dimethyll  maleate was achieved over a period of 16 hours, and only 1,4-butanediol and 

methanoll  were observed as products. 

" O M ee Ru(acac)3 / CH3(CH2PPh2)3 

„ O M ee (CF3)2CHOH/NEt3;H2 

(4) ) 

Ru(acac)3/CH3(CH2PPh2 2 

(CF3)2CHOHH / NEt3; H2 

O O 

Xx)lv1e e 
L.OMe e 

O O 

(5) ) 

Schemee 3: Hydrogenolysis of dimethyl maleate 

OH H 
) ) 

OH H 

(6) ) 

++ 2 MeOH 

2.1.22 Hydrogenolysis of fatty acids, fatty acid esters and lactones 

Confidentt in the hydrogenolysis of activated esters, the attention was focused on the 

hydrogenolysiss of fatty acids and fatty acid methyl esters to the corresponding fatty alcohols 

(fattyy alcohols are aliphatic alcohols of general formula CH3(CH2) nOH in which n ranges from 

55 to 21). Fatty acid methyl esters are mostly used as chemical intermediates to produce a 

numberr of oleochemicals such as soap, fatty alcohol, alkanolamides, alpha sulfo-methyl esters, 

sucrosee esters and other detergents. Recently, methyl esters are also used in the production of 

environmentallyy friendly biodiesels and in the formulation of lubricants. 

Mostt examples of fatty acid ester hydrogenolysis can be found in patent literature.10 The 

hydrogenolysiss of fatty acid esters is a process dating back to the early 1930's and is often 

performedd with copper containing heterogeneous catalysts (Adkins catalyst), requiring drastic 

conditions,, reaction temperatures are in the range of 250-300 °C and pressures of 200-300 bar 

aree reported.11 Decarboxylation occurs as a side reaction, increasing with increasing 

temperature.122 Usually, starting materials for the production of fatty alcohols are natural fats 

andd oils, which are first transesterified with methanol to the methyl esters that are subsequently 

reducedd to the corresponding alcohols. 
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Severall  industrially relevant esters and acids have been submitted to hydrogenolysis using the 

catalystt derived from Ru(acac)3 - triphos. In table 4 the selected substrates are listed. 

Tablee 4: Hydrogenolysis of fatty acids and fatty acid esters ' ' 

Substrate e Solventt Product Conversion T.O.N.(T.O.F.) 
(%)) (molmol- 'h-1)* 

Acids Acids 

OH H CH,OH H 
RR = H, UndecanoicAcid (CF3)2CHOH 

Esters Esters 

22 v i u
 O M e 

MethylMethyl palmitate 
(CF3)2CHOH H 

1-Undecanol 1-Undecanol 

'144 O H 

CetylCetyl alcohol 

0% % 
0% % 

94% % 5966 (40) 

MeO O 

SebacicSebacic methyl ester 

-,0 -,0 

OH H 

OMe e 
(CF3)2CHOH H 

OO OH 
11,,10-Decanediol 10-Decanediol 

77 I ^ ^ ^ \ ^ O H 
OMee (CF3)2CHOH H 7 

UndecenoicUndecenoic methyl ester 1-Undecanol 

100% % 

100% % 

8000 (53) 

700(50) ) 

OMe e 
MethylMethyl oleate 

Lactones Lactones 

6 6 

Undecanoic-Undecanoic- y-lactone 

(CF3)2CHOH H 

OH H 
(CF3)2CHOH H 

1-Octadecanol 1-Octadecanol 

OH H OH H 

1,4-1,4- Undecanediol 

100% % 

80% % 

9000 (60) 

2500 (17) 

'-'Generall  conditions: Ru(acac)3 25 -0 / /mo l, 1.5 eq. triphos, substrate 2 0-3 0mmol, 15 ml solvent/>H2 = 80 bar 

T=120°C. . 

WT.O.N^^ Turnover number = amount of ester converted (mmol) / amount of catalyst (mmol); 
T.O.F.. = Turnover Frequency = amount of ester converted (mmol) per hour / amount of catalyst (mmol). 
T.O.N,, and T.O.F. were determined as an avarage after the standard reaction time of 16 hours. 

Inn al cases, hydrogenation is performed in the polar alcohol l,l,l,3,3,3-hexafluoro-2-propanol 

withoutt any difficulty, excellent conversions to the corresponding alcohols were observed 

withoutt traces of any side products. In the case that there is an additional unsaturated function 

presentt in the substrate, as is the case fot undecanoic methyl ester (entry 4) or methyl oleate 
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(entryy 5), the double bond is effectively hydrogenated. The carbon-carbon double bond is 

presumablyy hydrogenated prior to hydrogenolysis of the ester function. Attempts to 

hydrogenatee the parent carboxylic acids failed, no catalyst activity was observed. A priori, in situ 

esterificationn with the alcoholic solvent prior to hydrogenolysis was expected, but this was not 

observed.. The inactivity of the catalyst precursor probably lies in the occurrence of a reaction 

betweenn the acid and the ruthenium starting material, followed by decarbonylation of the acid 

leadingg to an inactive low valent ruthenium carbonyl species.'3 

Besidess simple aliphatic acid esters, also lactones can be effectively converted to the 

correspondingg diol. It was reported previously that a catalyst system consisting of 

Ru(acac)3// P (n -C8H 1 7) 3 / NH4PF6was able to hydrogenate y-butyrolactone to 1,4-butanediol 

effectively.144 Reported reaction conditions (T = 200 °C, P = 50 bar), however, are more 

demandingg than required for the catalyst Ru(acac)3 - triphos (T = 120 °C, P = 80 bar). 

Reactionn rates (expressed as T.O.F.) are identical to those previously reported by Hara et at.14 

2.1.33 Hydrogenolysis of benzoic acid esters 

Itt is difficul t to find examples of the hydrogenolysis of esters where the carbonyl is attached to 

ann aromatic backbone such as benzoic acid esters. Because of its difficulty in hydrogenolysis, 

thesee types of esters represent a suitable model substrate to evaluate the true ability of the new 

catalyst. . 

Thee results in the hydrogenolysis of aromatic esters are summarized in table 5. 

Forr comparison with aliphatic esters, entry 1 recalls the result obtained for the hydrogenolysis 

off  dimethyl maleate. Like dimethyl maleate, dimethyl phthalate (7) is an activated ester, with 

thee difference that the "backbone" consists of an aromatic ring, instead of a carbon-carbon 

doublee bond. 
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Tablee 5: Hydrogenolysis of dimethyl maleate and selected aromatic t 

Substrate e Solvent t Product t Conv.. T.O.N.T.O.F.) 
(%)) (mol mol-lh-1) 

r^-OH H 

1,4-Butanediol1,4-Butanediol (6) 

OH H 
"OMee ' .^OH 
^OMee (CH3) 2CHOH Q 

(CF3) 2CHOHH 3H-Isobenzofuran-l-one(8); 

DimethylDimethyl phthaUte (7) l,2-Di(hydroxymethyl)benzene 

O O 

100 0 20199 (126) 

C H 3 OH H 

(CF3) 2CHOH H 
MethylMethyl benzoate 

O O 

KjKj  ' KJ (CF3)2CHOH 
BenzylBenzyl benzoate (10) 

OO CF3 

CC "CF 3 

OH H 

100 0 
100 0 

566 (3.5) 
1033 (5.6) 

BenzylBenzyl alcohol (11) 

OH H 
97 7 

BenzylBenzyl alcohol (11) 

^ JJ (CF3) 2CHOH 

Hexafluoro-'propyl Hexafluoro-'propyl 
benzoatebenzoate (12) 

n.d. . 

20711 (129) 

n.d. . 

BenzylBenzyl benzoate (10) 

' 'Generall  conditions: Ru(acac)3 10 //mol, 1.5 eq. triphos in 15 ml solvent/>H2 = 80 bar, T=120 °C. 

"f)T.O.N.=Turnoverr number = amount of ester converted (mmol) / amount of catalyst (mmol); 
T.O.F.. = Turnover Frequency = amount of ester converted (mmol) per hour / amounr of catalyst (mmol). 
T.O.N,, and T.O.F. were determined as an avarage after the standard reaction time of 16 hours. 

Thee reduction of the ester dimethyl phthalate (7) was observed to proceed in two steps. In the 

firstt step, one of the ester functions is teduced to the alcohol. Upon intramolecular 

transesterification,, this mono-estet forms the lactone 3//-isobenzofuran-l-one (8). 

Ass was seen in the section concerning fatty acid ester, the catalyst is also capable of 

hydrogenationn of lactones, and 3//-isobenzofuran-l-one should not form any problem. Indeed, 

88 is reduced in a subsequent step forming the product l,2-di(hydroxymethyl)benzene in 

excellentt yields (scheme 4). 
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O O 

OMe e 
O M ee catalyst catalyst ^^  r^o _ ^ - ( X -

(8)) (9) 

Schemee 4: The hydrogenolysis of dimethyl phthalate (7) to di(bydroxymethyl)benzene via 3H-isobenzofuran-l-one (8) 

Surprisinglyy enough, the mono-ester methyl benzoate could not be hydrogenolyzed to benzyl 

alcoholl  and methanol, neither in methanol nor in the highly polar solvent 

l,l, l,3,3,3-hexafluoro-2-propanoll  any hydrogenolysis activity was observed and only the 

startingg ester was recovered after 16 hours. The reason for this inactivity is not clear and is still 

underr debate. 

Benzyll  benzoate (10) is an extremely interesting and challenging substrate for the investigation 

off  catalyst activity. This ester, being both a non-activated and an aromatic ester, is an excellent 

benchmarkk substrate. Furthermore, it receives considerable attention from industry. 

Benzyll  benzoate (10), together with benzoic acid, is formed on an industrial scale as a 

side-productt in the air-oxidation of toluene to benzaldehyde and benzyl alcohol.15 

Largee amounts of benzyl benzoate are converted by reduction into benzyl alcohol. For this 

conversion,, a heterogeneous catalyst is employed with the same drawbacks as was mentioned 

beforee (high temperatures, high pressures and low selectivity). 

Mee COOH CHO CH2OH 

Air,, [Co] (^>\ H2, [Cu.Cr] 

00 (10) 

Schemee 5: Sources of benzyl benzoate (10) 
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Usingg our catalyst obtained from Ru(acac)3 and triphos, conversion of this ester into two 

equivalentss of benzyl alcohol was achieved in good yields and conversions, without formation of 

anyy side-products, using relatively mild conditions. This catalyst was previously shown to be the 

mostt active in the hydrogenolysis of the activated ester dimethyl oxalate, it is also the first ever 

reportedd catalyst able to convert aromatic esters to their corresponding alcohols in an easy and 

reproduciblee manner at excellent rates and selectivities. 

2.1.44 Miscellaneous substrates 

Thee catalyst presented is not only limited to hydrogenolysis of esters. As was seen in a number 

off  the previous examples, the catalyst can be applied in the successful hydrogenation of 

carbon-carbonn double bonds as well. Also, other functional groups, like aldehydes and ketones, 

weree evaluated in hydrogenolysis. 

Benzaldehydee was hydrogenated fully using the catalyst derived from Ru(acac)3 and triphos 

underr standard conditions and l, l , l ,3,33-hexafluoro-2-propanol as solvent in very short times 

(turnoverr frequencies exceeding 1500 mol mol"1 h"1). Furthermore, catalyst activity seems not 

too be influenced by the reaction medium, the aldehyde was even hydrogenated in 

benzyll  alcohol with excellent catalyst turnover frequencies {1200 mol mo l1 r r1) . Possibly, the 

aldehydee can even be hydrogenated in the pure substrate. 

Otherr types of substrates that were briefly screened were ketones (acetone, which was fast and 

full yy converted to /w-propanol); amides (benzyl benzamide, which showed no conversion at all) 

andd nitriles. 

Acetonitrilee is hydrogenated in a very fast reaction to give a mixture of amines. It was shown 

thatt with the catalyst Ru(acac)3 - triphos a mixture of primary and secondary amines could be 

obtained.16 6 

2.22 Selection of the solvent 

Ass was briefly mentioned in the previous section (2.1), the solvent plays a decisive role in the 

ruthenium-catalyzedd hydrogenolysis of esters. Depending on the solvent chosen, different 
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reactionn rates or even products were observed. To determine the best suitable solvent for the 

catalyticc hydrogenolysis of esters to alcohols, several solvents, ranging from polar to a-polar and 

beingg protic or non-protic, have been evaluated as a medium. To facilitate comparison of 

activityy in different solvents, a benchmark substrate had to be chosen. Benzyl benzoate was 

selectedd as the substrate because it is a non-activated and aromatic substrate. 

2.2.11 Primary Alcohols 

Dimethyll  oxalate was effectively hydrogenolyzed in simple alcohols such as methanol (37% 

conversion,, see chapter 2). For benzyl benzoate, methanol appeared to be an unsuitable solvent. 

Afterr a reaction period of 16 hours, no consumption of hydrogen gas had occurred and no 

hydrogenolysiss had taken place, instead, methyl benzoate was formed as a product of 

transesterificationn of the substrate with the solvent (see table 6). 

OO O 
ROH H 

RR ^ H + ROH 
BzOH H 

Schemee 6: Transesterification prior to hydrogenolysis 

Tablee 6: Catalyst activity towards the hydrogenolysis of benzyl benzoate (10) in simple alcohols^ 

Solventt Conversion Product T.O.N. $ 

WW (mol mol-1) 

1 1 

2 2 

3 3 
4 4 

5 5 

Methanol l 

Ethanol* * 
2-Propanol l 

2,4-Pentanedio o 
rButanol l 

50 0 

23 3 

86 6 

14 4 

0 0 

Methyll  benzoate 

Ethyll  benzoate 

Benzyll  alcohol 

None e 

None e 

1090 0 

673 3 
105 5 

n.d. . 

0 0 

''Generall  conditions: Ru(acac)3 10/imol, 1.5 eq. triphos, substrate 30 mmol, in 15 ml solvent pH2 = 80 bar, 
T=120°C. . 

WT.O.N.=Turnoverr number = amount of ester convetted (mmol) / amount of catalyst (mmol); 
T.O.N,, wete determined as an avatage after the standard reaction time of 16 hours. 

'Transesterificationn of the starting material was observed, no product as result of hydrogenolysis. 

Furtherr examination revealed that transesterification of benzyl benzoate to methyl benzoate 

startss immediately. Even after extended teaction times, only benzyl benzoate, the starting ester, 
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benzyll  alcohol, formed as result of the transesterification, and methyl benzoate were present 

(schemee 6). The inactivity of the catalyst towards hydrogenolysis of methyl benzoate was 

observedd previously in section 2.1.3. Also attempts at elevated temperatures (160 °C instead of 

1200 °C) failed, the catalyst appeared inactive and only transesterification occurred. 

Otherr primary alcohols such as ethanol lead to the same observation; ethyl benzoate was 

recoveredd after the reaction and no hydrogenolysis had taken place (table 6, entry 2). 

2.2.22 Secondary and tertiary alcohols 

Sincee transesterification seemed to play an important role in the attempted hydrogenolysis of 

benzyll  benzoate, we turned our attention to secondary alcohols. Compared to primary alcohols, 

moree bulky alcohols, such as secondary and tertiary alcohols, are less prone to 

transesterification,, thus preventing the formation of inactive side-products.17 

Indeedd hydrogenolysis, under standard conditions in 2-propanol as the reaction medium, 

provedd successful and full conversion of benzyl benzoate to benzyl alcohol was observed 

(tablee 6, entry 3). In contrast, when using 2,4-pentanediol only moderate conversion was 

achievedd after 16 hours (14%). 2,4-Pentanediol was thought to be a useful solvent because of its 

formationn during catalysis from the reduction of the acetyl acetonate ligands. 

Furtherr increasing the steric bulk of the solvent by applying f-butanol, decreased catalyst 

activityy to almost zero, littl e or no hydrogenolysis was observed. 

TransferTransfer hydrogenation 

Mixturess like 2-propanol / NEt3 and formic acid / NEt3 are well known reaction media for 

transferr hydrogenation reactions of unsaturated substrates. In transfer hydrogenation reactions, 

thee hydrogen required for the reaction is transferred from a donor molecule to the unsaturated 

substrate,, maintaining the overall unsaturation of the overall system (scheme 7).18 Numerous 

exampless using this principle can be found in literature for the asymmetric hydrogenation of 

ketoness to alcohols.19 
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OH H 
Hydrogentransferr catalyst \ 

-OH H 
R' ' R' ' 

Schemee 7: 2-Propanol mediated transfer hydrogenation 

Thee catalytic system of Ru(acac)3 - triphos and NEt3 in 2-propanol might in principle also be 

workingg according to this transfer hydrogenation mechanism. Hence, in order to exclude the 

possibilityy of transfer hydrogenation, the hydrogenolysis experiment was performed without 

hydrogenn pressure in 2-propanol / NEt3. During the reaction under these conditions, neither 

conversionn of benzyl benzoate nor formation of acetone (from 2-propanol) was observed, only 

thee starting ester was isolated afterwards. Furthermore, a similar check involving formic 

acidd / NEt3 as the hydrogen donor has not lead to hydrogenolysis either. 

2.2.33 Highly polar primary and secondary alcohols 

Greyy et al. have reported the activation of an ester by introduction of activating groups close to 

thee carbonyl function. In view of the observed transesterification of benzyl benzoate in primary 

alcohols,, the idea was born to turn the undesired reaction into an advantage. Solvents were 

selectedd that have good susceptibility for transesterification and can act as well as an 

electron-withdrawingg substituent in its benzoate ester, like 2,2,2-trifluoroethanol and 

l,l,l,3,3,3-hexafluoro-2-propanol.. Although secondary alcohols, like 2-propanol, are in general 

lesss active in transesterification, the acidity and polarity of the 

l,l,l,3,3,3-hexafluoro-2-propanoll  may still lead to esterification with benzyl benzoate (10) 

(schemee 8). 

(10) ) 

F3Q Q 

F3C C 
)-OV\ )-OV\ 

OH H (12) ) 

Schemee 8: Formation of '1,1,1,3,3,3-hexfluoro-iso-propyl benzoate 
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Therefore,, these alcohols were thought to be appropriate in hydrogenolysis by in situ formation 

off  the product 2,2,2-trifluoroethyl benzoate and l,l,l,3,3,3-hexafluoro-2-propyl benzoate as 

moree activated esters that could subsequently undergo faster hydrogenolysis 

(schemee 6, R^-CHfCF^^).4 In addition, an increase in reaction rate may be anticipated in such 

solventss based on the concept of ionic hydrogenation, as has been proposed for tungsten 

complexess by Berke20 and Voges et al2] In ionic hydrogenation, a proton and a hydride are 

sequentiallyy transferred to the substrate. Similar proton-transfer reactions involving ruthenium 

hydridee complexes in combination with very polar alcohols, as were observed by Ayllon et al.22 

andd Shubina etal.23 support this hypothesis. These kinds of interactions are proposed to be 

involvedd in the base promoted heterolytic splitting of dihydrogen. 

Tablee 7 shows the polar alcoholic solvents that were evaluated in the ruthenium-catalyzed 

homogeneouss hydrogenolysis of benzyl benzoate (10). 

Tablee 7: Catalyst activity in various polar solvents'̂ _ __ 

Solventt Conversion T.O.N. T.O.F. 
(%)) (mol mol'1) (mol mol'1 h'1) 

" 11 2-propanol 86 ÏÖ5 7 
22 2,2,2-trifluoroethanol 99 896 70 
33 Phenol 0 0 0 
44 1,1,1,3,3,3-hexafluoro-2-propanol 70 2570 142 

"^Generall  conditions: Ru(acac)3 10 //mol, 1.5 eq. triphosin 15 ml solventpH2 = 80 bar, T=120 °C. 

rr number = amount of ester converted (mmol) / amount of catalyst (mmol); 
T.O.F.. = Turnover Frequency = amount of ester converted (mmol) per hour / amount of catalyst (mmol). 
T.O.N,, and T.O.F. were determined as an avarage after the standard reaction time of 16 hours 

Indeedd when using fluorinated solvents, a marked increase in catalyst activity was observed. In 

thee case of 2,2,2-trrifluoroethanol, the ester was fully reduced with a turn over frequency of 

approximatelyy 70 catalyst cycles per hour. When changing to the more polar alcohol 

l, l , l ,3,3,3-hexafluoro-2-propanol,, which would lead to the introduction of a more electron 

withdrawingg substituent in the benzyl ester, a further increase in activity was observed and 

excellentt T.O.N, (over 2500 mol mob1) and T.O.F. (exceeding 142 mol mob1 h"1) were 

achievedd (entry 4). 

Uponn submitting the previously prepared ester l,l,l,3,3,3-hexafluoro-2-propyl benzoate to the 

hydrogenolysiss conditions used for benzyl benzoate, hydrogenolysis of the ester was observed. 
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Nevertheless,, reaction rates appeared to be lower and furthermore, formation of 

benzyll  benzoate was observed. Benzyl benzoate is the result of transesterification of the formed 

benzyll  alcohol with the starting material. The lower rate of hydrogenolysis of this fluorinated 

esterr compared to the hydrogenolysis of benzyl benzoate is contradicting the assumed activating 

effectt and formation of the ester l,l,l,3,3,3-hexafluoro-2-propyl benzoate as an intermediate in 

thee hydrogenolysis of benzyl benzoate. In addition, if transesterification would be important, it 

shouldd be possible to perform the reaction with catalytic amounts of 

l,l, l,3,3,3-hexafluoro-2-propanol.. Yet, when applying sub-stoichiometric amounts of 

l,l, l,3,3,3-hexafluoro-2-propanoll  mixed in an inert solvent such as hexane, no activity was 

observedd for the conversion of benzyl benzoate to benzyl alcohol. These observations lead to the 

notionn that the overall polarity and acidity of the reaction medium is more important than the 

abilityy of the solvent to act as a reactant in transesterification. To verify this hypothesis, phenol 

wass applied as solvent, because it has comparable acidity to l,l, l,3,3,3-hexafluoro-2-propanol. 

Applicationn of phenol as solvent was hampered by its high melting point and the limited 

solubilityy of the reactants, and successful hydrogenolysis failed. 

5.0 0 

4.0 0 

£ £ 

"c"" 3.0 

2.0 0 

1.0 0 

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

2,2,2-tiïf iuoroethanol// / 

2-propanol l 

0.22 0.4 0.6 0.8 

Solventt Acidity (SA) 
1.0 0 

Figuree 1: Catalyst activity versus solvent acidity 

Thee solvents in table 7 were analyzed in terms of acidity24 resulting in figure 1. As can be seen 

fromm figure 1, which shows catalyst activity as a function of solvent acidity, a linear relation 
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existss between the logarithm of the activity with increasing solvent acidity and proton donating 

ability. . 

Thiss observation, i.e. lower catalyst activity with decreasing solvent polarity, also accounts for 

thee observation that reaction rates (in terms of turn over frequency) decrease during 

hydrogenolysis,, because the concentration of benzyl alcohol increases. Similar to the experiment 

wheree mixtures of l,l,l,3,3,3-hexafluoro-2-propanol and 2-propanol were employed, here the 

concentrationn of benzyl alcohol was varied. In fact, increasing the benzyl alcohol concentration 

mimicss the different stages in catalysis. Increasing amounts of benzyl alcohol (added to the 

startingg solution before catalysis) slowed the reaction rate remarkably until no catalysis was 

observedd in pure benzyl alcohol (table 8). The presence of benzyl alcohol in the reaction 

mixture,, prior to hydrogenolysis, may prevent the formation of the catalytic species at all. 

V\V\'-coordination'-coordination of arenes to ruthenium compounds has been reported, although this seems in 

thiss case less likely in view of the other ligand, CH3C(CH2PPh2)3, present.2^ 

Tablee 8: Deactivating effect of benzyl alcohol in catalysis^ 

1 1 
2 2 
3 3 
4 4 

Solvent t 
(wt%% BzOH in FIPA) 

0 0 
15 5 
36 6 

100 0 

T.O.F. T.O.F. 
(mol"'' mol" 

142 2 
30 0 
16 6 
0 0 

(* * 
h"1) ) 

Conversion n 
(%) ) 

70 0 
32 2 
„ --

0 0 

^Generall  conditions: Ru(acac)3 10/Vmol, substrate 30 mmol, in 15 ml 

solventt pH2 = 80 bar, T=120 °C. 

ï 'T .O.F.. = Turnover Frequency = amount of ester converted (mmol) per 
hourr / amount of catalyst (mmol) as an average over 16 hours 

Increasedd concentrations of benzyl alcohol may cause a decrease of the overall polarity of the 

reactionn medium, besides that, benzyl alcohol may compete with the fluorinated alcohols in 

activationn of the ruthenium hydride species (see chapter 4). 

Activationn of hydride complexes using proton donors is well known from Shubina,26 Berke27 

andd Chaudret.28 Recently the equilibria of proton transfer from 2,2,2-trifluoroethanol and 

l, l , l ,3,3,3-hexafluoro-2-propanoll  and [{(MeC(CH2PPh2)3}Ru(CO)H2] has been investigated 

andd reported.29 
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o / R u ^^  -OR, 
KK COH 

Rf f 

Schemee 9 Proton transfer of polar alcohols to ruthenium hydrides 

Wee have established that, besides activation of the tuthenium hydride, activation of the ester by 

thee solvent is important. Activation of the substrate by the proton donating solvent was 

establishedd for l,l, l,3,3,3-hexafluoro-2-propanol. 

Tablee 9 : Effect of the solvent on the carbonyl function of the ester 

Solventt IR Wavenumber 13C 
(cm-1)) Resonance 

(ppm) ) 
11 Benzyl benzoate 
22 Benzyl benzoate in 2-propanol 
33 Benzyl benzoate in 2,2,2-trifluoroethanol 
44 Benzyl benzoate in 1,1,1,3,3,3-hexafluoro-2-propanol 
55 Benzyl benzoate in methanol 
66 Benzyl benzoate in tetrahydrofuran 
77 Benzyl benzoate/1,1,1,3,3,3-hexafluoro-2-propanol in THF 

Wee found that mixing solvents with benzyl benzoate can lead to significant weakening of the 

carbonyll  carbon-oxygen bond as was observed by infrared spectroscopy: 1)(C=0) shifts from 

17200 cm"1 for benzyl benzoate (either pure or in 2-propanol or other alcohols) to 1699 cnr1 for 

benzyll  benzoate dissolved in 1,1,1,3.3,3-hexafluoro-2-propanol (or 2,2,2-trifluoroethanol) 

(tablee 9). Additional support for this hypothesis was found by measurement of the 1 3C 

spectrumm of several mixtures of benzyl benzoate in different solvents (50% v/v). The resonance 

forr the carbonyl carbon atom showed a shift of approximately 3 ppm towards lower field in 

l,l,l,3,3,3-hexafluoro-2-propanoll  compared to 2-propanol indicating a deshielding of the 

carbonn atom. Activation of the carbonyl function is facilitated by the formation of hydrogen 

bondss between solvent and substrate and is more pronounced for stronger proton donating 

solventss such as l,l,l,3,3,3-hexafluoro-2-propanol and 2,2,2-trifluoroethanol. Table 9 gives 

thesee observations for different solvents. It can also be seen that the effect of these polar solvents 

diminishess when adding less polar solvents as T HF (entry 7). 

1717 7 
1721 1 
1702 2 

1699 9 
1720 0 
1721 1 
1721 1 

167.54 4 

167.45 5 
167.83 3 
170.89 9 
167.50 0 
167.49 9 
167.53 3 
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SolventSolvent monitoring by deuteration 

Hydrogenolysiss of benzyl benzoate in l,l,l,3,3»3-hexafluoro-2-propanol was also performed 

withh dideuterium instead of dihydrogen. By doing so, one can monitor whether or not 

deuteriumm is being incorporated in the solvent. The experiment was performed starting from 

Ru(acac)33 and triphos in an identical manner as for previous hydrogenolysis experiments. With 

thiss experiment we aimed to preclude the occurrence of a transfer hydrogenation mechanism 

involvingg the solvent and the corresponding hexafluoroacetone, which could in principle also be 

operatingg (Scheme 10). 

00 O X 

( J ^ T i ^^ (transfer)hydrogenation catalyst r ^ ^ Y ^ 2 X O 

RR 1 
xc-ox x 
RR v 

R R 
^ o o 

RR , 
XX = H 

== D 

Schemee 10: Hydrogenation by hydrogen transfer 

Thee crude reaction mixture taken from the autoclave was analyzed by 1H, 2H, 1 3C and 19F 

N M RR to determine the deuterium content in both solvent and product. 'H N M R revealed full 

conversionn of the ester to the corresponding benzyl alcohol. Based on the values of the integrals, 

thee expected 50% enrichment of the alcohol with D-label was confirmed. 2H N M R confirmed 

thee presence of the deuterium at the benzylic position.The integral associated with methine 

protonn of the solvent showed no difference to the expected value and in the 2H N M R no 

deuteriumm signal was observed at the appropriate shift. The 2H - N M R experiment revealed 

threee resonances that could be ascribed to the - OD of both l,l, l,3,3,3-hexafluoro-2-propanol 

andd to the - OD of benzyl alcohol, and a signal that could be attributed to the benzylic 

deuteriumm of the benzyl alcohol formed in the reaction. 1 3C N M R showed the expected signals. 

'H-coupledd 19F N M R showed the doublet at 76.99 ppm (3 /H F = 3.76 Hz).30,31 The 

conclusionn of this experiment is therefore, that none of the solvent methine C-H has been 

convertedd to C-D, precluding a catalytic cycle involving hexafluoroacetone. 
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2.2.42.2.4 Decarbonylation of alcohols 

Onee of the problems that may be encountered during catalytic hydrogenolysis of esters is the 

decarbonylationn of the alcohol in the presence of a ruthenium catalyst. Chen et at. described the 

decarbonylationn of primary alcohols.32 in the attempted synthesis of TpRuH(PPh3) (CH3CN) 

byy treatment of TpRuCl{PPh3)(CH3CN) with NaBH4. It was found that a species 

TpRu(CH3) (CO)(PPh3)) (Tp=hydridotris(pyrazolyl)borate) could be isolated resulting from the 

decarbonylationn of ethanol. The decarbonylation of alcohols was also previously reported by 

Vann der Sluis et al.  ̂ in the formation of RuH2(PPh3)3 that led to the formation of 

RuH2(PPh3)3(CO)) at mild conditions using ethanol, 1-propanol or benzyl alcohol. In our 

catalyticc system, the presence of increasing amounts of benzyl alcohol may lead to increasing 

decarbonylation,, although no ruthenium carbonyl complexes have been observed. 

2.2.55 Non protic polar solvents 

Itt has thus far been established that solvent polarity is one of the important variables for 

successfull  hydrogenolysis of non-activated aromatic esters. To verify, and to evaluate whether 

proticc polar solvents are required, several non-protic polar solvents were used. 

Inn order to prevent transesterification, yet maintain solvent polarity, sulfolane was employed as 

solvent.. Sulfolane, although a non-protic solvent, has characteristics comparable to common 

alcohols.. In this solvent, no hydrogenolysis could be observed, and all of the starting material 

wass recovered after the experiment. 

IonicIonic liquids 

Recently,, ionic liquids received a lot of attention as possible green solvents in catalysis. Ionic 

liquidss are organic salts with melting points lower than 100 degrees, often even lower than 

roomm temperature. They can be used to dissolve a wide range of organic and inorganic materials 

andd have the property of being highly polar while noncoordinating.34 For hydrogenolysis, the 

ionicc liquid [bmiml tBFj was chosen as solvent ([bmim] = l-butyl-3-methylimidazolium). This 

ionicc liquid was applied in numerous other reactions before, among which hydrogenation 

reactions,, and is now easily available via commercial sources. 
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Indeedd hydrogenolysis of benzyl benzoate is observed although higher temperatures (160 °C) 

aree required to obtain reasonable conversions (38%). One of the drawbacks of ionic liquids is 

thee low solubility of hydrogen gas in ionic liquids, which may now form a rate-limiting 

problem.. Since carbon dioxide is fully miscible with gases such as dihydrogen and it is highly 

solublee in ionic liquids, while at the same time the ionic liquid itself does not dissolve in the 

carbonn dioxide,-̂  super critical CO2 was employed to facilitate the introduction and dissolution 

off  dihydrogen in the ionic liquid.36 However, by using super critical C 02 as the co-solvent, no 

hydrogenolysiss was observed. No hydrogenation of carbon dioxide was observed either, 

althoughh this reaction is known to occur in s c C 02 in the presence of a ruthenium catalysts.37 

2.33 Additives used in hydrogenolysis 

Thee preceding sections dealt with the hydrogenation of a variety of substrates in several 

solvents.. In most cases, the presence of an additive in hydrogenolysis was required. Some 

exampless were already mentioned briefly previously in this chapter. 

2.3.11 Additives in the hydrogenolysis of dimethyl oxalate 

Inn the first attempts of hydrogenolysis, dimethyl oxalate was used as the substrate. In this 

reaction,, zinc was added as an additive. The role of zinc is twofold; it acts as a reducing agent in 

thee formation of the ruthenium(II) catalyst, furthermore, the Lewis acidity enhances the 

reactionn rate by activating the ester. 

Thee ruthenium(III) in Ru(acac)3 is reduced in situ by the zinc powder to a ruthenium(II) 

speciess in situ under the formation of Zn2+. Bennett et al.™ later reported that activated zinc 

dustt or zinc amalgam is necessary in the formation of rw-[Ru(acac)2(T)2-C8H]4)2] and 

[Ru(acac)2(t|4-nbd)]]  by reduction from Ru(acac)3.38 They found a positive effect by the 

additionn of water to dissolve the Zn2+. In the case of ester hydrogenolysis, however, the 

presencee of water diminishes catalyst activity. 

Ann additional effect resulting from the presence of zinc was attributed to the Lewis acidity of 

thee metal, giving rise to the activation of the carbonyl function of the ester, rendering it more 
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pronee cowards hydrogenolysis. Activation by Lewis acids is known to facilitate the 

hydrogenationn of ketones (figure 2). 

M+--63r~^~HRu u 

Figuree 2: Activation of the carhonyl group by a Lewis acid^ 

2.3.22 Additives in the hydrogenolysis of dimethyl phthalate 

Inn the first attempts to reduce aromatic esters, reaction conditions were copied from the 

hydrogenolysiss of dimethyl oxalate to ethylene glycol. 

O O 

OMee :-; ^ ; r 0 H * " ' ^ " ' ' " O ! 
o M ee ca ta |ys t K^^y catalyst l ^ > l x ^ O H 

(8)) (9) 

Schemee 11: The hydrogenolysis of dimethyl phthalate (7) to di(hydroxymethyl)benzene via 3H-isobenzofuranone (8) 

Whereass the additive zinc proved to be valuable to the hydrogenolysis of dimethyl oxalate (1) to 

ethylenee glycol (3), the addition of zinc to the reaction of dimethyl phthalate (7) in methanol 

leadss to a lower activity compared to the reaction to which no additives were added, 

furthermore,, conversion is stopped in the intermediate lactone (8) (scheme 11). When using an 

organicc base in the catalysis, catalyst activity is markedly increased; 87% of the starting material 

iss converted and 82% of the mono-hydrogenated ester could be obtained after 16 hours 

reactionn time. When using an acid instead of a base, activity is comparable to the addition of 

NEr.3.. However, when changing both solvent and additive as in entry 5, total conversion of the 

startingg ester is observed, and not only one of the ester functions is hydrogenated, but full 

hydrogenolysiss to (2-hydroxymethyl-phenyl)-methanol is achieved within 16 hours. 

ScopeScope of Ruthenium-Catalyzed hydrogenolysis; Selection of the solvents 63 3 



Ruthenium-CatalyzedRuthenium-Catalyzed Homogeneous Hydrogenolysis of Esters to Alcohols 

Tablee 10: Additives 

Additive e 

11 None 
22 Zn 
33 NEt 3 

44 HBF 4 

55 IPA + HBF4 

usedused in thethe hydrogenolysis of dimethyl phthalate 

Conversion n 

(%) ) 

31 1 
25 5 
87 7 

91 1 

100 0 

(7)(t t 
Yieldd PHT 

(%) ) 
30 0 
18 8 
82 2 

79 9 

18 8 

Yieldd BHB 
(%) ) 

l l 
0 0 
0 0 

0 0 

78 8 

T.O.F.. * 
(moll  mol" '  h~') 

1.2 2 
0.6 6 
3.5 5 
3.4 4 
5.6 6 

'^Generall  conditions: Ru(acac)3 \0/Jmo\, substrate 30 mmol, in 15 ml solvent/>H2 = 80 bar, T=120 °C. 

WT.O.N.=Turnoverr number = amount of ester converted (mmol) / amount of catalyst (mmol); 
T.O.F.. = Turnover Frequency = amount of ester converted (mmol) per hour / amount of catalyst (mmol). 
T.O.N,, and T.O.F. were determined as an avarage after the standard reaction time of 16 hours. 

Inn this particular case, the 2-propanol in the reaction is used in the formation of the ruthenium 

hydride,, which is presumably involved in catalysis. Application of secondary alcohols in the 

synthesiss of ruthenium(II) complexes was described by Nolan et al.  ̂ for the preparation of 

ruthenium(II)) dihydride phosphine complexes. The HBF4 present might be necessary in the 

hydrogenolysiss for its importance in heterolytic splitting of the dihydrogen molecule 

(schemee 12).40 Furthermore, the formation of the intermediate lactone from methyl 2-

hydroxymethylbenzoatee is catalyzed by the presence of the acid. This is similar to the H 2 

activationn by polar alcohols discussed in section 2.2.3 (scheme 9). 

L L 

L L 

,T T 
LL i v 

LL H 

x V T T 

~M-H H 
LL C" 

L L 

L^^  i H 
L L 

H+ + 

Schemee 12: Equilibrium between hydride and dihydrogen metal complexes 

2.3.33 Additives in the hydrogenolysis of benzyl benzoate 

Whenn activated zinc is used in the hydrogenolysis of benzyl benzoate (10), no hydrogenolysis 

wass observed at all. However, zinc is a heterogeneous additive in a homogeneous reaction, 

thereforee the additive was changed to the soluble ZnCl2. When adding ZnCl2 to the reaction 
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mixture,, however, again transesterification was observed, and 2-propyl benzoate was recovered 

ass the sole product (entry 4). When adding the HBF4 acid, partial hydrogenolysis was observed 

butt the major product was an undefined polymeric material. 

Insteadd of adding an acid, bases were tried in the hydrogenolysis of benzyl benzoate (10), NEt3 

ass well as KOrBu were added. Excellent hydrogenolysis was observed in this case, and a tur n 

overr number of 105 molmoH could be achieved using the previously introduced catalyst 

system.. The success of addition of a base was found in the heterolytic splitting of dihydrogen 

assistedd by a transition metal. This type of hydrogen activation was thought to play an 

importantt role in the hydrogenation of a variety of substrates. 

H-i-HH H - | " 
L / , . . A \ LL ^ ,_, L / , J . , A L NH 3 L/,.'..<\L LiMLi + 
I ^ M ,, + H2  LT 1 ' L K ' I S + H N H 3 

LL L L 

Schemee 13: Base assisted heterolytic splitting of dihydrogen ̂' 

2.3.44 Additives and ligands combined 

Ass was seen in chapter 2, excellent catalytic activity was observed using tridentate coordinating 

ligands.. Preferably, facially coordinating ligands were used. Furthermore, it was shown that best 

catalyticc activity was observed in polar alcohols such as l,l, l,3,3,3-hexafluoro-2-propanol in 

thee presence of a base such as NEt3. The role of the NEt3 was ascribed to the necessity of a base 

inn heterolytic hydrogen splitting, a reaction important in hydrogenation. In chapter 1, the 

conceptt of intramolecular heterolytic splitting of dihydrogen was introduced, in which the base 

iss provided by a coordinated ligand. It was attempted to combine the need for a tripodal ligand 

wit hh the requirement of a base by the preparation of a mixed P,N-tripod ligand (chart 1). 

Tridentatee P,N-donor ligands were applied in homogeneous transfer hydrogenation reactions of 

ketoness as was reported earlier and proved to be very successful.42 
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PPh. . PPh, , PMe2 2 

Ph2P' ' T P h , , 

(13a) ) (13b) ) (13c) ) (14) ) 

Chann 1: Selected tripodal ligands 

Furthermore,, to increase the electron density of the ruthenium center and render it more 

nucleophilicc for the attack on the carbonyl carbon atom of the ester, more basic groups were 

introducedd onto the tripodal backbone of the ligand as in CH3(CH2PMe2) 3 . 

Tablee 11: Facially coordinating ligands used in hydrogenolys :(t t 
Ligand d Solvent t C C onversion n 

(%) ) 
11 MeC(CH2PPh2)3 13a (CH3)2CHOH 
22 MeC(CH2PPh2)3 13a (CF3)2CHOH 
33 MeC(CH2PMe2)3 13c (CH3)2CHOH 
44 MeC(CH2PMe2)3 13c (CF3)2CHOH 
55 MeC(CH2PPh2)2(CH2NEt2) 13b (CF3)2CHOH 
66 Ph2PC3H6PPh2 / PPh3 14 (CF3)2CHOH 

99 9 

99 9 

0 0 

0 0 

0 0 

4 4 

'Generall  conditions: Ru(acac)3 10 //mol, substrate 30 mmol, in 15 ml solvent />H2 = 80 bar, T=120 °C. 

Inn table 11 the results for the different ligands are summarized. Apart from the facially 

coordinatingg derivatives of the triphos ligand MeC(CH2PPh2) 3 (13a), also the combination of a 

didentatee dppp ligand, Ph2PC3H 6PPh2 (14), together with an additional equivalent of 

PPh33 was employed in catalysis, to verify the necessity of a tripodal system and check the 

possibilityy of exchanging the tripod ligand by equal amounts of simpler ligands (entry 6). 

Introducingg more basic ligands such as MeC(CH2PMe2) 3 or MeC(CH2PPh2) 2(CH2NEt2) did 

nott have the desired effect, and no increase in activity could be observed. The chosen ligands, 

however,, can cause problems in handling prior to catalysis. MeC(CH2PMe2) 3 is highly sensitive 

towardss oxygen and required careful handling in an oxygen free environment to prevent 

oxidationn to the non-reactive phosphine oxide. The MeC(CH2PPh2) 2(CH2NEt2) on the other 

handd might suffer from protonation by the solvent. 
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33 Conclusions 

Ann active catalyst for the hydrogenolysis of a wide variety of substrates is available. The catalyst 

iss generated in situ starting from Ru(acac)3 and the tripodal ligand triphos as was mentioned in 

aa previous chapter. The catalyst is not limited to the hydrogenolysis of activated substrates, but 

non-activatedd substrates are readily hydrogenated as well. The catalyst is able not only to 

hydrogenolyzee ester functionalities, but also other functional groups can be reduced 

usingg molecular hydrogen. To our knowledge, this catalyst is the only homogeneous ruthenium 

catalystt able to hydrogenate non-activated esters. In several cases, it appeared important to select 

thee appropriate solvent and additive, which greatly influences the outcome of the reaction in 

termss of the products. 

Besidess the hydrogenated product, the transesterified product is obtained in case the wrong 

conditionss are chosen. Overall best performance in catalysis was observed using 

l,l,l,3,3,3-hexafluoro-2-propanoll  as solvent and NEt^as additive. The hydrogen involved for 

thee conversion is obtained directly from the hydrogen gas; transfer hydrogenation involving the 

solventt l , l , l ,3,33-hexafluoro-2-propanol does not play a role. The solvent mainly serves to 

activatee the substrate and the catalyst complex. Under standard conditions (120 °C, 80 bar 

hydrogen)) full conversion of the ester has been obtained after short reaction times. The 

reaction,, however, slows down considerably due to the formation of increasing amounts of the 

productt alcohol. 

Knowingg that solvent polarity is extremely important, a possible substitute for the solvent 

l,l,l,3,3,3-hexafluoro-2-propanoll  seems to be found in the use of the ionic liquid 

[bmim][BF4]]  although additional optimization still has to be performed in order to obtain 

conversionss comparable to those in the polar alcohol. 

44 Experimental section 

4.11 Equipment 

GasGas Chromatography 

Dilutedd THF or acetone solutions (internal standards, /J-xylene or mesytilene, were added for 

comparison)) were analyzed using a Varian 3300 gas chromatograph equipped with a 
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DB-55 capillary column (length = 30 m, internal diameter 0 = 0.32 mm, fil m thickness 1/Vm) 

andd a FID detector. Injection and detection temperatures were set at 250 °C. After injection, 

thee temperature of the GC was kept at 70 °C during 2 minutes. After two minutes, the GC was 

warmedd to 230 °C with a gradient of 20 °C per minute. The GC was kept at 230 °C for an 

additionall  5 minutes before cooling down to 70 °C. 

NuclearNuclear magnetic resonance spectroscopy 

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

3ipp N M R spectra were recorded on a Varian Mercury 300 spectrometer. 'H NM R spectra were 

referencedd to tetramethylsilane (TMS), l 9F-NMR spectra to CFCI3 and 3 IP-NMR spectra to 

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

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

Conversionss were determined using the resonances of the benzyl protons of benzyl benzoate 

(10)) (5.5 ppm relative to TMS, CDCl^) and benzyl alcohol (4.5 ppm relative to TMS, 

CDCI3). . 

InfraredInfrared Spectroscopy 

Infraredd measurements were performed in solution (2 ml benzyl benzoate in 2 ml solvent) using 

NaCll  windows with a Bio-Rad FTS-7 infrared spectrometer. 

AutoclaveAutoclave System 

Al ll  experiments were performed using a homebuilt stainless steel autoclave designed for 

reactionss under pressures up to 130 bar (for a full description, see page 38 of chapter 2). The 

totall  volume of the autoclave (beaker, valves and tubing) was approximately 200 ml. The 

contentss in the autoclave were stirred using a magnetic stirring bar. The autoclave was heated 

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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externallyy by an electrical heating device and controlled by measurement of the temperature 

withinn the reaction mixture. A Viton® O-ring was used as a seal between the top and the 

beakerr of the autoclave to ensure leak-proof working. 

4.22 Chemicals 

Al ll  manipulations were carried out using standard Schlenk techniques in a dried nitrogen 

atmosphere.. Common solvents were obtained from Acros Organics, and stored on the 

appropriatee drying agent.43 l, l, l,3,3,3-Hexafluoro-2-propanol was obtained from ABCR. The 

alcoholicc solvents were dried on sodium and distilled prior to use. Drying agents were obtained 

fromm Acros Organics; Sikkon Blue™ was obtained from Fluka. The ionic liquid [bmim][BF4] 

wass received as a gift from prof. K. Seddon at the Queens University of Belfast and was used as 

received.. Al l other solvents were distilled prior to use and stored in a dried nitrogen atmosphere. 

Hydrogenn gas (purity 5.0, 99.999%) was obtained in 10m3 cylinders from Hoek Loos B.V. 

Holland,, and used without additional purification or drying. 

Ru(acac)33 was purchased from Acros Organics and used without further purification. 

RuCl3 . xH200 was obtained from Johnson and Matthey and used as received. 

Thee tripodal ligand l,l, l-tris(diphenylphosphinomethyl)ethane was obtained from Acros 

Organics,, recrystallized from a boiling hexanes solution and subsequently stored in a protective 

nitrogenn atmosphere. The ligands MeC(CH2PMe2) 3,44 MeC(CH2PPh2) 2(CH2NEt2) 45 were 

preparedd according to literature procedures, purified by fractional distillation and stored in an 

inertt nitrogen atmosphere. 

1,1,1,1, l,3,3,3-hexafluoro-2-propyl benzoate (12) 

Thee fluorinated ester 1,1,1,3,3,3-hexafluoro-2-propyl benzoate was prepared following a 

modifiedd literature procedure. 46 

200 ml benzoyl chloride (0.17 mol) and 20 ml l,l, l,3,3,3-hexafluoro-2-propanol (0.19 mol) 

weree mixed in an Erlenmeyer and stirred overnight at 20°C. During the reaction, a white fluffy 

powderr precipitated while acidic vapors evolved from the flask. The supernatant was decanted, 

andd the ester was subsequently washed with a small amount of water to remove unreacted acid. 
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Afterr washing with a small amount of ethanol, the final product was purified by sublimation, 

yieldingg 36 gram (80% yield). 

1HH NMR (CDCI3, 300.135 MHz): S/ppm 8.15 (d 3/HH=8.1 HZ 2H); 7.66 (t $JHH=7.6Hz 

1H);; 7.50 (t, 3/HH=7.6Hz, 2H); 6.10 (septet, 3/HF-6.6 Hz, 1H). 

i^FF NMR (CDCI3, 282.407 MHz): 5/ppm 16.76. 

13CC NMR (CDCI3, 75.476 MHz): 8/ppm 163.33 ppm C=0; 134.69 (ar), 131.27 (ar), 128.82 

(ar)) 120.74 (q, 1/CF=277 Hz), 67.01 (septet 2/CF=34.8 Hz). 

PurificationPurification of the esters 

Puree esters were obtained by washing 10 ml of the ester overnight with a 2 M 

NaHC033 solution (200 ml). The mixture was extracted with CH2C12 after which the collected 

fractionss were dried using MgSC>4 After filtration, the mixture was concentrated in vacuo, and 

thee ester was dried overnight on Sikkon Blue™ (CaS04). After removal of the CaSÔ  the 

esterr was fractionally distilled under reduced pressures. 

4.33 General hydrogenolysis experiment 

Unlesss stated otherwise, all reactions were performed using a reaction temperature of 120 °C 

andd an initial (valve) pressure of 80 bar over a period of 16 hours. The pressure drop observed 

asterr 16 hours was approximately 10 bar upon full conversion of the ester. In all cases, 

hydrogenolysiss proceeded very clean, and no other products than the alcohols were observed 

usingg NMR and GC analysis. 

Reactionn mixtures were prepared using standard Schlenk techniques. The catalytic mixture was 

preparedd by weighing 10//mol Ru(acac)3 and 15//mol l,l,l-tris(diphenylphosphinomethyl)-

ethanee (and if necessary the solid substrate or additive) in a Schlenk vessel of 25 ml. The 

Schlenkk vessel (closed by a septum) was then repeatedly flushed with nitrogen to remove oxygen 

fromm the flask. 15 ml solvent was introduced using a syringe. Additional heating was sometimes 

requiredd to obtain a homogeneous solution. After cooling the solution to room temperature, 

thee substrate (30 mmol; although the amount may differ over several experiments, for example 
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inn the case of fatty acid esters, smaller quantities were used due to the difficulty in handling 

causedd by the viscosity of the liquids) and the additive (3mmol) were added by a syringe. The 

autoclavee was flushed three times with dry nitrogen, after which the catalyst mixture was 

introducedd into the autoclave by a cannula under exclusion of oxygen. The autoclave was then 

pressurizedd to 80 bar (valve pressure at room temperature) and the heater was set to 120 °C. 

Afterr 16 hours, the autoclave was cooled to room temperature and the pressure was released to 

normall  atmospheric pressure. The contents of the autoclave were concentrated, and analysis of 

thee crude reaction mixture was performed. 

HydrogenolysisHydrogenolysis in ionic liquid with super critical C02 

Thee hydrogenolysis of benzyl benzoate in the ionic liquid [bmim][BF4] and supercritical C 0 2 

wass performed in a manner identical to the general hydrogenolysis experiments. For safety 

reasons,, this experiment was performed in an autoclave of 50 ml volume. Because of problems 

associatedd with the Viton® O-ring in combination with the scC02 , closing of this autoclave 

wass achieved by a copper O-ring forced between the beaker and the top of the autoclave. In this 

experiment,, next to the hydrogen pressure, the autoclave was pressurized to 150 bar with C 0 2 

andd heated to 100 °C. After 16 hours, the autoclave was allowed to reach room temperature 

andd was subsequently vented through a cold trap to prevent loss of substrate and product. After 

analysis,, no hydrogenolysis of the ester was observed, however, corrosion of the autoclave was 

noted,, presumably caused by the chloride content in the ionic liquid. 

4.44 Deuteration experiment 

65.55 mg Ru(acac)3 (164.4//mol) and 170.3 mg triphos (272.6//mol) were dissolved in 15 ml 

off  l,l,l,3,3,3-hexafluoro-2-propanol (142.5 mmol). To the mixture 6.4384 grams of benzyl 

benzoatee (30.3 mmol) and 0.357 grams of NEt3 (3.5 mmol) were added. The mixture was 

transferredd to the autoclave using the before described procedure and the mixture was flushed 

threee times with 17 bar of dihydrogen. After releasing the pressure to 1 bar, the autoclave was 

pressurizedd with 80 bar of dideuterium and the autoclave was heated to 120 ° C The reaction 

mixturee was stirred overnight (20 hours) and a pressure drop of 15 bar was observed. The 
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autoclavee was allowed to cool to room temperature after which the pressure was released and 

thee contents of the autoclave were transferred to a round bottomed flask. The crude mixture 

wass analyzed by NMR spectroscopy. 

*HH NMR (300.13 MHz, CDC13): 5/ppm 7.47 (m, ar, 10H), 4.71 (s, -CH2-2H), 4.36 (sept, 

3 /H FF =6 Hz, CF3CHCF3, 5H). 

2HH NMR (46.07 MHz): 6/ppm 3.95 (b,-OH), 2.93 (s, PhCD2OX). 

'3CC NMR (125.68 MHz, CDC13): 5/ppm 139.4, 129.07, 128.96, 128.60, 127.80, 123.07 (q, 

i/ CFF = 282.79 Hz); 69.40 (sept, VCF = 33.55 Hz), 65.17 (m, i / CD = 22.50 Hz). 

19FF NMR (282.407 MHz CDC13): 8/ppm 76.99 (d, 3/H F = 3.76 Hz). 
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