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Abstract 

Glucose is transfer hydrogenated by propan-2-01, butan-2-01, cyclohexanol, benzyl alcohol, 
I-phenylethanol, benzhydrol, 2-methoxyethanol and tetrahydrofurfuryl alcohol in the 
presence of RuCl,(PPh,), at 100 “C and atmospheric pressure. Mixed solvent systems 
such as dimethylacetarnide-water and dioxane-water are utilized for this reaction. The 
major product from glucose is sorbitol, although glucono-1,5-lactone is invariably formed 
as a side product from a disproportionation reaction. When Z-methoxyethanol and 
tetrahydrofurfuryl alcohol are used as hydrogen donors, the catalyst undergoes permanent 
change to a hydridocarbonyl complex, which catalyzes only disproportionation of glucose. 
Glucose also acts as a good hydrogen donor when hydrogen acceptors such as cyclo- 
hexanone are introduced into the reaction system. 

Introduction 

Transfer hydrogenation, an interesting alternative to conventional catalytic 
hydrogenation, is receiving much importance in recent years [l-3]. This 
reaction, promoted by both homogeneous and heterogeneous catalysts, permits 
the reduction of a wide variety of functional groups by different hydrogen 
donors. With respect to sugars, only a few articles on transfer hydrogenation 
catalyzed by heterogeneous catalysts are published in the literature [4-71. 
The first paper on this subject [4] gives the details of Raney Ni-catalyzed 
transfer hydrogenation of glucose to sorbitol by tetralin and cyclohexanol. 
The reduction of glucose with tetralin has been carried out in pyriclme since 
it can dissolve glucose and also mix with tetralin. In the case of cyclohexanol, 
the sorbitol formed has a tendency to gelatinize, thus making the reaction 
mixture viscous and inhibiting the reaction. Tetrahydrofurfuryl alcohol, a 
reasonably good solvent for glucose, has also been successfully used as a 
hydrogen donor [5, 61. Karbinos and Ballum [ 71 have utilized ethanol as a 
hydrogen donor for glucose reduction which is catalyzed by Raney Ni. 

Homogeneous transfer hydrogenation of glucose catalyzed by 
RuCla(PPh& was first reported by our research group [ 8,9 1. Various alcohols 
such as propan-2-01 and butan-2-01 were found to be good hydrogen donors. 
It has been observed that when hydrogen donors are not efficient or when 
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the catalyst is not very active or when bases are added to the reaction 
medium, glucose undergoes disproportionation to sorbitol and glucono-1,5- 
lactone. Such a reaction is known to be catalyzed by both heterogeneous 
catalysts and strongly basic compounds. For example, glucose underwent a 
redox reaction in the presence of Raney Ni and 2% NaOH [ 51 and Pt [lo]. 

In addition to accepting hydrogens, glucose can also donate them to 
other unsaturated compounds, proving itself a good hydrogen donor. Such 
a process utilizing glucose as hydrogen donor is already available in het- 
erogeneously catalyzed reactions. For instance, transfer hydrogenation of 
cyclohexanone, acetone, maleic acid, cinnamic acid, nitrobenzene [ 11 J, LY- 
acetamido-P-phenylacrylic acid [ 121 and fructose [ 13, 141 by glucose in the 
presence of Raney Ni and Pt have been reported. Glucose is oxidized to 
gluconic acid except in the case of nitrobenzene, where it decomposes. 
Regarding homogeneous catalysis, Descotes et al. have extensively used 
substituted sugars to reduce various functional groups in the presence of 
transitional metal complexes [ 15-l 71. Transfer hydrogenation of cyclohex- 
anone to cyclohexanol utilizing glucose as hydrogen donor in the presence 
of RuCla(PPh& has been reported [9]. 

In this article, the results of transfer hydrogenation of glucose by propan- 
2-01, butan-2-01, cyclohexanol, benzyl alcohol, l-phenylethanol, benzhydrol, 
2-methoxyethanol and tetrahydrofurfuryl alcohol are presented. The hydrogen 
donating ability of glucose under the catalytic influence of RuC12(PPh& is 
also demonstrated. 

Experimental 

D-Glucose (Pfizer), sorbitol (Koch-Light), RuCIS.~HzO (Johnson Matthey 
Chemicals), PPh, (Ventron) and benzhydrol (Koch-Light) were used as re- 
ceived. RuQ.(PPh& [ 18 ], RuHCI(CO)(PPh& [ 191, RuH2(PPh& [ 19 J and 
RuH2(CO)(PPh& [20] were prepared according to the literature. All solvents 
and hydrogen donors except 1-phenylethanol @h&a) and dimethylacetamide 
(Koch-Light) were obtained from BDH (AnalaR grade). These liquids were 
purified by standard methods [ 2 1 ] and stored under nitrogen for further use. 
Ultra high pure (UHP) hydrogen and nitrogen (Indian Oxygen) were used 
throughout this work. 

The experimental set-up consisted of a specially designed double-walled 
glass vessel of 75 ml capacity provided with a mechanical stirrer, a gas inlet, 
a double surface condenser, a thermometer well and a manostat. Glucose, 
deaerated hydrogen donor and solvents were taken in the inner portion of 
the vessel and heated to 100 “C with the help of butan-2-01 vapor. The 
catalyst was then added to the solution under nitrogen atmosphere. A positive 
pressure of an inert gas (N,) was always maintained over the reaction medium 
to avoid exposure to O2 atmosphere. 

The estimation of unreacted glucose was achieved with the aid of Fehling’s 
solution [ 221. Interference due to sorbitol, glucono- 1,5-lactone, hydrogen 



201 

donors, dehydrogenated products and catalysts were verified and found to 
be negligible. Thin-layer and gas chromatographies were used to separate 
the reaction products, and IR spectroscopy to characterize the products and 
catalysts. The instruments employed for this purpose were a gas chromatograph 
(Varian model 1800) equipped with a thermal conductivity detector (TCD) 
and 20% Carbowax 20M on Chromosorb P @O/100 mesh) column (18 ft X 
Q in) and an IR spectrophotometer (Perkin-Elmer 257). 

Results and discussion 

Mixed solvent systems were exploited for transfer hydrogenation of 
glucose, because selecting a single solvent for both substrate and the catalyst 
is a difficult proposition. Thus dimethylformamide (DMF) and dimethyl- 
acetamide (DMA) were used as solvents for the catalyst and water was chosen 
for glucose. 

Fransfm hydrogenation by propan-2-01 and butan-2-01 
Transfer hydrogenation of glucose by various hydrogen donors (general 

formula R,CHOH) is represented in Scheme 1. The percent conversions of 
glucose in DMF-alcohol- water and DMA-alcohol-water systems, where 
alcohol is either propan-2-01 or butan-2-01, are given in Table 1. From the 
conversion results, it is obvious that DMF has an inhibiting effect on the 
overall reaction. The most likely explanation for this effect is that DMF 
blocks the coordination sites which are otherwise required by the aldehyde 
form of glucose for the desired reaction to take place. Free coordination 
sites, or sites which can be generated by easy displacement of ligands, are 
most important here, since the equilibrium concentration of aldehydo-glucose 
is very low [23]. 

The dehydrogenated products of propan-2-01 and butan-2-01, namely, 
acetone and butanone, were identified by gas chromatography. It is clear 
from Table 1 that the selectivity to sorbitol is not lOO%, i.e., a side product, 
glucono-1,5-lactone, is formed as a result of disproportionation (Scheme 2). 
The extent of this competing reaction can be determined by estimating the 
dehydrogenated products of hydrogen donors (acetone and butanone). Partial 
loss of these low boiling ketones during reaction made their determination 
unreliable. Alternatively, sorbitol and glucono-1,5-lactone were estimated by 
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Scheme 1. Transfer hydrogenation of glucose by various alcohols. 
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TABLE 1 

Transfer hydrogenation of glucose by various alcohols” 

Hydrogen donor and solvents [H-donor] 

[glucose ] 
Glucose 
conv. 

(W 

Selectivi@ 

(%) 

propan-2-ol-DMF-water (l&4:3) 47.0 36 75 
propan-2-ol-DMA-water (l&4:3) 47.0 85 85 
butan-2-ol-DMF-water (18:4:3) 39.2 47 75 
butan-2-ol-DMA-water (l&4:3) 39.2 95 85 
l-phenylethanol-dioxane-water (10:12:3) 16.6 58 90 
benzyl alcohol-dioxane-water (10: 12:3) 19.3 52 90 
cyclohexanol-toluened-dioxane-water (10:2:10:3) 19.2 33 90 
benzhydrol-dioxane-water (6:22:3) 6.5 25 90 
2-methoxyethanol-toluened-water (17:5:3) 43.1 34 65 
tetrahydrofmfuryl alcohol-toluened-water (17:5:3) 35.1 45 65 

“[Glucose]: 0.2 M; [RuCl,(PPh,),]: 1.67 X 10m3 M; [Glucose]/[RuCl,(PPh&: 120; temp: 100 
“C; time 10 h. 
bPercent selectivity to sorbitol. The other product is glucono-1,Nactone. 
“rhe numbers in parentheses give volume in millilitres of the solvents, except benxhydrol 
which is expressed in grams. 
*Added to increase the solubility of the catalyst. 

&pi 

a-k p-D-Gluco- Aldehydo-glucose D-Glucono-1,5-lactone 
pyranoses 

CHZOH 
Sorbitol 

Scheme 2. Disproportionation of glucose. 

visual comparison of the sports on TLC plates to determine the magnitude 
of this parallel reaction. This was achieved as follows: various known com- 
positions of glucose-sorbitol-glucono-1,5-lactone were prepared and sepa- 
rated using a freshly prepared eluent system which consisted of ethyl 
acetate-pyridine-water (15:6: 1). After developing the TLC spots, the areas 
and the intensities were compared with that of reaction product. The results 
are presented in Table 1. 

a- and /3-D-glucopyranoses are thought to be involved in the above side 
reaction (disproportionation), meaning that glucose behaves as both hydrogen 
donor (pyranose forms) and acceptor (aldehyde form) (Scheme 2). Theo- 
retically, any of the five hydroxyl groups (one primary and four secondary) 
in (Y- and P-D-glucopyranoses can take part in the reaction. The participation 
of primary hydroxyl group can be ruled out based on the fact that secondary 
alcohols are better hydrogen donors than primary alcohols. Among the 
secondary hydroxyl groups, that forming part of the hemiacetal function (l- 
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hydroxyl group) is the most active, possibly as a result of the greater acidity 
of this hydroxyl arising from the inductive effect (-1) of the ring-oxygen 
atom [24]. Electron density measurements also support this evidence [ 251. 
Hence, it is concluded that the highly active lactol group participates in the 
redox reaction. 

Since both (Y- and P-b-glucopyranoses yield the same product, namely, 
o-glucono-1,5-lactone, it is difficult to determine the relative reactivities of 
the (Y- and p-forms. We presume that P-o-glucopyranose is a better donor 
than the cr-form, based on the following data. The l-hydroxyl group in the 
/3-anomer is more acidic than that in the cY-anomer [26]. For example, at 
25 “C, ionization constants for Q- and p-anomers are K,= 3.42 X 10-13, and 
K, = 6.72 X lo-l3 respectively. Spatial disposition of the anomeric hydroxyl 
group in p-isomer (equatorial) is favorable for coordination with the Ru(II) 
complex. In this context, it is emphasized that the a-isomer is more active 
in the presence of heterogeneous catalysts. It has been proved that a-~- 
glucopyranose is more easily oxidized than the P-isomer to gluconic acid 
by Pt because the hydrogen atom geminal to the 1-hydroxyl group is sterically 
unhindered for adsorption on the metal surface [24]. 

Transfer hydrogenation by cyclhexarwl, benzyl alcohol, l-phenyl- 

ethanol and benzhydrol 

It is observed from previous results [S] that basic compounds and amide 
solvents promote disproportionation of glucose. In order to enhance exclusively 
transfer hydrogenation of glucose, the reactions were carried out using a 
non-coordination solvent such as dioxane. This solvent was chosen based 
on its ability to mix with both water and organic solvents (a homogenizing 
agent) and also its poor hydrogen-donating character [ 81. The percent 
conversions of glucose in the above four hydrogen donors are summarized 
in Table 1. It was observed that for a certain time interval, only transfer 
hydrogenation of glucose is detected. This is evidenced from the formation 
of sorbitol and dehydrogenated products of the hydrogen donors such as 
acetophenone, benzaldehyde, cyclohexanone and benzophenone, which were 
identified by gas and thin-layer chromatographies. 

Despite using a solvent system devoid of amide solvents, dispropor- 
tionation of glucoses begins after a definite time lapse. A possible reason 
could be that the catalyst undergoes very slow deactivation by alde- 
hydo-glucose and the deactivated complex catalyzes only disproportionation. 
This conclusion is supported by the observation that the catalyst color changes 
from dark red to light red as the reaction progresses. Such deactivation of 
the catalysts by carbonylation reactions is reported in the literature. 
RuCl,(PPh3)3 is transformed to RuCl,(CO)(PPh&(DMF) and RuCl,(CO)- 
(PPh&(DMA) during disproportionation of glucose in DMF and DMA solvents, 
respectively [27]. Andrews et al. [28, 291 have observed that Wilkinson’s 
catalyst undergoes a facile carbonylation to RhCl(CO)(PPh,), in the presence 
of aldose sugars. 



204 

Transfm hydrogenation by 2-methoxyethanol and tetrahydmfi~ryl 
alcohol 

2-Methoxyethanol and tetrahydrofurfuryl alcohol were also chosen as 
hydrogen donors since they have the additional advantage of dissolving 
glucose and the catalyst to some extent. The functional group R-O-C-C-O-H 
present in these two alcohols is responsible for the solubility of monosac- 
charides. The glucose conversions obtained with these hydrogen donors are 
shown in Table 1. Unlike other secondary alcohol donors, the initial dark- 
red color of the reaction solution gradually changes to rose-red and then 
to yellow (in 90 min) when these alcohols are employed as donors. The 
color change may be due to carbonylation of the catalyst by these hydrogen 
donors. This carbonylation is confirmed by the IR spectra of the catalyst 
isolated from the reaction solution (Fig. 1). From the IR stretching frequency 
values (v(RuH) = 2040 cm-’ and <CO) = 1945 cm-‘), it is inferred that the 
transformed catalyst seems to be a derivative of RuHCl(CO)(PPh,),. The 
v(RuH) and v(C0) values reported by different researchers for 
RuHCl(CO)(PPh& are (i) 2010 and 1920 cm-’ [19], (ii) 2010 and 1918 
cm-’ [30] and (iii) 2017 and 1924 cm-’ [31]. It is seen from Fig. 1 that 
the frequency values of the crude complex isolated form the reaction solution 
are slightly shifted towards higher values. This suggests that the electronic 
environment around Ru(I1) is somewhat perturbed due to the replacement 
of one of the PPh3 ligands by the dehydrogenated product of the hydrogen 
donor which absorbs at 1610 cm-‘. Moreover, the spatial disposition of the 
ligands in the isolated complex may not be the same as in crystalline 
RuHCl(CO)(PPh,),. 

Analysis of the products from glucose at various time intervals indicated 
that initial transfer hydrogenation is followed by disproportionation of glucose. 
As long as RuC12(PPh& is in the reaction solution, only transfer hydrogenation 
is observed; once it is transformed to the hydridocarbonyl complex, dis- 

2000 1800 1600 1400 1200 1m KkJ 625 

Frequency, cm- ’ 
Fig. 1. Infrared spectra of (a) RuHCl(CO)(PPh,), and @) the catalyst isolated from the reaction 
medium when tetrahydrofurfmyl alcohol was used as hydrogen donor. 
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proportionation begins. This clearly shows that the hydridocarbonyl complex 
is able to catalyze the disproportionation and not the transfer hydrogenation 
by these alcohols. This has been proved by carrying out the reactions 
independently with RuHCl(CO)(PPh& in these alcohols, where dispropor- 
tionation of glucose is observed from the start [ 321. 

Mechanism of transfer hydrogenation 

Prom the above observations, the following mechanism is proposed for 
the transfer hydrogenation of glucose: 

RuCl P a 3 = RuC12P, + P (I) 

RuC12P2 + R’R”CHOH Z RuClP,(R’R”CHO) + HCl (2) 

RuC1P2(R’R”CHO) = RuHClP,(R’R”CO) (3) 

RuHClP,(R’R”CO) + RCHO S RuHClP,(R’R”CO)(RCHO) (4) 

RuHClP,(R’R”CO)(RCHO) = RuClP,(R’R”CO)(RCH,O) (5) 

RuClP,(R’R”CO)(RCH,O) + HClS RuC12P2(R’R”CO) + RCHzOH (6) 

RuC12P2(R’R”CO) = RuC1,P2 + R’R”C0 (7) 

where ,P = triphenylphosphine, RCHO = aldehyde form of glucose and R’R’CHOH = primary 
@” = H) or secondary alcohol. 

In the case of 2-methoxyethanol and tetrahydrofurfuryl alcohol, the 
dehydrogenated product, R’CHO (R’ = CH30CH,- or tetrahydrofurfuryl) may 
compete with the aldehyde form of glucose (RCHO) at stage (4) to form 
RuHC~P~(R’CHO)~. This compound is transformed to hydridocarbonyl complex 
via an unstable isocarbonyl complex [33]: 

RuHClP,(O=CHR’)(R’CHO) - 

[RuHClP,(OC)(R’CHO)] - RuHClP,(CO)(R’CHO) (3) 

All our attempts to detect the dehydrogenated and decarbonylated products, 
CH30CH&H0, CH,OCH,, tetrahydrofurfural and tetrahydrofuran were un- 
successful. This is attributed to their low concentrations. 

Transfm hydrogenation of cycbhexanone by glucose 

The fact that glucose disproportionates to yield sorbitol and glucono- 
1,5-lactone, even in the presence of other hydrogen donors, indicates that 
glucopyranoses are good hydrogen donors. This property offers a potentially 
convenient procedure for transfer hydrogenation of various functional groups 
using glucose as hydrogen donor. 

In the present study, cyclohexanone was transfer hydrogenated under 
homogeneous conditions by glucose. For this reaction, tetrahydrofurfuryl 
alcohol was chosen as solvent and RuC12(PPh3)a, RuHCl(CO)(PPh&, 
RuH,(PPha), and RuH2(CO)(PPh,)a as catalysts. In the case of RuC12(PPh,),, 
the effective catalyst may be RuHCl(CO)(PPh,), since the former is transformed 
to the latter in this solvent. Such transformation is completed in 15 min 
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when the solvent system consists of 22 parts tetrahydrofurfuryl alcohol and 
3 parts water. At a molar ratio of 1:2 of glucose and cyclohexanone, the 
products obtained are cyclohexanol, sorbitol and glucono-1,Nactone (Scheme 
3). It is deduced from this observation that both cyclohexanone and the 
aldehyde form of ghmose compete for coordination sites. As the concentration 
of cyclohexanone increases, the amount of sorbitol formed decreases. At 
molar ratios of 1:6 and above, only cyclohexanol is observed as the reduction 
product (Scheme 3) i.e., at high concentrations of cyclohexanone, the aldehyde 

[Cyclohexanone] -. ..____ < (j 
[GlUCOSe] 

a-& p-D-GIUCO- Aldehydo-glucose D-Glucono-1,5-lactone Sorbitol 
pyranoses 

a-k P-D-GlucopyrLlnoses D-Glucono-1,5-lactone 

Scheme 3. Transfer hydrogenation of cyclohexanone by glucose. 

TABLE 2 

Transfer hydrogenation of cyclohexanone by glucose” 

[ Cyclohexanone] 

[Glucose] 

Glucose Cyclohexanone 
conversion conversion 

W) VJ) 

S:GLb 

2.0 83 c 35:65 
4.0 77 c 20:80 
6.0 76 12 0:lOO 
8.0 78 c 0:lOO 

%olvent: tetrahydrofurfuryl alcohol-water (22:3); [Glucose]: 0.2 M; (RuCI,(PPha)a]: 1.67 X 10e3 
M; [Glucose]/[RuCl,(PPh,),] ratio: 120; temp: 100 “C; time: 10 h. 
bS:GL denotes sorbitol:glucono-1,5-lactone ratio. 
CEstimation was not made. 
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form of glucose in the solution becomes insignificant and hence sorbitol is 
not formed. The results are provided in Table 2. 

It is relevant to show that tetrahydrofurfuryl alcohol is not involved in 
the transfer hydrogenation of cyclohexanone under these conditions. This 
has been confirmed by estimating the cyclohexanol and glucose by GC and 
titrimetry respectively. It was found that equivalent amounts of glucose and 
cyclohexanone are transformed into glucono-1,5-lactone and cyclohexanol 
respectively. Also, an independent experiment with cyclohexanone in the 
above solvent yielded no significant reaction. However, at reflux temperatures, 
tetrahydrofurfuryl alcohol reduced cyclohexanone in the presence of the 
above-mentioned ruthenium complexes. 

Conclusions 

Glucose was transfer hydrogenated by various hydrogen donors under 
the catalytic influence of RuCl,(PPh,),. The major product of the reaction 
was sorbitol, albeit a side product, glucono-1,5-lactone, is formed as the 
reaction proceeds as a result of the disproportionation of glucose. The catalyst 
undergoes a permanent change by abstracting CO from the dehydrogenated 
product of 2-methoxyethanol or tetrahydrofurfuryl alcohol. The resultant 
catalyst was isolated and characterized to be RuHCl(CO)(PPh&. 

At low concentration ratio of cyclohexanone to glucose, cr- and p- 
glucopyranoses donate hydrogens to aldehydo-glucose and cyclohexanone. 
When the molar ratio of cyclohexanone to glucose exceeds 6, aldehydo- 
glucose fails to participate in the reaction. As a result, cyclohexanone is 
reduced to cyclohexanol and glucose is oxidized to glucono-1,5-lactone. 

It should be mentioned here that the results presented in this article 
are of little practical value*. 
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