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Abstract

Selective hydrogenation of cinnamaldehyde (CAL) to cinnamyl alcohol (COL) has been investigated with supported liquid-phase catalysts
(SLPC), which contain Ru—-TPPTS complexesviater film supported on a porous silica gel, inamg solvent (tolued). It was shown that
COL can be mainly produced with small quities of hydrocinnamalehyde (HCAL) and hydrocinnarhyglcohol (HCOL). The influence
of various reaction and catalyst preparation parameters on the overall rate of reaction and the product selectivity have been examined. In
addition, liquid-phase adsorption of CAL on tea-loaded silica samples has also been measured. It is believed that the hydrogenation of
CAL to COL occurs at the interface between the water film and the organic solvent while that to HCAL at the interface between silica, water,
and toluene. The hydphilic nature of the €0 bond of CAL is significant for the selective formation of COL at the water/toluene interface,
to which polar G=0 bonds of CAL molecules are pointing. The product, COL, also has a polar OH group, and so it is difficult for COL to be
hydrogenated to HCOL at this interface. Aethther silica/water/toluene interfac@AL molecules may be adsorbed with thek=C bonds
as well, which enables the hydrogenation to HCAL. On recycling of SLPC, its activity and COL selectivity decrease. Both oxygen dissolved
in toluene and change of active Ru complexes in the water film are responsible for the decrease of catalytic activity, and the change of the
state of dispersion of the water film is significant for the decrease of COL selectivity.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction synthesis of various fine chemicals. Grosselin et al. indicated
that the biphasic catalysis was effective for selective hydro-
It is important to consider catalyst product separation genation of these substrates to unsaturated alc¢8jpl3oo
and catalyst recycling in addition to activity and selectiv- et al. studied hydrogenation of unsaturated aldehydes using
ity performance for practical applications of noble metal water-soluble ruthenium hydrides in a water and organic lig-
complexes as catalysf$,2]. From this point of view, het-  uid biphasic systerj#,5]. One of their interesting findings is
erogeneous catalyses are preferable to homogeneous oneghat the selectivity can be tuned by changing the pH value of
and heterogeneous reactions can be performed by using sucthe water phase. Tin et al. used a water and benzene bipha-
heterogenized metal complexes as biphasic catalysts angijc system using a water-soluble palladium complex cata-
supported liquid-phase catalysts. Some authors have appliedyst for hydrogenation of cinnamaldehyf. They showed
biphasic catalysts using water-soluble metal complexes for the selectivity to unsaturated alcohol to be increased by the
an industrially important region, selective hydrogenation  addition of sodium carbonate to the water phase. Sanchez-
of o, B-unsaturated aldehydes to unsaturated alcohols or sat-pelgado et al. conducted hyalyenation of cinnamaldehyde
urated aldehydef3—9], which is an important step for the  ysing homogeneous ruthenium complex catalysts in organic
solvent and using biphasic catalysts with water-soluble ana-
~ * Corresponding author. logue complexefr]. It has been reported that the selectivity
E-mail address: marai@eng.hokudai.ac.jp (M. Arai). to unsaturated alcohol is hightor biphasic reactions com-
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Q/\VCHZOH fonate trisodium salt (TPPTS), and a porous silica gel
/ (Aldrich Davisil 645) were used as received. The BET sur-
COL N face area of the silica was 2941, the total pore volume
N CHO CHAOH 0.96 cnt g1, and the average pore diameter 20 nm. Toluene
O/\/ was used as a solvent. The preparation of SLPC and the hy-
CAL N / HCOL drogenation of CAL were carried out in a 100 €autoclave.
CHO In a typical experiment, 1 cfrof distilled water containing
0.3 mmol of ruthenium trichloride hydrate and an appro-
HOAL priate amount of TPPTS was well mixed with a weighed
amount of the silica powder in the reactor. Twenty cubic
Scheme 1. Hydrogenation of cinnakiehyde (CAL) to cinnamyl alco-  centimeters of the solventas introduced into the reactor
hol (COL), hydrocinnamaldehyde @AL), and hydrocinnamyl alcohol and the reactor was purged with lthree times. The mix-
(HCOL). ture was then treated at 6Q for 1 h under 1 MPa Kifor the
ormation of Ru complexes. After this treatment, the reac-
or was cooled and depressurized. Then, CAL (24 mmol)
and toluene (40 c®) were added into the reactor and it

. f
pared with homogeneous ones (but unfortunately compareolt
at different conversion levels). In addition, these authors

have pointed out an important aspect that the hydrophilic was purged with atmosphericsHhree times. The reactor

naturg of the &0 bond contributes to its selective hydro- was heated again to a reaction temperature 6i6and b
genation. Those results demonstrate that one can find other

. - . . was further introduced under stirring. When thg ptessure
factors, ineffective for homogeneous reactions, in control- g £/

. ; . reached the desired valueaction time was counted. Dur-
ling the catalytic performance of metal complexes for bipha- . . . .

. L ; ing the reaction, small amounts of the reaction mixture were
sic catalyses and similar febgenized metal complex cat-

alysts including supported liquid-phase catalysts (SLPC), in sampled at desired mtervalﬂcaanalyzeq using gas chro-
; : : T . matography. Procedures of the preparation of similar SLPC
which active species exist in a liquid film dispersed on a sup-

. AT samples containing Pd, Pt, and Ru in water or ethylene gly-
port [10-14} Water and other liquids like ethylene glycol col film were described elsewh€|i27,28]and those of CAL

have been used as supporting liquids and porous materi- : . :
als like silica gel as supports, and granular SLPC Sampleshydrogenatlon were prewously given for homogeneous and
’ heterogeneous reaction syste2g,30]

prepared have been used by dispersing in organic solvents
for a few chemical transformations of hydrogenation, hydro- . o
formylation, and Heck coupling reactiof0—26] 2.2. Adsorption of CAL to water-loaded silica

In the present work, hydrogenation of cinnamaldehyde
(CAL) has been studied by using ruthenium phosphine com-  This adsorption was examinatiroom temperature to ob-
plexes in the form of SLPC as well as biphasic and homoge- tain information about the liquid-phase adsorption of CAL
neous catalystsScheme 1 Ruthenium has been selected 0n SLPC, using a 50 chreactor and silica supports in which
because it is less expensive and therefore more practicalwater was loaded but Ru complexes were not included. Two
Time profiles of total conversion and product selectivity have grams of silica and a certain volume of water were well
been collected for these heterogeneous and homogeneouRlixed in the reactor in the same way as used in the prepara-
hydrogenation reactions. It is interesting that the product tion of SLPC samples. Then, 10 éroluene and 4.8 mmol
selectivity strongly depends on the reaction phases used CAL were charged into the reactor. After the mixture was
The homogeneous reaction®guce hydrocinnamaldehyde  left for 30 min under stirring, the amount of CAL adsorbed
(HCAL) and hydrocinnamyl alcohol (HCOL); in contrast, by the silica sample was evaluated from a decrease in the
the reactions with SLPC selectively produce cinnamyl al- concentration of CAL in the liquid phase.
cohol (COL) with a small amount of HCOL. The use of
SLPC is also valuable in controlling the catalytic perfor- 2.3. NMR spectroscopy
mance of metal complexes, in addition to the easiness of
catalyst separation and recycling. There has been discussion  The structure of Ru complexes in the supported water film
on th'e featu'res of gas-liquid-liquid fi!m—solid multiphase \yas analyzed byH and3'P{1H} NMR spectrometry. The
reactions using SLPC and faqsqletermmmg the rate of re-  gamples were prepared by using@instead of HO as the
action and the product selectivity. supported film. After H pretreatment, hydrogenation, or re-
cycling, the SLPC sample was washed with toluene degassed
by bubbling with argon, Ru complexes contained in the sam-
ple were extracted with D from the silica support, and
2.1. Preparation of SLPC and hydrogenation of CAL then!H and3P NMR spectra were measured on a JEOL

JNM-400II spectrometer using TMS orsAO, as external

trans-Cinnamaldehyde, a metal precursor of ruthenium standards. The washing and extraction were carried out un-

trichloride hydrate, a ligand of triphenylphosphine trisul- der argon atmosphere.

2. Experimental
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Fig. 1. Typical concentration—time curves of cinndadefyde hydrogenation using a SLPC in toluene. Subst®}eCAL; products ©) COL, (l) HCAL,

(O) HCOL. SLPC: SiQ 2 g, HyO 1 cn®, Ru 0.3 mmol, TPPTARu= 4. Reaction conditions: toluene 60 8nCAL 24 mmol, temperature 60C, H, pressure
(a) 2 MPa, (b) 8 MPa.
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Fig. 2. Plots of the selectivity of COLX), HCAL (M), and HCOL ([J) against total CAL conversion in cinnamaldehyde hydrogenation using a SLP& at H
pressures of (a) 2 MPa and (b) 8 MPa. For SLPC and reaction conditiorSigsde

. . 1.2
3. Resultsand discussion =
g 1 F ®
3.1. Effects of reaction parametersin SLPC system " 08
=038 F
The heterogeneous reaction systems using SLPC are ”go,e L o
more complicated compared with homogeneous ones. The £ o4 b
rate of such a heterogeneous reaction depends on several re- = o © 8
action and catalyst preparation conditions, and their effects ~o02 r
have been examined in detail. Typical concentration—time 0 . . .

curves obtained are shownhig. 1 The (initial) rate of re-
action, disappearance of substrate, or formation of products TPPTS/Ru [—]
have been determined from the data at an initial stage of the
reaction, which give a good linear concentration—time rela- Fig. 3. Influence of TPPTﬁRu rat?o on the pverall rate of reactiqn in cin-
fonship. Here we note an important pint that he selectiity [0, saeiten e oure 10 S8,
to cinnamyl alcohol (COL) is significantly high, and will be toluene 60 cri, CAL 24 mmol, temperature 6(C, H, pressure 4 MPa.
discussed in detail later.

The reaction runs were carried out at various pes-
sures. It was found that the overall rate of reaction increasesCOL selectivity of the present reaction system might change
linearly with the pressure, in acatance with several previ- ~ at such low H pressures.
ous works reporting similar simple pressure effg&$,8, The influence of the ratio of Ru to TPPTS in the sup-
30,31] The COL selectivity, moles of COL formed against ported water film is shown ifrig. 3. With an increase in
total moles of all the products of COL, hydrocinnamalde- this ratio, the overall rate of reaction increases, has a max-
hyde, and hydrocinnamyl alcohol, are plotted against total imum at 4, and then decreases. The rate of COL formation
conversion inFig. 2. A COL selectivity as high as 90% has been shown to mainly change and so the COL selectivity
remains unchanged during the reactions at differertds- also changes in a similar fashion. This may be explained by
sures examined. Very recently, Joo and co-workers reporteda change of the structure of active Ru complexes formed at
that the COL selectivity for CAL hydrogenation with Ru different Ry TPPTS ratio$3,4,7]. The effect of RUTPPTS
complexes in a water/chlobenzene biphasic reaction de- ratio observed is different from that in homogeneous re-
pends on the bipressure in a region below 1 MP22]. The actions usingV, N’-dimethylformamide (DMF) N -methyl-
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Table 1
Results of CAL hydrogenation using different quantities of SLPC and CAL
used

Entry SLPG CAL Overall rate  COL
Silica Water Ru quantity  (mmol selectivity’
(emd L Imin 1)y (o
@  (cm?) (mmol) (%)
A
1 10 05 015 15 0.22 70
2 10 05 015 30 0.27 66
3 10 05 015 60 0.24 6
B
1 15 0.75 023 23 0.76 78
2 15 075 023 30 0.82 81
3 15 0.75 023 45 0.67 66
C
1 20 1.0 0.30 15 125 92
2 20 10 0.30 30 160 90
3 20 1.0 0.30 6.0 153 85

Reaction conditions: toluene 60 émtemperature 60C; Hy, pressure
4 MPa.

& TPPTYRu = 4; silica (g)ywater (cn?)/Ru (mmol)=1/0.5/0.15.

b At a conversion of 20%.

C At a conversion of 10%.

d At a conversion of 5%.

pyrrolidone (NMP), and ethyl acate, which have the possi-
bility of having interactions with active Ru specig3]. In

the case of NMP, the COL selectivity was the highest in the
absence of TPP ligands.

Table 1shows the influence of the quantity of SLPC and
the concentration of CAL substrate in toluene. With an in-
crease in the SLPC quantity, the overall rate of reaction in-
creases significantly (entries A, B, and C). The rate is not
proportional to the SLPC quantity; the increase of the rate
observed is more significartidn expected. The COL selec-
tivity also increases with increasing SLPC quantity (A, B,
and C) and tends to decreasihnincreasing CAL concen-
tration (entries 1, 2, and 3). The influence of CAL concen-
tration on the overall rate is not clear.

Finally, the influence of the concentration of Ru-TPPTS
complexes in the water film and of the volume of water has
been examinedHig. 4). The catalyst concentration is sig-
nificant, which increases the overall rate of reaction when
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Fig. 4. Influence of the amount of 4@ loaded onto Si@ on the rate of
reaction in cinnamaldehyde hydrogéna using a SLPC in toluene. SLPC:
SiOy 2 g, TPPT3RuU = 4, Ru concentration in $D (J) 0.30 mmol cnt3,
(®) 0.20 mmolcn3, (O) 0.15 mmol cnv 3. Reaction conditions: toluene
60 cnv, CAL 24 mmol, temperature 60C, Hp pressure 4 MPa.

Table 2
Influence of the amount of supported water on the product distritfition

Selectivity (%)

Amount of supported water

cm*g™h) coL HCAL HCOL
0.25 76 30° o°
0.38 72 17 10
0.50 90 3 7
0.75 95 0 5

a Reaction conditions: Ru concentration 0.3 mmolémP/Ru = 4,
SiO, 2 g, Hp 4 MPa, toluene 60 cfy 60°C.

b At conversion of 20%.
C At conversion of 5%.

ing was examined by previous authors for hydroformylation
reactiong15-17,21,22]reporting similar changes. For ex-
ample, Naughton and Drago imdited that optimal activities
occurred when the pore volume of the support materials was
fully filled [21].

The product distribution did not change with the catalyst
concentration in the water film and the high COL selec-
tivity remains unchanged under the conditions examined.
However, the amount of water film affects the product distri-
bution as shown iffable 2 A larger amount of water causes
higher COL selectivity and lower HCAL selectivity. Joo et
al. showed that the pH value of water affects the COL selec-

compared at the same volume of water. The effect of catalysttivity for the CAL hydrogenationin a biphasic reactipgh5].
concentration on the overall reaction rate observed is similar The water film of SLPC prepared in the present study would

to that in our previous Heck reactions using SLPC in which

be acidic because of the presence of HCI originating from

Pd-TPPTS complexes are dispersed in ethylene glycol filmthe precursor of Ru@l However, the experiments ifa-

on the same silica g¢27,28] Fig. 4also shows that even at
the same catalyst concentratim water film, the overall re-

ble 2were carried out at the same catalyst concentration and,
hence, it is assumed that the pH value of the water film did

action rate increases with an increase in the water volume upnot change with its volume. So, the change of the COL se-

to 0.75 cn? per 1 g of silica support. In the previous Heck

lectivity would result from reasons other than the change in

reactions as noted above, the rate of reaction depends littlethe pH value.

on the volume of ethylene glycol us¢2B]. The dispersion
(wetting) of the liquid film on the same silica gel would be
different between water and ethylene glycol. At a higher wa-
ter loading of 1 crAg™1, all the water was not able to be

stably dispersed on the support. The influence of water load-

3.2. Reactionswith COL and HCAL in SLPC system

Hydrogenation experiments have also been carried out
using the two products of COL and HCAL as starting sub-
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strates under such conditions: catalyst, Ru@I3 mmol, surface is likely to disappear, at which the average water film
TPPTSRu = 4, water 1 cr, silica 2 g; reaction CAL thickness is estimated to be 3.6 nm. Such a water film may
3 cn?, toluene 60 cri, temperature 60C, H, 4 MPa. Both contain the Ru-TPPTS complexes. Probably, in the present
COL and HCAL have been found to be hydrogenated to case of water, the water—silica contact area increases with
HCOL but at different rates of reaction. The rate of COL hy- the volume of water used while maintaining the film thick-
drogenation (0.12 mmolt! min—1) is smaller by more than  ness. This is different from the previous case of SLPC using
one order of magnitude than that of HCAL hydrogenation ethylene glycol, which can spread over the silica surface to
(2.3 mmol L= min—1). This difference is the same as ob- some limited extent and so thitica—ethylene glycol contact
served in homogeneous hydrogenation reactions of COL andarea changes little with the volume of ethylene glycol used,
HCAL [30] under similar conditions as used in the present but the film thickness increases. This means that the inter-

work. facial area between ethylene gol film and organic solvent
(toluene) changes little and, as a result, the rate of Heck re-
3.3. Adsorption of substrate on SLPC action does not depend on the quantity of ethylene glycol

used, as reported previou$B6]. Fig. 5bshows that the (to-
This adsorption has been exared at room temperature  tal) amount of CAL adsorbed increases with an increase in
using catalyst-free silica gel samples, similar to SLPC, in the initial concentation of CAL in toluene and it is propor-
which different volumes of water are loaded. The amount tional to the quantity of water-loaded silica sample used. The

of substrate, CAL, adsorbed on such a water-coated silicaamount of CAL adsorbed becomes saturated at higher CAL
gel has been measured at an initial CAL concentration of concentrations.

0.45 mol L1 (Fig. 5). The water-free silica can adsorb CAL

in 0.56 mmolg?! and the amount of CAL adsorbed de- 3.4. Effectsof reaction parametersin biphasic and

creases simply with the water volume coated. The solubility homogeneous systems

of CAL in water is very low (about 0.14 g per 100 g of wa-

ter, ca. 0.01 mmol cm?, at 25°C [6]) and so the quantity of To examine the features of SLPC reaction systems, some
CAL absorbed in water is negligibly small. The water can additional experiments were performed for biphasic sys-
spread over the hydrophilic surface of the silica gel and the tems. Typical concentration—time curves are giveRim 6.

free surface that can adsorb CAL decreases with the waterlt has been found for biphasic reactions that CAL is se-
volume. At a volume of 1 cihper 1 g of silica, the water-free  lectively hydrogenated to COL and the high COL selectiv-
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Fig. 5. Results of adsorption of cinnamaldehyde OHoaded SiQ samples at room temperature. Influence of (a) amounty@® tbaded onto Si@ and
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ity remains unchanged during the reactions, in accordancegenation of CAL to COL in their water—benzene biphasic
with the above-noted results of SLPC systems. For homo- system[7]. The C=0 bond points toward the water phase
geneous reactions, the rate of reaction and the product sein which active Ru complexes exist, but the less hydrophilic
lectivity strongly depend on the nature of solvents and the C=C bond points away from the water film to the organic
Ru/TPP ratio[30]. The COL selectivity is lower compared phase. As a result, the=€D bond can selectively be hydro-
with SLPC and biphasic systems and the product selectivity genated to COL. The same explanation may be possible for
changes with time, in contrast to the two multiphase systems.our SLPC system. In addition, we should note that the prod-
For example, the COL selectivity values at 20% conversion uct, COL, has a hydrophilic end group of OH and so it is
were 50 and 20% for DMF andleyl acetate, respectively, still not easy for its GC bond to be hydrogenated. This ex-
at 60°C and H 4 MPa with a TPPRu of 4. For NMP, the plains the result that the rate of hydrogenation of COL alone
COL selectivity was the best (15% at 20% conversion) in the is much smaller than that of HCAL alone, in which the hy-
absence of TPP. drophilic C=0 bond remains unaltered. It is interesting to
For the biphasic system, the reactions with and without compare these results with those obtained with a heteroge-
agitation have been comparéa examine the influence of  neous Pt/Si@ catalyst[31], for which competitive adsorp-
the water—toluene interfacial arelgiq. 6). As expected, the  tion of substrate (CAL) and products (COL and HCAL) is
overall rate of reaction with agitation is larger than that with- also important but in a different way. The adsorption on the
out agitation; however, the high COL selectivity is the same catalyst occurs easier in the order CALHCAL > COL,;
between these two cases. Grosselin et al. reported that thehe fully hydrogenated product, HCOL, is produced mainly
rate of reaction increased with stirring rate up to a certain from COL and so the formation of HCOL starts after the dis-
rate beyond which it did not chan§@, but they did notnote = appearance of CAL and HCAL.
its influence on the product selectivity. In addition, biphasic ~ The overall rate of reaction may be a function of the con-
reactions have been conducted at two different water/toluenecentrations of CAL and blin toluene phase and the area
volume ratios, 5/57.5 and 50/55.0. The overall rate of the  of water film of SLPC. The concentration of;Hn water
former reaction was 0.55 mmot min—! and that of the is very low at B pressures examined; the concentration
latter was 1.1 mmoltmin~1, indicating that the rate is  of Hy dissolved in pure water at 8C is estimated to be
proportional to the water/toluene interfacial area. However, 0.018 mol L1 at 2.5 MPa and 0.036 molt! at 5.0 MPa
the high COL selectivity changed little. Tin et al. reported using Henry's constant and so the structure of active Ru
for biphasic reactions using water and benzene that the con-complexes is not influenced by,Hbressure. As a result, the
centration of Pd complexes the water phase increased the rate of reaction simply increases with Igressure (Kl con-
CAL conversion but did not affect the product selectiyay. centration in toluene). Thus, the RLPPTS is only a factor
Grosselin et al. also observed a linear dependence of the rataffecting the structure and specific activity of Ru complexes,
of reaction on the Ru catalyst concentrat{8. Those re- which do not change with the volume of water used. The
sults indicate that the rate of CAL hydrogenationin biphasic rate of reaction simply increases with the volume of wa-
systems depends on the catalyst concentration in the wa-ter (the area of water film), as seen kig. 4 When the
ter phase and the volume ratio of water and organic solventquantity of water used is increased, the water—toluene in-
phases, while the product selectivity (high COL selectivity) terfacial area is assumed to increase while the film thickness

does not change with these factors. is unchanged. Such a wetting is modeledrig. 7: water

is supported in the form of islets of a certain thickness on
3.5. Importance of interface as the reaction locusin SLPC the wall of cylindrical pores and the islets grow in size (and
and biphasic systems may coalesce sometimes) with an increase in the amount of

water (water—toluene interface expands) but the thickness of
The present reactions with SLPC are not controlled by the islets remains unchanged. This may explain the fact ob-
diffusion of reacting species the bulk organic phase and in  served that the COL selectivitgcreases with an increase in
the pores of SLPC because tlencentration of substrate in  the water loading, as discussed in the following with respect
the organic phase has only a marginal effect on the overallto the reaction sites for the COL and HCAL formation.

rate of reaction and the condeattion of active Ru species In SLPC systems, we should consider another locus for
in the supported water film increases the reaction rate as de-hydrogenation of CAL to HCAL in addition to the surface of
scribed above. water film (water/toluene interface) for the CAL hydrogena-

In addition to low solubility of CAL and H in water, the tion to COL (Fig. 7). The water/silica/tmene interface is
present results demonstrate that the interface between thdikely to be such a reaction locus, in which CAL exists on the
continuous organic phase (toluene) and the supported wa-silica close to the water film containing the Ru complexes.
ter film phase (or bulk water phase in biphasic system) is The CAL molecule would be adsorbed on some acidic sites
the sole reaction locus for hydrogenation of CAL to COL. such as Sit or surface OH with its €0 bond and it may
Previously, Sanchez-Delgadoed. pointed out that the more  be hydrogenated to HCAL. Such sites are, needless to say,
hydrophilic nature of the aldwg/de group of CAL compared  absent in biphasic systems. The quantity of CAL molecules
with the C=C bond is important for the selective hydro- adsorbed on the surface of water film of SLPC is probably
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Continuous organic solvent phase

Water/toluene interface. /

Sites I for CAL hydrogenation to COL PE—
Waterssilica/toluene interface. O/ coL
Sites II for CAL hydrogenation to HCAL '

Ru --|--0, Ph
Water \/\/

Silica support
film

With increasing quantity of = Ph
water loaded Ry - ff —= HCAL

N

Rutf o oo

(o]

m

Fig. 7. Two possible reaction loci for hydrogenation of CAL to either COL or HCAL in a multiphase system using SLPC. The site Il is absent when the whole
surface of silica support is covered by water film. A biphasic system hasailg. When the quantity of water loaded increases, the water film spreaifs w
the thickness remains.

‘Water film containing
Ru-TPPTS complexes

Silica support

saturated and small under the reaction conditions examinedTable 3
However, the quantity of CAL molecules adsorbed on the Comparison of SLPC, biphasic, and homogeneous systems in the perfor-
silica surface should depend on the CAL concentration in Mance for CAL hydrogenation
toluene and the area of silica unoccupied by water film. On Entry System and conditiofis Overall rat€ COL
the basis of those considerations, it is believed that with (mmol _  selectivity®
an increase in CAL concentration, the quantity of CAL ad- L™"min™) (%)
sorbed on the water—silica interface increases while that ont
the water film does not change; so, the rate of HCAL forma-
tion increases while that of COL formation does not change,
resulting in a decrease in the COL selectivity with the CAL 2  Biphasic _ _
concentration as observedlaple 7). With an increase of \T/:tif 10 :’ ng?':;f&;':'giﬁ%’:“’ 007 100
SLPC quantity (CAL/SLPC decreases), the quantity of CAL (the same conditions as in SLPC)
adsorbed on the silica—watettérface decreases while that
on the water film does not change. The rate of HCAL for- 8
mation decreases while that @OL formation increases,
resulting in an increase in the COL selectivity, as observed 4 Homogeneous
(Table 3. The ratio of the water/tokne interface against the RuC 0.15 mmol; TPPRu= 4; 173 48
water/silica/toluene interface cannot be determined quanti- DMF 60 crr?
tatively; however, it is obvious that this ratio is larger with s CAL 3 cm?®; temperature 60C; Hy pressure 4 MPa.
an increasing amount of water. Hence, an increase in the _ X‘t'“at' ratle- o of 802
volume of the supported water would cause higher COL se- a total conversion of 80%.
lectivity and lower HCAL selectivity Table 2.

If the whole surface of silica is covered by water film, 3.6. Comparison of the performancein CAL hydrogenation
such an effect of CAL concentration as discussed aboveamong SLPC, biphasic, and homogeneous systems
would not appear; probably high COL selectivity would oc-
cur at any CAL concentrations, as in biphasic reactions. The It is not easy to compare the performance of different
whole surface of 1 g silica may be covered by more than multiphase reaction systems on an equal basis since the com-
1 cn?® water according to the results given fig. 5, for parison depends on how standard reaction conditions are
which the Ru complexes were absent. Unfortunately, such selectedTable 3compares the overall rate of reaction and
a SLPC sample containing the catalyst was not stably dis-the COL selectivity between the three reaction systems. In
persed in toluene, making it difficult to perform reaction homogeneous system, all the reacting species are soluble
experiments. However, the above discussion may be indi-in a single phase and the contact of those species is bet-
rectly/partially supported by the results of biphasic system, ter, leading to a larger rate of reaction. This is the case for
in which there is only a water—toluene interface, that high the present CAL hydrogenation; however, the selectivity to
COL selectivity can be seen igpective of the stirring con-  COL is smaller than 50% (entry 4). Compared with this ho-
dition and the water—toluene volume ratio. mogeneous system, the COL selectivity is much larger in

SLPC
RuClz 0.3 mmol; TPPT#RuU = 4; 16 89
water 1 cnf; silica 2 g; toluene 60 crh

RuCk 0.6 mmol; TPPT$Ru = 4; 11 96
water 5 cni; toluene 55 cra
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SLPC and biphasic systems (entries 1-3). When compared 2

at the same amounts of Ru and water, the overall rate in the
SLPC system is significantly larger than that in the bipha-
sic system (entries 1 and 2). A reason for this is the smaller
water—toluene interfacial area in the latter system. When the
amounts of Ru and water are increased, the rate in the bipha-
sic system may be improved (entry 3).

Another merit of SLPC systems should be noted here:
multifunctional catalytic systems may be designed by using
different SLPC samples atétsame time, which has recently
been demonstrated by a few model reactif28j. For ex-
ample, simultaneous hydrogenation of 3-phenylpropionalde-
hyde and 1,2-diphenylethylene is possible with a mixture 0 —
of Ru—SLPC and Pd—SLPC. This is due to the fact that an 1 9 3 4
active metal complex in a SLPC can be separated from an- Run
other metal 'C'o'mplex m. another SLPC, and the regpectlye Fig. 8. Change of the initial rate of CAL hydrogenation on recycling of two
catalytic activities remain una‘fltered_' However' for biphasic SLPC samples of (a) and (b), which were prepared in the same way but sam-
and homogeneous systems in which different metal com- ples (a) and (b) were washed with degassed toluene and untreated toluene,
plexes coexistin the same solvent, some negative effects willrespectively, between the runs. The latter sample was reused twice. Reac-
often appear, by which one kind of metal complex loses its tion conditions: Ru 0.3 mmol, fRu = 4, H,0 1 cn?, Si0; 2 g, toluene
specific activity[29]. 60 ¥, Hp 4 MPa, 60°C.

=
ot
T

Initial rate [mmol L” min"]
I
(7] —

3.7. Recycling performance and stability [RuH(n%-arene)(TPPTS]CI, which showed five’lP NMR
signals in a region between 56.83 and 58.51 [jp4). Inte-
Finally, the recycling of SLPC has been examined. After gration of the’P NMR signals showed that the total amount
the first hydrogenation run with a SLPC sample, the solvent of the arene complexes was about 15% of the dihydride
(toluene) phase was removed by decantation leaving the catcomplex. After the recycling, the amount of the dihydride
alyst in a small volume of toluene and washed by adding complex decreased while the total amount of the arene-type
a certain volume of fresh toéine. These procedures were complexes increased. Hernandez and Kalck showed that the
repeated a few times and then fresh toluene and CAL sub-arene complex had no activity for CAL hydrogenat{86].
strate were added for the second run. The rate of reactionAlong with these Ru complexes, a phosphine complex hav-
was found to decrease by a factor of abog® # the sec- ing a singlet in3P NMR at 27.08 ppm was detected af-
ond run, as shown iirig. 8. In the third run, the catalyst ter the reaction and its amount increased by the recycling.
had no activity. It was also found that treatments with 4 MPa The structure of this phosphine complex is unknown at the
of H, at 60°C during the repeated reaction runs had no ef- present stage. On the basis of these results, it was con-
fect on the catalyst deactivation. When toluene was degassedluded that the dihydride complex is an active species or
by bubbling with argon for about 60 min and used for the its precursor and converted to the arene complexes during
reaction and washing the SLPC sample, the activity also de-the reaction, resulting in the deactivation of SLPC by the re-
creased but to a smaller extent. Using the degassed toluenegycling. In conformity with the present results, Fache et al.
about half the initial activity appeared for the second run but reported that the recycling of Ru-SLPC caused its deactiva-
the activity decreased graduatiy the further repeated runs. tion for hydrogenation of prenal, and carbon content in the
It should be noted that, when the procedures for recycling catalyst increased on the recyclifig]. TPPTS is liberated
were conducted in a globe box under argon atmosphere, thedy the transformation of the dihydride complex to the arene
same results as those showrFiig. 8 were obtained. These  complexes. Probably, the unknown phosphine compounds
observations indicate that theaktivation by the recyclingis  should be produced via the reaction of TPPTS so liberated
caused from not only oxygen dissolved in toluene but some with the substrate or one of the products.
other reasons. Along with the decrease in the activity, the change of
The change of activity on the recycling of SLPC was also product selectivity was also observerhble 4 shows the
investigated by'H and3!P NMR spectroscopy. Signals ob- product selectivity and the initial rate of reaction for four re-
served were assigned on the basis of the literg@8e35] peated runs, in which the degassed toluene was used. The se-
After the H, pretreatment, [Ru(H)(C)(TPPTg)[34] hav- lectivity to COL decreased during the recycling while those
ing broad singlets iA'P NMR at 61.77 ppm and itH NMR to HCAL and HCOL increased and the extent of change
at —18.48 ppm (Ru-H) was formed. After the first reaction is larger for HCAL than for HCOL (runs 2 and 3). As re-
run, this complex changed to a mixture of [Re(FAPPTS}] ported by Horvati36], there is a possibility of a change
having a singlet irflP NMR at 58.15 ppm and a quartet of the state of water film dispersed on silica support, which
in 1H NMR at —9.58 ppm[33] and several complexes like may occur during the hydrogenation run and/or the wash-
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Table 4 quantity of water film affects the activity of SLPC. How-
Results of recycling of SLPC sample for CAL hydrogenation ever, in the case of the recycling of SLPC, this effect would
Run Initial rate Selectivity’ (%) be canceled by the increase of Ru concentration in the film,
(mmol L=t min—1) coL HCAL HCOL since no Ru leaching occurred.

1 160 100 0 0 The results of NMR and TG indicate that, besides oxy-
2 087 72 15 14 gen dissolved in toluene, the change of active Ru species in
3 049 35 42 24 the water film and that of the state of dispersion of the wa-
4 0.06 38 38 23 ter film (the decrease of the wat¢oluene interfacial area)

a Reaction conditions: Ru 0.3 mmol/Ru = 4, H,O 1 ¢, Si0; 2 g, are responsible for the loss of catalytic activity and the latter
H, 4 MPa, toluene 60 cfy 60°C. Degassed toluene was used to wash the change for the decrease of COL selectivity on the recycling,
SLPC sample between the runs (see text). respectively. These explatians are supported by additional

® At conversion of 20% for runs 1-3 and 4% for run 4. results with biphasic reactions, for which the rate of hydro-

genation was found to decrease on the recycling similar to
Table 5 the SLPC, while the product distribution was not observed to
Results of TG and CAL adsorption measurements for water-loaded silica

change. In the biphasic reactions, the contact between water

el samples .
g P and toluene phases did not change.
Amount of Pretreatmefit Weight los§ Amount of
HO film (%) CAL adsorbed
em3g! mmolg-! ,
(emg ) ( 9 4. Conclusion
0 - 7 055
0.5 - 34 022 . . .
05 60°C. 1 h 23 039 The selective hydrogenation of CAL to COL occurs with
05 60°C, 3 h 19 047 SLPC, which contains Ru—TPPTS complexes in water film
0.75 - 44 £ on porous silica gel, in toluene, similar to a biphasic sys-

2 After the loading of HO onto SiG gel, the sample was dispersed in ~ t€m with the same catalyst. The overall rate of reaction in-
toluene at 60C for 1 or 3 h while stirring. Then the sample was dried creases with the area of watiim and the concentration
under ambient conditions. For CAL adsorption, the treatment of the sample of catalyst in the water film. The COL selectivity also in-
in toluene Was.made at the same temperature for 1 min and 3 h. creases with the area of water film but does not depend on

2 After heating up to 806C. the catalyst concentration. The COL selectivity tends to de-

Not measured. . . S

crease with an increase of CAlocentration in toluene. It
is assumed that the hydrogenation of CAL to COL occurs
at the water/toluene intexte and that to HCAL at the sil-
ica/water/toluene interface dte difference in the nature of
C=0 bond and &C bond of CAL molecule. The quan-
tity of CAL adsorbed at the former interface is saturated
while that at the latter changeBhe areas of these interfaces
change with the reaction and catalyst preparation conditions,
leading to a change in the overall rate of reaction and/or
: . . the COL selectivity. By the recycling of SLPC, its activity
ter was in accordance with the quantity of water loaded. and COL selectivity decrease. Both the oxygen dissolved in

When the former sample wasagtreated in toluene for 1 ; o :
and 3 h, the weight loss decreased to 23 and 19%, respeCgoluene and the change of a@iRu species in the water film

tively. Compared with the untreated sample, the pretreatedare responsible'for th? decrease of cat.alyt.ic activity gnd that
samples adsorbed larger amounts of CAL, being 0.39 andOf the state of dispersion of_the water film is responsible for
0.47 mmol g . These amounts of CAL adsorbed are similar the decrease of COL selectivity.

to those estimated from the resultsad. 5and the amounts

of water estimated assuming that the weight loss is due to
the disappearance of water. Those results suggest that som
amount of water disappears from the surface of silica support
during the reaction runs and/or the washing between them.
It was observed, however, that the color of toluene did not
change after the reaction and washing of SLPC and so no
leaching of Ru species occurred during the recycling runs.
The decrease in the quantity of water should cause a de-
crease in the interfacial area between water film and tolueneReferences
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