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Abstract

Effects of additive were examined for the photocatalytic transfer hydrogenation from 2-propanol to 1,5-cyclooctadiene
(1,5-COD) with using acetone and Rh,(CO),, as a catalyst precursor. Photo-irradiation easily transformed Rh,(CO),, to
colloidal dispersion in the presence of acetone. Primary particle size of colloid was ca. 2 nm and it formed secondary
particles through aggregation. With colloidal rhodium catalyst, the selectivity of cyclooctene (COE) was 86% and the ratio
of hydrogenation rate R (= cyclooctadiene to cyclooctene/cyclooctene to cyclooctane) was 4.8. Addition of Fe(NO,), -
9H ,0 enhanced the performance of selective transfer hydrogenation. When Fe salt was used, selectivity reached to 96% and
R vaue decreased to 1.1. The addition of Fe salt did not change primary particle size, but the formation of secondary
particle was diminished. Other salt of light transition metal, Ni(NO;), - 6H,0 and Cu(NO;), - 3H,0, also changed the rate
of transfer hydrogenation and R value. These changes were attributable to the change of affinity between surface and
substrates causing modification with metal cation. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction pected to behave a good model of highly dis-

persed meta catalyst and to show an interesting

Colloidal metals are attractive catalyst ma-
terials as model for both homogeneous and
heterogeneous catalysts [1-5]. Especialy since
the feature of colloid catalyst is considered a
heterogeneous catalyst without support, it is ex-
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performance similar to heterogeneous catalyst.
Bimetallic colloid has been focused as a new
type of colloid catalyst in this decade [6-11].
Although most of studies have deat with the
bimetallic colloid composed of ‘noble metal—
noble metal’, for example, Pt—Au [6,7], Pt—Pd
[8], Pd—Au [9,10] and Rh—Pd [11], only a lim-
ited number of report has dealt with ‘noble
metal—light transition metal’ colloid as catalyst
[12—15]. Probably it is owing to the difficulty
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on the preparation of colloid composed of noble
metal and light transition metal. However, in the
field of heterogeneous catalysts, considerable
effects of light transition metal are well-known
as important factors for improvement of cataly-
sis performance [16].

Noble metal colloid is known as a catalyst
for photo hydrogen formation from agueous
solution with using aryl ketone [17-20]. Almost
al these studies have mainly aimed solar energy
conversion in agueous solution, not aimed ap-
plying to organic synthesis in non-aqueous solu-
tion. We have been investigated the preparation
of colloidal noble metal without addition of
stabilizer, and their applications as photo related
catalysts. The systems consisting of colloidal
noble metals and triplet sensitizer were effective
as photocatalysts on dehydrogenative dimeriza-
tion of alcohols and cyclic ethers[21—-23]. These
systems were also applicable for a photocat-
alytic transfer hydrogenation of 1,5-cycloocta
diene (1,5-COD, 1) to cyclooctene (COE, 2)
and cyclooctane (COA, 3) in the presence of
acetone and 2-propanol [24] (Scheme 1).

On the basis of the knowledge of heteroge-
neous catalysts, we attempted the modification
of rhodium colloid catalysts with the light tran-
sition metals. In this paper, we will report selec-
tive hydrogenation of 1,5-COD by the modified
rhodium colloid catalysts, and the effects of
addition of light transition metal.

hv, l) hv, l) O

3
1,5-COD \ / coA

i) Acetone, 2-PrOH, Colloid
1,4-COD 1,3-COD

Scheme 1. Reaction path of phptocatalytic transfer hydrogenation
of 1,5-COD.

2. Experimental

All materials purchased were used without
further purification. TEM (transmission electron
microscope) photographs of colloidal particles
were obtained with Hitachi H-800 transmission
electron micrograph. UV-VIS spectra were
measured with Shimadzu MPS-2000 type spec-
trometer.

Typica photocatalytic transfer hydrogenation
of 1,5-COD with 2-propanol was carried out as
described below. Three milligrams of Rh,(CO),,
(0.016 mmol as Rh), acetone (8 cm?), 2-pro-
panol (32 cm®) and internal standard (n-penta-
decane) were placed in a 40-cm® cylindrical
quartz cell. The solution was deaerated by nitro-
gen bubbling before irradiation. Reaction cell
was irradiated with a 500-W high pressure mer-
cury lamp (Ushio) through UV-25 short-cut fil-
ter (Toshiba, 40% transmission at 250 nm) in a
water bath (20°C). Evolved gas was corrected
by a buret. After an appropriate time, 1,5-COD
(0.2 cm®) was added to the reaction solution and
the liquid phase products were analyzed with
gas chromatograph at an interval time. The
structures of all products were confirmed by
comparison with authentic samples.

In the experiments using additive, all metal
salts were put into the reaction solution before
irradiation and they were confirmed to be dis-
solved completely. Photocatalytic transfer hy-
drogenations were carried out with same man-
ner of rhodium colloid catalysts.

3. Reaults

After a short period of irradiation to reaction
solution containing Rh,(CO),,, its color was
changed from rose red to dark brown, and hy-
drogen gas evolution started. The change of
color was assigned to form colloidal particle
from Rh,(CO),, by irradiation. Fig. 1 showed
the change of UV—-VIS spectra. Characteristic
absorption of Rh,(CO),, around 350 nm disap-
peared and a broad absorption band extended to
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Fig. 1. Change of UV-VIS spectrum of 2-propanol—acetone—
Rh,(CO),, solution through irradiation. Reaction condition: 2-
propanol: 32 mi, acetone: 8 ml, Rh,(CO);,: 3.0 mg, a 20°C,
under N,. Spectrawastaken at 0, 0.5, 1, 2, 4, 6, 8, 10, 13, 16, 20,
24, 28, 32 min irradiated.

long wavelength appeared. New absorption is
attributed to a scattering band caused by highly
dispersed colloidal metal. Although a stabilizer,
such as surfactant or polymer, were not used,
the colloid solution was stable during the reac-
tion.

After an enough period for complete conver-
sion of Rh,(CO),, to colloid, 1,5-COD was
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Fig. 2. Time course of products selectivity on photocatalytic
transfer hydrogenation of 1,5-COD with Rh colloid catalyst. (m)
COA, (@) COE, (a) 1,4-COD, (O) 1,5-COD. Reaction condi-
tion: 2-propanol: 32 ml, acetone: 8 ml, Rh,(CO),,: 3.0 mg, at
20°C, under N,.
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Fig. 3. Time course of products selectivity on photocatalytic
transfer hydrogenation of 1,5-COD with Rh—-Fe (4:1) colloid
catalyst. (m) COA, (@) COE, (a) 1,4-COD, (O) 1,5-COD.
Reaction condition: 2-propanol: 32 ml, acetone: 8 ml, Rh,(CO),,:
3.0 mg, Fe(NO3);-9H,0: 1.5 mg, at 20°C, under N,.

added to a reaction solution. Fig. 2 showed the
time course on photocatalytic transfer hydro-
genation of 1,5-COD with Rh,(CO),, as a pre-
cursor of catalyst. Addition of 1,5-COD de-
creased H , evolution rate by approximately 70%
of before addition. 1,5-COD was isomerized to
1,4-cyclooctadiene (1,4-COD, 4) and 1,3-cyclo-
octadiene (1,3-COD, 5), and cyclooctadienes
were simultaneously hydrogenated to COE. Pro-
longed irradiation gave COA by successive
transfer hydrogenation. The amount of 1,3-COD
was neglected due to high reactivity for hydro-
genation. Maximum selectivity of COE reached
to 86%. The ratio of two step hydrogenation
rates (R), ‘COD to COE’ /*COE to COA’, was
ca. 4.8, namely hydrogenation of COE was
much harder than that of COD.* Therefore,
high selectivity of COE is attributable to the
difference of hydrogenation rate among sub-
strates. The yields of hydrogenated products
dightly decreased by following photochemical
reactions.

Addition of a light transition metal salt
changed a feature of transfer hydrogenation.

! These ratio were calculated from the slopes of the decrease of
compounds.
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Table 1
Effect of additive amount on photocatalytic transfer hydrogenation of 1,5-COD with Rh,(CO),,—FeCl; - 9H,0 catalyst
Rh,(CO),, FeCl; - 9H,0 Fe/Rh H, evolution rate R[(COD to COE)/ Max selectivity
(mg) (mg) (mol /mol) (1st stage) (mmol /min) (COE to COA)] of COE (%)
30 0.0 - 0.051 55 86

0.5 0.08 0.012 15.0 94

15 0.23 0.014 11 94

30 0.48 0.006 11 94

Reaction condition: 2-propanol: 32 ml, acetone: 8 ml, at 20°C, under N,.
H, evolution rate was evaluated before addition of olefine. R were determined from the slope of the decrease of compounds.

Particularly, the modification with FE(NO,); -
9H,0 enhanced the selectivity of COE. The
time course of the reaction with rhodium colloid
promoted with Fe(NO,), - 9H,0 (Fe/Rh = ca
0.25) wasillustrated in Fig. 3. This reaction has
three points of peculiarity compared to the ex-
periment without Fe sat. (1) Addition of
Fe(NO,); - 9H,0 increased the rate of hydro-
genation for both steps, ‘COD to COE and
‘COE to COA’, especidly the latter step was
highly accelerated. As the result, the value of
the rate ratio R, drastically decreased to be
close on unity. (2) The maximum selectivity of
COE reached up to 94%, since hydrogenation of
COE did not proceed during COD remained in
the reaction solution. It means COD prevented
transfer hydrogenation of COE. (3) Hydrogen
gas evolution was depressed by the addition of
Fe salt.

As shown in Table 1, variation of additive
amount gave different behavior on transfer hy-
drogenation of 1,5-COD. Small amount of Fe
sdt (Fe/Rh = ca. 0.08) effectively retarded the
hydrogen evolution and decreased the rate of
transfer hydrogenation for ‘COE to COA’.

However, R value increased up to 15, since the
rate for ‘COD to COE’ was kept in the same
level before addition of Fe salt. On the other
hand, the addition of Fe salt over 25 mol% to
rhodium atom highly accelerated hydrogenation
of ‘COE to COA’, and R value decreased to
1.1. In both cases, the maximum selectivities of
COE were 94%, but the reasons for increase of
selectivities were different.

Other light transition metal salts also affected
on transfer hydrogenation of 1,5-COD.
Ni(NO,), - 6H,0 showed an effect similar to
Fe(NO,); - 9H,0, and Cu(NO,), - 3H,0 con-
siderably reduced the activity of transfer hydro-
genation of COE. The maximum selectivities of
COE were 91% and 89%, and the R values
varied to ca 1 and 10, with addition of Ni and
Cu sdlt, respectively (Table 2).

Fig. 4 showed TEM photograph of reaction
solution with Rh,(CO),. Colloidal particles that
have a diameter of ca 2 nm were found as
primary particles. These particles gathered each
other to form secondary particles that have a
diameter of ca. 20 nm. Secondary particles
formed chain and aggregation and the primary

Table 2
Additive effect by light transition metal salt on the photocatalytic transfer hydrogenation of 1,5-COD with Rh,(CO),, as a precursor of
catalyst
Rh,(CO),, Additive Rh/additive H, evolution rate R[(COD to COE)/ Max selectivity
(mg) (mol /mol) (1st stage) (mmol /min) (COE to COA)] of COE (%)
3.0 none - 0.051 55 86
Cu(NO,), - 25H,0 42 0.031 9.0 89
Ni(NO3), - 6H,0 21 0.030 13 91

Reaction condition: 2-propanol: 32 ml, acetone: 8 ml, at 20°C, under N,.
H, evolution rate was evaluated before addition of olefine. R were calculated from the slopes of the decrease of compounds.
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Fig. 4. Transmission electron micrograph of caoolidal catalyst
species prepared from Rh,(CO);, in acetone and 2-propanol
through photoreaction.

particles were dispersed among them. A solu-
tion containing rhodium and iron gave another
type of dispersion as shown in Fig. 5. The
colloidal particles that have nearly same diame-
ters with above were separated well each other
and aggregated secondary particles were not
observed. The difference caused by the modifi-
cation of the surface nature of particles.

4. Discussion

Scheme 2 exhibited a proposed cycle of the
photocatalytic transfer hydrogenation of 1,5-
COD [24]. This system consists of an alcohol as
a hydrogen donor, acetone as a triplet sensitizer
and a colloid catalyst. Colloid catalyst is formed
photochemicaly from a metal complex in the
reaction solution. Irradiation is also necessary to
carry out the transfer hydrogenation from alco-
hol to substrates. The photocatalytic transfer
hydrogenation requires photo excitation of ace-
tone to abstract hydrogen atom from alcohol.
The abstracted hydrogen atom further transfers
to rhodium colloid. Hydrogen species succes-
sively generate hydrogen gas or transfer to olefin
adsorbed on the surface of colloid. Since the
transfer hydrogenation of olefin occurs on the
surface between absorbed species, the surface

nature of colloid determines the catalytic perfor-
mances. Therefore, the change of reaction fea-
ture in this study by the additive is attributable
to the modification of colloid surface.

As shown in Fig. 1, the UV-VIS spectra
indicated that Rh,(CO),, easily decomposed and
colloidal dispersion was formed during a short
period of irradiation. However, light transition
metal cation such as Fe*' is difficult to be
reduced to metalic state. Since noble metal
colloid works as an electron pool [25], these
particles charge negatively under irradiation.
Consequently, it is rationa that the cation of
light transition metal, such as Fe**, adsorbed on
the surface of rhodium colloid. This type of
modification of surface causes electrostatic re-
pulsion among particles and prevents aggrega
tion of colloids as shown in Fig. 5. Otherwise, if
Fe cation is reduced to metallic state under the
irradiation, it is possible to form Rh—Fe aloy or
doubly shelled colloid [26] as like as Pd—Cu and
Pt—Ni [12—15]. To decide the state of additive
cation, further study is required.

Influence of Fe addition on the transfer hy-
drogenation was summarized to two features.
One is a promotion of hydrogenation ability for
olefins. The additive accelerated transfer hydro-
genation of both ‘COD to COE’' and ‘COE to
COA’, and decreased R value close to unity.

Fig. 5. Transmission electron micrograph of colloidal catalyst
species prepare from Rh,(CO),,—Fe(NO;);-9H,0 (Rh/Fe=
4/1) in acetone and 2-propanol through photoreaction.



166 T.-a. Hanaoka et al. / Journal of Molecular Catalysis A: Chemical 149 (1999) 161-167

/A
X P )
(CH3)2COH O -
°
(CH3),CHOH N,

(CH3),CO
Scheme 2. Proposed reaction mechanism for photocatalytic transfer hydrogenation of 1,5-COD.

This effect is attributable to similar effect of Fe
on the hydrogenation of carbon monoxide with
rhodium catalyst supported on silica [27-31].
Second point is change of affinity between the
surface and olefins. It is known that diolefin is
easily hydrogenated compared to mono-olefin
owing to the difference of affinity against the
surface of catalyst. Prevention of transfer hydro-
genation of COE under existence of 1,5-COD
means that an affinity of 1,5-COD toward the
surface is much stronger compared to that of
COE. Consequently, access of COE to the cata-
lyst surface is blocked by the strongly adsorbed
1,5-COD through a competitive adsorption. In
the case of colloidal rhodium catalyst, transfer
hydrogenation of COE began when 50% of
1,5-COD were consumed. It indicates that the
difference of affinities against the surface be-
tween 1,5-COD and COE was originaly small
on colloidal rhodium catalyst, however it was
enlarged by modification with Fe. Therefore,
the high selectivity of COE was redlized by the
recognition of substrates on the modified sur-
face of catalyst with Fe, not by the difference of
hydrogenation rate between the substrates. The
effects on the transfer hydrogenation by the
addition of other light transition metal salts, Cu

and Ni, were aso plausible to be modification
of the colloid surface.

5. Conclusion

We found that modification of rhodium col-
loid with light transition metal effectively
changed the feature of photocatalytic transfer
hydrogenation of 1,5-COD, and the selectivity
of COE varied by the addition of them. Espe-
cialy, Fe sat accelerated the rate of transfer
hydrogenation for ‘ COE to COA’, and the se-
lectivity of COE reached up to 94%. Addition
of metal salt changed the affinity between the
surface and the substrates through adsorption of
cation on the surface. However, the oxidized
state of additive metals and the structure of
modified colloids are unclear in our study, yet.
We are trying to determine the state, for exam-
ple by Mossbauer experiments.

Colloida catalyst has a benefit to evaluate a
nature of metalic catalyst because of lack of an
interaction with support. We supposed an effect
of additive on the performances of colloid cata-
lyst was one of the clue to understand of addi-



T.-a. Hanaoka et al. / Journal of Molecular Catalysis A: Chemical 149 (1999) 161-167 167

tive effects on heterogeneous metal supported
catalysts.
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