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Abstract

Both Ru3(CO);; and Ru3(CO)9(PPh3); were tested in their ability to hydrogenate and isomerize 1-hexene at 30, 60 and
90°C in the presence and absence of H,. The effect of excess PPh3 was studied and interpreted by the different capacity of the
cluster to replace CO by PPh3 against CO. Some reactions under irradiation with visible light were also performed. The cluster
mixtures obtained in hydrogenation reactions were characterized by IR spectroscopy and shown to contain H4Ru4(CO), and
H4Ru4(CO) 15—, (PPh3), (n = 1-4). Main isomerization products were trans-2-hexene (up to 61%), cis-2-hexene (up to 23%)
and trans-3-hexene (up to 20%). At Hp-pressures of 32 and 48 psi, Ru3(CO);> was more active in hydrogenation, at 16 psi
Ru3(CO)9(PPh3)3; was the better hydrogenation catalyst. 2-Methyl-1-pentene (up to 4%) and 2-methylpentane (up to 0.55%)

were identified as by-products. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that ruthenium cluster compounds,
among these such with phosphine ligands, are cata-
Iytic active in a wide range of reactions, including
hydrogenation and isomerization of olefins, e.g.
[1-16]. Surprisingly, Ruz(CO)9(PPh3)3, one of the
best known substitution products of Ru3z(CO)iy, is
less investigated, which gives rise to study and com-
pare its activity to that of Ruz(CO)j;. In several works
dealing with 1-hexene isomerization and hydrogena-
tion, besides 1-hexene, only n-hexane and cis- and
trans-2-hexene are mentioned as reaction products;
trans-3-hexene, the second stable of the linear hexenes
[17,18], and branched isomers are disregarded even
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in recent literature (presumably because of separation
difficulties due to the use of inadequate gas chro-
matography columns). Thus, another aim of this work
was to get some information about the selectivity
of these catalysts. Finally, we added PPhs to some
of our reaction mixtures to study its effect on cata-
lyst activity and to characterize the resulting cluster
mixtures.

2. Experimental
2.1. Materials
The compound Ru3(CO)y(PPh3)3 was prepared as

described in [19], Ru3(CO)q2 (Strem Chemicals) and
PPh3; (Merck) were commercial and used as received.
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Toluene was dried over sodium before use, 1-hexene
(Aldrich, 97%) was stored over 4 A molecular sieves.

2.2. Catalytic experiments

The catalytic hydrogenation experiments were per-
formed in a 65 ml Fisher—Porter bottle. In a typical
hydrogenation reaction 1.35ml (10.47 mmol) of
1-hexene, 6.0mg (0.0094 mmol) of Ruz(CO)j» or
12.6 mg (0.0094 mmol) of Ruz(CO)9(PPh3)s were
dissolved in 5ml toluene and the reaction mixture
was purged three times with Hy before starting. Reac-
tions without hydrogen were performed under argon,
in glass tubes (2cm x 20cm) containing a rubber
septum. In reactions under Hj, for every reported
time a new reaction was performed. If not communi-
cated otherwise, all reactions were carried out under
exclusion of light. For experiments under irradiation,
light bulbs (visible light) with 7 and 60 W of emis-
sion power were employed. Because reproducibil-
ity of results strongly depends on the purity of
reaction vessels, the glassware was washed with
boiling HCI/HNOj3; mixtures before every run.
In a blank experiment (90°C, 15h, 16psi Ha,
10.47 mmol 1-hexene, 5 ml toluene), the reaction ves-
sel was 100% inactive either in hydrogenation or in
isomerization.

Reactions were monitored using an HP-5890 II
gas chromatograph equipped with a flame ionization
detector and an Al,O3/KCl on fused silica-capillary
column (50m x 0.32mm). Under our experimental
conditions (head pressure of carrier gas Nj: 7 psi;
temperature of injector, detector and column: 170°C)
typical retention times were 15.0 (2-methylpentane,
2m), 15.7 (n-hexane, n), 17.4 (trans-3-hexene, t3),
17.8 (trans-2-hexene, t2), 19.3 (2-methyl-1-pentene,
2ml), 19.5 (1-hexene, h1) and 20.0 min (cis-2-hexene,
c2), respectively, so that the linear hexenes were well
separated, but 2-methyl-1-pentene and 1-hexene were
detected as a merged peak. The compounds were
identified by knowledge of the retention times of most
hexenes, n-hexane and 2-methylpentane. In agree-
ment with the thermodynamic stability of the five
linear hexenes (t2 > t3 > ¢2 > ¢3 > hl [17,18]), no
cis-3-hexene was detected in any reaction mixture.

The IR spectra were recorded on a Bomem FT-IR
spectrometer model MB-100 (16 scans) with a resolu-
tion of 4.0cm™~! and cyclohexane as the solvent.

3. Results and discussion

Ruthenium clusters react with hydrogen forming
hydrido cluster species which are believed to be inter-
mediates in both isomerization and hydrogenation re-
actions. Isomerization of pentenes with H4Ru4(CO)12
has been reported [1]. On the other hand, in hydro-
genation of 1-hexene, usually under high pressure
(10-50bar), isomerization is also observed. However,
there are no reports concerning the effects of the pres-
ence/absence of hydrogen in isomerization reactions.
Therefore, we decided to carry out hydrogenation—
isomerization with Ru3(CO); and Ru3(CO)g9(PPh3)3
under very mild experimental conditions (16—48 psi
Hy, [Ru]/[1-hexene] = 1:371, 30-90°C).

Phosphinesubstituted ruthenium clusters are active
in hydrogenation—isomerization of 1,4-cyclopenta-
diene at 0.9—-1.0bar, and an excess of PPhs has an
inhibiting effect in the activity of Ru3(CO);¢(PPh3),
[10]. Thus, our aim was also to study the effect of the
phosphine substitution at somewhat higher pressures
and to see if there were differences in the inhibit-
ing effect of added PPhs in the catalytic activity of
Ru3(CO)12 and Ru3(CO)9(PPh3); systems.

3.1. Reactions with Hy (with and without PPh3)
under exclusion of light

Even under low Hj-pressure (1648 psi), at 90°C
both Ru3(CO);» and Ru3(CO)g9(PPh3)s isomerize or
hydrogenate 1-hexene almost quantitatively (Table 1,
Fig. 1(A) and (C)), the amount of the hydrogena-
tion product increasing with time and temperature.
In diluted solutions, however, hexane formation de-
creases, as shown for Ru3(CO); in Table 1. At lower
Hj-pressure (16 psi) isomerization with Ruz(CO)1; is
faster than with Ru3(CO)9(PPh3)3, and when increas-
ing Hp-pressure up to 48 psi, Ru3z(CO)1; also becomes
a more efficient hydrogenation catalyst (80.1% of
n-hexane at 48 psi, 15h, TON = 297/Ru). At higher
Hj-pressures (with presumably high concentration of
Ru hydride species in solution) the kinetics of the
reaction may be determined by the accessibility to the
reactive sites of the Ru framework, which in the case
of Ru3(CO)9(PPh3); is expected to be more difficult
owing to the bulky PPhs3 ligands.

In all reactions t2 is the main product. The highest
percentages of c2 are reached at the beginning of the
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Table 1
Reactions with H, under exclusion of light?
Time (h) Py, (psi) Solvent (ml) Temperature (°C) n hl 2 2/t3 t2/c2
Ru3(CO)12

0.5 16 5 90 0.6 253 46.7 3.7 32

1 16 5 90 1.9 5.8 535 2.7 34
15 16 5 90 7.8 3.6 49.9 2.5 34
40 16 5 90 22.6 3.0 41.9 2.5 34
15 32 5 90 58.5 1.0 233 2.7 3.7
15 48 5 90 80.1 0.6 10.8 2.8 3.8
15 16 10 90 6.7 2.7 51.1 2.6 33
15 16 20 90 4.0 5.1 51.6 2.6 33
15 16 5 30 0.4 16.9 55.5 44 3.8
15 16 5 60 2.6 6.5 532 2.7 3.6
Ru3(CO)9(PPh3)3

0.5 16 5 90 0.4 78.7 13.2 315 1.9

1 16 5 90 0.5 43.6 353 16.0 1.9
15 16 5 90 134 5.0 47.7 2.8 35
40 16 5 90 30.7 2.5 375 2.5 34
15 32 5 90 29.8 1.6 39.6 2.7 35
15 48 5 90 37.8 1.2 35.1 2.7 35
15 16 5 30 0.3 69.8 18.5 424 1.7
15 16 5 60 1.5 135 56.7 10.0 2.5

4 Reaction conditions: solvent, toluene; 10.47 mmol hl; 0.0094 mmol cluster; n, n-hexane; hl, 1-hexene; t2, trans-2-hexene; t3,

trans-3-hexene; c2, cis-2-hexene.

reaction or at lower temperature (30°C) when the
reaction is slower (Table 1 for Ru3(CO)9(PPh3)3).
The same is observed when the reaction is drasti-
cally inhibited by addition of high amounts of PPh;
(vide infra and Table 2). At longer reaction times
and 90°C, t2/t3 ratios are between 2.5 and 2.8, t2/c2
ratios are around 3.4, in relatively good agreement

Table 2
Reactions with Hy at 90°C under exclusion of light in the presence
of PPhga

[PPhs]/[cluster] n hl 2 t2/t3 t2/c2
Ru3(CO) 12
9 1.0 71.1 15.8 50.4 1.4
6 0.8 43.7 32.7 12.8 1.6
1 1.1 5.2 53.0 2.6 3.3
0.33 3.6 3.0 52.5 2.5 33
Ru3(CO)9(PPh3);
9 2.1 67.9 16.9 8.6 1.6
6 17.0 6.8 44.9 33 3.0
1 19.9 3.6 434 2.6 3.2
0.33 21.2 1.9 43.8 2.6 3.4

4 Reaction conditions: solvent, toluene (5ml); Py, = 16psi;
reaction time, 15h; 10.47 mmol hl; 0.0094 mmol cluster.

with the results reported by Kallinen et al. [11]
for HRuz(CO)o (13 -n3 -1,3-dithiacyclohexane). Forma-
tion of t3 strongly depends on temperature. At 30°C
the amount of t3 is significant smaller than at 90°C
(Table 1). Small quantities of 2-methyl-1-pentene
(around 4%) and of its hydrogenation product,
2-methylpentane (0.1-0.6%), are also formed by
skeletal rearrangement.

3.1.1. Effect of excess PPhj

When adding PPhs to the reaction solutions
(Table 2, Fig. 1(D)), both hydrogenation and isomer-
ization activity of Ru3(CO)j2 and Ru3(CO)y(PPh3)3
strongly decrease. This effect can be attributed to
the replacement of CO by PPhs (IR Fig. 2, below)
and is much more drastic for Ru3(CO);, than for
Ru3(CO)9(PPh3)3. In Ru-clusters, only one CO is
displaced by one PPhs on each Ru-atom [20-23].
Thus, in solutions of Ru3(CO);» or H4Ruys(CO)jp
(formed from Ru3(CO)p, in presence of H»), three
or four CO, respectively, can be set free (one CO for
one Ru), whereas in solutions of Ru3(CQO)g9(PPh3)3;
(which, in presence of Hj, results in mixtures of
H4Ru4(CO)12_,(PPh3), (n = 1-4, preferably n =
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Fig. 1. Isomerization/hydrogenation of I-hexene under different conditions. (A): Ru3(CO)12, Py, = 16psi, 90°C, without light; (B):
Ru3(CO)12, without Hp, 90°C, without light; (C): Ruz(CO)9(PPh3z)3, Py, = 16 psi, 90°C, without light; (D): Ruz(CO)12, Py, = 16 psi, 90°C,
influence of PPhs; (E): Ru3(CO)j2, without Hp, 7W lamp, 30°C; (F): Ru3(CO);, without Hp, 60 W lamp, 30°C; (-H-)2-methylpentane;
(-+-) 2-methyl-1-pentene; (-*-) cis-2-hexene; (-x-) 1-hexene; (-A-) n-hexane; (-®-) trans-2-hexene; (-V-) trans-3-hexene.

2-3) [20]) the amounts of free CO should be minimal,
becoming quite clear that the concentration of free
CO in a Ru3(CO)1,/PPh3 solution must be much more
higher than in a solution of Ruz(CO)9(PPh3)3/PPhs.
In contrast to PPhs, the very nucleophilic CO is small
enough to compete for active sites of the Ru frame-
work. The catalyst poisoning effect of even small
concentrations of CO has been shown in the iso-
merization of pentenes with H4Ru4(CO)1> [1,3]; the
same effect for an excess of PPhs has been shown in
hydrogenation—isomerization experiments of pentadi-
enes with Ruz(CO)19(PPh3); [10]. Thus, the presence

of PPhj decreases the activity of the cluster, especially
when [cluster]/[PPh3] = 1:9, in which case the pref-
erence for t2 and t3 is less pronounced (Table 2).

3.1.2. Spectroscopic characterization of formed
cluster mixtures

Comparison of the IR spectra (Fig. 2(a) and (b))
of cluster mixtures obtained after the catalytic experi-
ments suggests that Ruz(CO);» in the presence
of Hy (and hl) gives mixtures of Ruz(CO);» and
H4Ru4(CO)17. At longer reaction times, more H4Ruy-
(CO)1, is formed. In the same reaction conditions,
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Fig. 2. FT-IR spectra of reaction solutions: (a) Ruz(CO);2, 0.5h,
16 psi Hy; (b) Ruz(CO)12, 40h, 16 psi Hy; (¢) [Ruz(CO)12]/[PPh3]
= 1:033; (d) [Ruz(CO)12)/[PPh3] = 1:1; (e) [Ru3z(CO)12)/
[PPh3] = 1:3; (f) [Ru3z(CO);2]/[PPh3] = 1:9. Other conditions
as stated in Tables 1 and 2. (+) Absorption of Ruz(CO)j2; ()
absorption of HyRu4(CO)5.

Ru3(CO)9(PPh3); gives an IR similar to that repor-
ted for a mixture of H4Ru4(CO)9(PPh3); and
H4Ru4(CO)o(PPh3)3 [20]. Fig. 2(c)—(f) show the IR
spectra of cluster mixtures obtained in hydrogenation
of hl with Ru3z(CO);, at different [cluster]/[PPhs]
ratios. In this case the addition of PPhs also leads
to mixtures which contain several clusters H4Ruy-
(CO)12—n(PPh3), (n = 1-4). The change of intensity
in absorption bands from Fig. 2(c)—(f) is due to a
higher exchange rate of CO against PPhs. IR spectra
of H4Ru4(CO);2 and H4Ru4(CO)i5_,,(PPh3), (n =

1-4) are in good agreement with those reported in the
literature [20,22]. The IR spectra for cluster mixtures
obtained in the hydrogenation with Ru3(CO)9(PPh3);3
in the presence of PPh; were similar. Thus, in re-
actions under Hy a Ruy cluster framework is built,
with Hy preventing the scission of the Ru3 unit into
mononuclear complexes. But it should be noted that
the catalytically active species may be different from
those isolated afterwards.

3.2. Reactions at 90°C without Hy under
exclusion of light

3.2.1. Ru3(CO)y»

The Ruz(CO)y, isomerizes hl at 90°C within 15h
almost quantitatively (Table 3, Fig. 1(B)) and the pro-
portions of isomeric hexenes are similar to those ob-
served in reactions with H,. The c2 reaches again its
highest percentage at short reaction times and lower
temperatures (30 and 60°C). The drastically decreased
formation of t3 at 30 and 60°C in comparison to 90°C
shows that its formation is thermally induced. In the
90°C reaction both t2 and c2 reach a maximum con-
centration (7.5h, 61.4% and 10h, 19.2%, Table 3,
Fig. 2(b)) and then are converted into t3. Also small
quantities of 2-methyl-1-pentene are observed (4.3%
after 500h, 90°C). After 15h, 90°C, the solution is
still orange-yellow (but becomes colorless at longer
reaction times), showing in the IR spectrum mainly
the typical pattern of Ruz(CO);, and just a few peaks
of degradation products.

Since isomerization is always faster when the
reaction is performed under Hy, it is clear that it takes
place via H-transfer from a hydrido cluster to the
coordinated olefin.

Table 3
Reactions of Ruz(CO), without Hp and under exclusion of light?
Time (h) Temperature (°C) hl t2 2/t3 t2/c2
1 90 779 129 44 27
3 90 428 406 16.0 3.0
15 90 57 584 39 33
100 90 39 561 3.0 33
500 90 3.5 547 27 32
15 30 97.9 1.6 33
325 30 277 554 1050 34
15 60 36.8 475 90.1 3.1

4 Reaction conditions: solvent, toluene (5 ml); 10.47 mmol hl;
0.0094 mmol cluster.
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3.2.2. Ru3z(CO)o(PPh3)3

The behavior of Ru3(CO)o(PPh3)3 is quite different
without Hy, the cluster being nearly inactive at 30, 60
and 90°C (maximal 8.8% consumption of h1 after 15h
at 90°C). At 90°C the red—violet Ru3(CO)9(PPh3)3 is
no longer present in solution (almost nothing at 60°C,
nearly completely present at 30°C), being replaced by
yellow products and consumption of hl stops in the
first hour. According to Keeton et al [24], mononuclear
complexes are formed when heating Ru3(CO)9(PPh3)3
in hydrocarbons.

The lack of reactivity when the Ru3 unit is decom-
posed shows that an intact cluster framework is es-
sential for catalytic isomerization. Moreover, when
remaining intact at 30°C, isomerization with Ruz(CQO)g
(PPh3)3 is faster in the presence of Hp and the so
formed hydrido cluster compounds. Without Hj iso-
merizatin of hl is slower with Ru3(CO)9(PPh3);3
than with Ru3(CO);;. Since in the absence of Hj
isomerization only can occur by the formation
of a m-allyl intermediate [25], it seems that the
presence of PPh3 in Ruz(CO)9(PPh3)3 inhibits its
formation.

3.3. Reactions at 30°C under irradiation
and without H»

For irradiation experiments we chose visible light
because the electronic spectrum of Ruz(CO)jp is
dominated by an intense absorption band centered
at 392nm (¢ ~ 7.7 x 10°M~! cm") and Ru3(CO)g
(PPh3)3 exhibits an intense visible absorption maxi-
mum at 506nm (¢ ~ 14 x 10° M~ 'ecm™!) [26,4]. It
appeared that under irradiation conversion of hl to
the linear isomers also depends on the lifetime of the
Ruz unit. The more intense the light power the faster
solutions of Ru3(CO)j> become colorless (formation
of Ru(CO)s, [27]) and isomerization stops (Table 4,
Fig. 1(E) and (F)). Thus, isomerization is more ef-
ficient and also faster with a 7W than with a 60 W
daylight bulb (85.5 and 49.8% conversion of hl after
300h). Both t2/t3 and t2/c2 ratios differ significantly
from those obtained at 90°C. More t2 is formed and
concentration of t2 increases with the power of emis-
sion light. The t3 concentrations lower than in reac-
tions at 90°C show again the temperature dependence
of t3 formation. In contrast, Ru3z(CO)y9(PPh3); is
nearly inactive (4% of hl conversion with 7W, 5.2%

Table 4
Reactions with Ru3(CO);> under irradiation at 30°C without H,?
Time (h) hl t2 ©2/t3 t2/c2
7W lamp
12 85.1 11.5 6.9 14.2
36 61.1 31.0 6.1 11.1
84 33.8 494 5.6 6.1
156 21.3 56.6 5.6 4.7
300 14.5 60.6 5.8 4.2
60 W lamp
12 83.6 13.7 6.6 19.6
36 66.0 27.7 6.0 16.0
84 54.0 36.7 5.6 13.6
156 50.6 39.3 5.5 13.1

4 Reaction conditions: solvent, toluene (5 ml); 10.47 mmol hl;
0.0094 mmol cluster.

with 60 W, each after 300h) due to rapid formation
of yellow products (cleavage of the Ruz unit [7]).

4. Conclusions

Isomerization of 1-hexene with Ru3(CO);» and
Ru3(CO)9(PPh3)s takes place only when the cluster
framework remains intact. When the Ru—Ru bonds of
the cluster are disrupted, as in reactions of both clus-
ters under irradiation or when Ru3(CO)g(PPh3);3 is
used in the absence of H», mononuclear compounds
are formed and isomerization stops. The presence of
H, has two effects in isomerization reactions: firstly,
in the presence of Hj stable active ruthenium hydrido
clusters are formed; secondly, these hydrido clusters
also show a higher rate in 1-hexene isomerization than
the nonhydrido compounds, indicating that isomer-
ization by the hydrido cluster compounds proceeds
by H-transfer to the coordinated olefin. The catalytic
activity of both Ruz(CO)j2 and Ruz(CO)9(PPh3)3 in
hydrogenation and isomerization is hindered by an
excess of PPh3. Ru3z(CO)9(PPh3); is more tolerant
against the addition of PPhs than Ru3(CO)j,, since
no CO is replaced by PPh3 and so no free CO comes
in solution to block active coordination sites. In the
hydrogenation—isomerization reaction, first t2 and
c2 are formed, and the concentration of the second
reaches its highest concentrations at the beginning of
the reaction. The t3 isomer, often not mentioned, is
formed almost at higher temperature from c2 and t2
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and reaches up to 20% of the product mixture after
long reaction times.
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