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Abstract: The hydrogenation of benzene to give cyclohexane, catalysed under biphasic conditions by the
water-soluble trinuclear arene ruthenium cluster cations [H3RU5(CgHE)(CgMeg),(O)F (1), [HzRu,(CgHsMe)
(CeMeg),(O)]* (2), [HzRu(1,4-MeCygH,Pr)(CgMeg),(O)]* (3), [H3Ru4(1,2,4,5-CgH,Me,)5(O)]+ (4), [HyRuz{CgH5
(CH,),OH}(CgMeg),(O)]* (5), and [HzRus{CgH5(CH,);OH}CgMeg),(O)]* (6), is believed to occur within the
hydrophobic pocket spanned by the three arene ligands of the trinuclear cluster, thus forming a supramolecular
catalyst-substrate host—guest complex. This paper is a short overview of our research efforts directed to a

new catalytic concept for which we coined the term ‘supramolecular cluster catalysis’.
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1. Introduction

Organometallic catalysis is generally sup-
posed to proceed through a catalytic cycle
that involves the coordination of the sub-
strate, either by ligand substitution or by
oxidative addition, transformation of the
coordinated substrate, and the liberation of
the product, either by decoordination or by
reductive elimination (Scheme 1) [1]. Clas-
sical examples which have been studied in
great detail are the hydrogenation of olefins
with Wilkinson’s catalyst [2] and the car-
bonylation of methanol with rhodium io-
dide (Monsanto Process) [3]. The complete
characterisation of the intermediates of the
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latter process and the proposal of a well-es-
tablished catalytic cycle represents one of
the triumphs of organometallic chemistry
[4]. In all these reactions, the elementary
steps of the catalytic process are believed to
occur within the first coordination sphere of
the organometallic catalyst [5].

Only recently catalytic mechanisms
without coordination of the substrate to the

metal centre of the catalyst molecule have
been considered [6][7], based on accumu-
lating evidence for hydrogen transfer with-
in merely hydrogen-bonded substrate-cata-
lyst complexes in the case of catalytic ke-
tone transfer hydrogenation reactions [8]
and for oxygen transfer via direct olefin at-
tack to the oxo ligand of the catalyst in
epoxidation reactions [9].
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Scheme 1. A conventional catalytic cycle for the mechanistic under-
standing of a hydrogenation reaction with an organometallic catalyst (A =
substrate, M = metal, L = ligand), the elementary steps being: 1) disso-
ciation of a ligand, 2) coordination of the substrate, 3) oxidative addition
of hydrogen, 4) migratory rearrangement of the ligands, and 5) reductive

elimination of the product
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2. Hydrogenation of Benzene

The hydrogenation of benzene to give
cyclohexane is an industrial process which
is carried out on a millions of tons per year
scale; cyclohexane being the basic product
for the production of nylon via adipic acid.
The industrial catalysts for benzene hydro-
genation are heterogeneous catalysts of the
Raney nickel or nickel on alox type, which
work at high temperature with gas-phase
benzene [10]. Following Sabatier’s original
discovery of benzene hydrogenation catal-
ysed by finely divided nickel in 1901 [11],
there has been an enormous amount of
work in this area, but this reaction remained
predominantly a field of heterogeneous
catalysis [12]. Most organometallic com-
plexes known to catalyse the homogeneous
hydrogenation of olefins, ketones or ace-
tylenes fail in the case of benzene or other
aromatics; the first example of a homoge-
neous benzene hydrogenation catalyst be-
ing (C;H5)Co[P(OMe);], reported in 1974
by Muetterties [13]. Other examples in-
clude (CcMeg),Ru [14], HyRu,(CMe),Cl
[15],  H,Ru(H,),(Pcy;), [16], [H,Ru,
(CcH)4ICl, in water [17] or ionic liquids
[18], Ru,(C H),Cl, [19], Rhy(CsMes),Cl,
in combination with NEt; [20]. The most
significant development in the field of ho-
mogeneous benzene hydrogenation result-
ed in the Dimersol process by the Institut
Francais du Pétrole, based on nickel or
cobalt alkoxides, acetylacetonates or car-
boxylates and trialkylaluminium activators
[21], which appears to be a viable homo-
geneous alternative to the heterogeneous
technology of industrial benzene hydro-
genation [22]. A new generation of homo-
geneous arene hydrogenation catalysts on
the basis of niobium and tantalum hydride
derivatives has been published by Roth-
well, e.g. Nb(OC,HPh,-2,3,5,6),Cl; in
combination with BuLi [23].

C¢Hy +3H, — CH,,

For some organometallic benzene hy-
drogenation catalysts the true nature of the
catalytic species remained for a long time a
debatable point (‘is it homogeneous or het-
erogeneous catalysis?’) [24]. In the case of
the putative homogeneous [(CgH ;);NMe]
[RhCl,] ion pair catalyst [25], Finke and
coworkers were able to demonstrate in a pi-
oneering paper that rhodium(0o) nanoclus-
ters are the true catalysts (‘soluble hetero-
geneous catalysts’) [26]. On the other hand,
rhodium colloids obtained from a mixture
of [(C ,H,,,;)NMe,(CH,CH,OH)|Br with
rhodium powder in water give a reusable
suspension for the catalytic hydrogenation
of benzene [27].

3. Supramolecular Cluster Catalysis

In 1999 we discovered that the cluster
cation [H;Ru,(CH)(CMe(),(O)]* (1),
employed as the water-soluble tetrafluorob-
orate salt, efficiently catalyses the hydro-
genation of benzene to cyclohexane under
biphasic conditions [28]. From mass spec-
troscopic measurements and from molecu-
lar modelling studies, it can be concluded
that the substrate molecule is incorporated
in the hydrophobic pocket spanned by the
three arene ligands in 1 (Fig. 1), suggesting
the catalytic reaction to occur within this
host-guest complex without prior coordina-
tion of the substrate (‘supramolecular clus-
ter catalysis’) [29].

Fig. 1. Molecular structure of cation 1, the
three arene ligands forming a hydrophobic
pocket underneath the Ru, plane

The catalyst molecule 1 can accommo-
date the substrate molecule benzene in its
hydrophobic pocket formed by the three
arene ligands and place it in a perfect posi-
tion underneath the Ru, face opposite to the
oxo cap of the cluster. This may be possible
as, under biphasic conditions, the hydro-
phobic substrate tries to escape from the
aqueous medium. In the resulting supra-
molecular catalyst-substrate  host-guest
complex, the substrate molecule is not co-
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ordinated to ruthenium but interacts with
the Ru, surface only through weak inter-
molecular interactions. The catalytic hy-
drogenation is believed to occur within this
supramolecular host-guest complex in a
three-step mechanism (Scheme 2): Transfer
of two hydrogen atoms from the cluster
molecule to the substrate within the cluster-
benzene complex leads to a cluster-cyclo-
hexadiene complex, in which the unsa-
turated cluster [HRu,(CHy)(C Mey),(0)]*
would react with molecular hydrogen to re-
generate [H;Ru;(CoHy)(CoMey),(0)]* (1),
capable of transferring two hydrogen atoms
to the cyclohexadiene molecule. In the
resulting cluster-cyclohexene complex,
the unsaturated cluster [HRu,(CH¢)
(CeMe(),(O)]* would again react with H,
to regenerate 1, which would again transfer
two hydrogen atoms to the substrate. The
cyclohexane formed would leave the hy-
drophobic pocket, while 1 is regenerated
with molecular hydrogen. At the end of the
catalytic reaction, 1 is recovered unchanged
as the tetrafluoroborate salt.

No arene ligand substitution is observed
during the catalytic reaction: If the catalyt-
ic hydrogenation of benzene is carried out
with hexadeuterobenzene as the substrate
(catalyst/substrate ratio 1:1000, 110 °C,
60 bar), the reaction yields as expected
1,2,3,4,5,6-hexadeuterocyclohexane, while
cluster 1 still contains one C;H, and two
C¢Me, ligands (and no coordinated C¢Dy)
after the catalytic reaction. This observa-
tion rules out an mM°-coordination of the
substrate to a metal centre in this catalytic
reaction, suggesting only supramolecular
effects for the interaction between the cata-
lyst and the substrate. This hypothesis is
further supported by the striking substrate
selectivity of the cluster catalyst: Only
benzene and moderately hindered benzene
derivatives are efficiently hydrogenated to
give the corresponding cyclohexanes;
1,2,4,5-tetramethyl- and hexamethylben-
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Scheme 2. Proposed mechanism for the stepwise catalytic hydrogenation of benzene to cy-
clohexane within the hydrophobic pocket (dashed line) spanned by the three arene ligands of
the intact trinuclear cluster cations 1-6 (arene ligands and oxo cap omitted for clarity)
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zene are not hydrogenated at all by 1 under
the same conditions. Obviously the cluster
cation recognises benzene and simple ben-
zene derivatives; highly substituted ben-
zene derivatives are too bulky to fit into its
hydrophobic pocket.

The morphology of the hydrophobic
pocket can be adapted by modifying the
arene ligands in the trinuclear cluster
cation, the limitation being the stability of
the triruthenium framework: A cluster
cation analogous to 1 containing three
hexamethylbenzene ligands cannot be syn-
thesised, as three C,Me, ligands are too
bulky for a trinuclear cluster, and the corre-
sponding cluster cation with three C,Hg
ligands is unstable under hydrogenation
conditions [30]. However, the cluster
cations containing two hexamethylbenzene
ligands and another arene ligand, [H;Ru,
(C¢HsMe)(CyMe),(0)]* (2), [H;Ruj(1,4-
MeCH,Pr’)(CcMey),(0)]*  (3), [H;Ru,
{C¢H5(CH,),0OH}(CMe(),(O)]* (5), and
[H;Ru;{CH5(CH,);OH }(C;Me(),(O)]*
(6), have been prepared by analogy from
the dinuclear precursor [H;Ru,(C;Me),]*
and the corresponding mononuclear arene
ruthenium triaqua complex [31], while the
only symmetrical complex [H;Ru,(1,2,4,5-
C¢H,Me 4)3(0)]+ (4) containing three durene
ligands is accessible from (durene)rutheni-
um dichloride dimer and hydrogen in aque-
ous solution [32]. All these cationic com-
plexes 2—6 catalyse the hydrogenation of
benzene under biphasic conditions in the
same way as 1 (Table), the most active cat-
alyst being the toluene derivative 2 and the
least active one the para-cymene derivative
3. Presumably, there is a fine balance be-
tween steric and electronic effects: Toluene
as the third arene ligand forms a hydropho-
bic pocket similar to that formed by ben-
zene but, as it is more electron-rich, the
activity of 2 is slightly higher than that of 1.
However, with the bulkier para-cymene
ligand the hydrophobic pocket seems to be

Fig. 2. Molecular structure of cations 5 at 25%
probability level, H atoms and PF4 omitted for
clarity
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Table 1. Hydrogenation of benzene to give cyclohexane under biphasic conditions?

Catalyst

[H3RU5(CgHg)(CMeg),(O)I[BF ]
[H3Rus(CgHsMe)(CgMeg),(O)][BF ]
[H3Ru5(1,4-MeCgH,Pr')(CsMeg),(O)I[BF ]
[H3Ru4(1,2,4,5-CgH,Me )5 (O)][BF 4]
[H3Ru5{C¢H5(CH,),OH}(CMey),(O)I[BF ]
[H3Ru5{C¢H5(CH,)3OH}(CMeg),(O)I[BF ]

Cation Yield [%]° TON®  TOF [h-')d
1 76 760 190
2 83 828 207
3 14 140 35
4 15 150 37
5 56 560 140
6 50 500 125

@ Conditions: H,O 10 ml, catalyst 0.01 mmol, benzene 10 mmol, hydrogen pressure 60 bar,
temperature 110 °C, stirring frequency 900 min-!

b Determined by gas chromatography

¢ Catalytic Turnover Number: mol product formed per mol catalyst
d (Mean) Catalytic Turnover Frequency: mol product formed per mol catalyst and per

time unit

less accessible, for this reason 3 is the least
active catalyst despite its electron-rich
character.

4. Isolation of the Supramolecular
Catalyst-Substrate Host-Guest
Complexes

In the case of the cluster cations 5 and 6,
containing a (CH,), OH (n = 2, 3) side-arm
at the benzene ligand, we were able to iso-
late the catalyst—substrate host-guest com-
plexes [C;H,5][PF] and [C;Hc6][BF,]
and to characterise these supramolecular
intermediates postulated by single-crystal
X-ray structure analysis [31]. A structural
comparison of 5 and [C6H6C5]+ shows
almost identical geometrical parameters;
differences appear only at the periphery
(Fig. 2).

In the two catalyst-substrate complexes
isolated, the substrate guest is received by
the catalyst host in an inclined fashion in-
side the hydrophobic pocket: In [C(H,=5]*,
the angle formed by the C, plane and the
Ru, plane is 66.78(7)°, while it is 88.63(9)°

in [C6H6c6]+, the shortest distances be-
tween the metal-bound hydrogen atoms and
the closest carbon atoms of the benzene
guest molecule being 3.49 and 3.69 A in
[C{HSST*, and 326 and 3.77 A in
[CcHe6]" (Fig. 3).

The direct observation of the catalyst-
substrate host-guest complexes was the
missing link in the concept of supramolec-
ular cluster catalysis. The isolation and the
X-ray crystallographic characterisation of
[C,HS1[PF,] and [C,H,<6][BF,] now
allow a deeper mechanistic insight into this
catalytic reaction.

5. Conclusions

The catalytic systems described herein
lie at the interface between homogeneous,
heterogeneous and enzymatic catalysis
(Fig. 4): As in homogeneous catalysis, the
catalysts are soluble molecular species, as
in heterogeneous catalysis, the reaction
takes place in a two-phase system, and as in
enzymatic catalysis, there is molecular
recognition of the substrate by the catalyst.

(51

[CeHs=5]"
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4. Supramolecular cluster catalysis at the

interface between homogeneous, heteroge-
neous and enzymatic catalysis

Furthermore, these catalysts are devoid
of expensive ligands: They can be formally
regarded as solubilised ruthenium ions, the
ligands provided either by the solvents
(arene or water-derived anions) or the gas
(H,).
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