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Abstract

A critical review of the use of soluble transition-metal nanoclusters for the hydrogenation of monocyclic aromatic com-
pounds is presented. The review begins with a brief introduction to arene hydrogenation and to nanocluster science. The
introductory material is followed by a detailed discussion of the approximately 20 papers in the literature that deal with
the use of soluble transition-metal nanoclusters for the hydrogenation of monocyclic aromatic compounds. Metal particle
catalysts on solid supports are not reviewed herein, and are considered only as far as they serve to compare and contrast with
soluble transition-metal nanoclusters. The major findings of this review are: (i) soluble nanocluster catalysts are implicated
as the true catalysts in many putatively “homogeneous” arene hydrogenations; (ii) with few exceptions, nanocluster catalysts
used for arene hydrogenation are poorly characterized:; (iii) soluble nanocluster catalysts for arene hydrogenation have modest
activity and lifetime; (iv) Rh and Ru are used almost exclusively as the active metals; (v) two catalyst systems, one developed
by Roucoux and co-workers and the other by our own research group, stand out from the rest in terms of activity and lifetime;
(vi) selective arene hydrogenation, especially for the synthesis of thsallastereomer of substituted cyclohexanes, has
received considerable attention and is a promising area for future study and, perhaps, fine chemical applications (selectivities
>90% for the alleis diastereomer have been achieved by several groups).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction istry with Victor Grignard in 1912. To this day, the hy-
drogenation of monocyclic arenes is an active area of
1.1. Arene hydrogenation research{3-11]. The production of substituted cyclo-

hexanes from the corresponding substituted arenes is a
Sabatier and Senderefis2] hydrogenated benzene —goal of much of this resear¢h2-15} The hydrogena-
for the first time a century ago using finely divided tion of benzene to cyclohexane is probably the most
nickel as the catalyst. For his studies of the hydrogena- important industrially practiced arene hydrogenation
tion of organic compounds in the presence of metallic reaction, the cyclohexane being used primarily in the
catalysts, Sabatier shared the Nobel Prize in Chem- production of adipic acid, a precursor to nyldr,17]
Partial arene hydrogenation to cyclokeesis also
- , _ , _an active area of resear¢®,18-20] An example of
_ Based on a chapter in Jason A. Widegren's Ph.D. Thesis, ;q chemistry is the partial hydrogenation of benzene
Colorado State University, 2002.

* Corresponding author. Fax:1-970-491-1801. to cyclohexene Eq. (1), which is practiced indus-
E-mail addressrfinke@lamar.colostate.edu (R.G. Finke). trially by Asahi Chemical Industry in Japan using a
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heterogeneous Ru cataly&tl]. anthraceng32—-34)! because, at least under mild con-
ditions, monocyclic arenes are more difficult to hydro-
genate]6,35].2
2H, o Monocyclic arene hydrogenation is typically per-
formed with heterogeneous catalysts of Group VI
(2) metals, such as Rh/AD3; and Raney nick€l36]. The

catalytic activity of such metals for the hydrogenation
Arene hydrogenation has also garnered inter- of benzene and alkylbenzenes decreases in the order

est because of the demand for cleaner-burning, Rh > Ru> Pt> Ni > Pd> Co[36,37] Metal sul-
low-aromatic-content diesel fuel§], which has been  fides, including Mog and WS, are another important
stimulated in part by the discovery that diesel exhaust class of heterogeneous arene hydrogenation catalysts,
particles contain powerful carcinogef22], particles ~ eSpecially for petroleum refining8—41} In general,
which also contribute to the prevalence of asthma @nd as Gateg4l] has noted, “the most active metal
and nasal allergief23,24] Hydrogenating aromatic sulfldes are typically se\_/eral orders of magnitude less
polymers is also of current interest because the re- actlye than the most active metal catalysts”, but metal
sultant polymers can have dramatically improved sulfide catalysts are useful because sulfur compounds
thermal and oxidative stability as well as improved do not (further) poison them. .

optical properties[25]. For example, hydrogena- There haye also been several claims of homo-
tion of polystyrene to poly(cyclohexylethylengds] geneous,'smgle-metal-complex catalysts capable of
(Eq. (2), converts benzylic C—H bonds into more sta- monocyclic arendwydrogenatior4,42] _(see footnote

ble aliphatic C~H bonds. Dow Plastics is developing 1)- Unfortunately, these catalysts typically have poor
a commercial polystyrene hydrogenation process, and catalytic activity[42], th(_are is usually little ewdgnce
intends to use the poly(cyclohexylethylene) in opti- to suppor_t the hypothesis that the true catalyst in these
cal media applications such as digital versatile discs SyStems is homogeneotisnd several such claimed
(DVDs) [26]. As a second example, hydrogenation

of aromatic rings in lignin, a biopolymer, has been 1 The hydrogenation opolycyclic arenes such as naphthalene
suggested as a way to inhibit the oxidative yellowing and anthracene with homogeneous, mononuclear catalysts is well
(from quinone formation) of paper made from me- established. For _example, Halper_n and co—worlﬁéﬁs_r34]present
chanical pulps[27—30} In short, monocyclic arene compelling kinetic plus other evidence that certaononuclear

. . . ) Ru and Rh hydrido complexes are homogeneous catalysts for
hydrogenation is still a very important research area poiycyclic arene hydrogenation.

in catalysis. 2 The hydrogenation of a monocyclic arene results in a greater
loss of resonance stabilization energy than the hydrogenation of one
H H of the rings in a polycyclic arene. Consider the following com-

parison as an illustration of this point. The resonance stabilization
energies of benzene and naphthalene can be estimated as 36 and
61 kcal/mol, respectivel{85]. Upon hydrogenation, benzene loses
> all 36 kcal/mol of resonance stabilization energy. In comparison,
when naphthalene is hydrogenated to tetralin (i.e., 1,2,3,4-tetrahy-
dronaphthalene) it retains36 kcal/mol of resonance stabilization
(2) energy in the remaining aromatic ring, so oni25 kcal/mol is lost.
3 The monocyclic arene hydrogenation catalysts developed by
. . e ROthW6||[4], such as [T OC6H3(C6H11)2-2,6 2(H)3(PM92Ph)2],
The hydrogenation of arenes Is more difficult to cat- are an exception to th?s statement. Thesg\/ Ny T2/ hydrido
alyze than the hydrogenation of simple olef{@4]. aryloxide complexes are almost surely true homogeneous catalysts
This is as expected because at least some fractionbased on the following evidence: (i) the reduction of'Ntr Ta"

of the resonance stabilization energy that is lost dur- by hydrogen is implausible under the reaction conditions, so the
ing arene hydrogenation appears in the transition stateformatlon of Nb(0) or Ta(0) metal particles is extremely unlikely;

f th te-det .. ¢ H . distincti . (ii) the observed selectivity of the catalyst for the intramolecular
0 € rate-aetermining step. Herein a distinction 1S hydrogenation of the aryloxide ligands is consistent with a ho-

made between monocyclic arenes (e.g., benzene andyogeneous mononuclear catalyst, but difficult to explain if the
toluene) and polycyclic arenes (e.g., haphthalene andtrue catalyst is heterogeneousrtho-phenyl substituents on the

3n H,
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mononuclear “homogeneous” catalysts have more [48,58} (i) the chemical reduction of transition-metal
recently been shown to be heterogeneous, solublesalts; (ii) the electrochemical reduction of transition-

nanocluster catalystgl3—-45] a point we will return

metal salts; (iii) thermal or photochemical decom-

to in a moment. The use of soluble nanoclusters as position of transition-metal precursors; (iv) ligand

catalysts for monocyclic arene hydrogenation has re-

reduction and displacement from organometallic com-

ceived increased attention in recent years, and is thepounds; and (v) metal vapor synthesis. Some synthetic

focus of this review.

1.2. Background information on transition-metal
nanoclusters

For the purposes of this review, transition-metal
nanoclusters[46-61] are defined as metal parti-
cles with a diameter in the 1-10nm rang#9].

Such particles have generated intense interest in re-
cent years because of the fundamental interest in

these “strange morsels of mattgB2], and because
of their many potential use$48,50,58] Modern
transition-metal nanoclusters differ from classical
colloids in several important resped#6,49] Mod-
ern transition-metal nanoclusters are generally: (i)
smaller (1-10 nm in diameter) than classical colloids
(typically >10 nm in diameter); (ii) isolable and redis-
solvable (“bottleable”), unlike classical colloids; (iii)
soluble in organic solvents (classical colloid chem-
istry is typically aqueous); and (iv) well defined com-
positionally, unlike classical colloids. Additionally,
modern transition-metal nanoclusters typically have:
(v) narrower size dispersions than classical colloids;
(vi) clean surfaces (less to none of the YO?~, OH~,
H>0 or polymers that are prevalent in classical colloid
chemistry); (vii) reproducible syntheses; (viii) repro-
ducible (= +£15-20% catalytic activities (unlike the
irreproducible, ofter= £500%, catalytic activities of
classically prepared colloid46,63]). Catalysis is an
especially important area of nanocluster science in

that processes already exist that could potentially use

techniques use a combination of these five methods;
e.g., sonochemicgb4] preparations of nanoclusters
involve either (i) or (iii) or a combination of (i) and
(i) [64—69] Of the five methods, the chemical reduc-
tion of transition-metal salts is by far the most com-
mon. For example, all but orj&59] of the nanocluster
arene hydrogenation catalysts Tiable 1were pre-
pared by the chemical reduction of a transition-metal
salt. Solubility is often an advantage in nanocluster
syntheses, and has even allowed the use of powerful
HPLC separation methodologi§g0—74]*

1.2.2. Stabilization

Transition-metal nanoclusters are only kinetically
stable because the formation of bulk metal is the
thermodynamic minimunj49,75]° Therefore, nan-
oclusters that are freely dissolved in solution must be
stabilized in a way that prevents the nanoclusters from
diffusing together and coalescing—any such agglom-
eration would eventually lead to the formation of the
thermodynamically favored bulk metd#19]. Nan-
ocluster stabilization is usually discussed in terms
of two general categories of stabilization, electro-
static and steri([76,77] Electrostatic stabilization
is achieved by the coordination of anionic species,
such as halides, carboxylates or polyoxoanions, to
the coordinatively unsaturated surface metal atoms
of the metal particleg§76]. This results in the for-
mation of an electrical double-layer (really a diffuse
electrical multi-layer)[78], which causes coloumbic

nanoclusters as “soluble analogs of heterogeneous 4 The use of chromatographic techniques, such as HPLC, for the

catalysts[49] to improve catalytic rates, selectivities
or possibly even lifetimes.

1.2.1. Synthesis
The synthesis of soluble transition-metal nanoclus-

ters has been accomplished using five general methods[

aryloxide ligand are hydrogenated, while hydrogenation of phenyl
rings metaor para to the aryloxide oxygen is not observed nor is
hydrogenation of the phenoxide nucleus itself ever obserj4d)

purification of transition-metal nanoclusters is still rare, however,
with the work to date focusing on gold nanoclusters. Hence, it is
not yet clear how widely applicable chromatographic techniques
will be in nanocluster science.

5 From the enthalpies of vaporization (i.e., ighoring solvation
effects), one finds that the bulk metal is 133, 155 and 160 kcal/mol
more stable than single Rh(0), Ru(0) and Ir(0) atoms, respectively
75]. Obviously, nanoclusters are more stable than isolated metal
atoms because they have many metal-metal bonds, but they are
still less stable than the thermodynamic sink of bulk metal, in
which every metal atom has the maximum possible number of
metal-metal bonds.
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repulsion between the nanoclusters. Steric stabiliza- lysts for some reaction$48,85] Relevant here is
tion is achieved by the presence of bulky, typically Schmid’'s[85] study of the ligand-modified selectiv-
organic materials that, due to their bulk, impede ity of nanocluster catalysts for the hydrogenation of
the nanoclusters from diffusing togethigi6]. Poly- 2-hexyne, an important precedent thatsages a new
mers, dendrimers and large alkylammonium cations area of ligand-modified, highly selective, nanocluster
are examples of organic steric stabilizers. Some catalysts
types of stabilizers provide both steric and electro-  Perhaps the most important, albeit still under-exp-
static stabilization—the 15 12 A, highly charged loited, advantage of soluble nanocluster catalysts is
P,W15NbsOg2°~ polyoxoanion is presently the pre- that they are easier to study and, therefore, to optimize
mier example of such a “Gold Standar{’9] nan- than traditional heterogeneous catalysts. Their solubil-
ocluster stabilizing anio48,49,79] The choice of ity allows the use of analytical techniques in solution
stabilizer also allows one to tune the solubility of such as high resolution NM@6-90] solution-phase
the nanoclusterf80,81] For example, the transfer of IR [83,91-96] and homogeneousolution-phase ki-
nanoclusters from organic solvents to water (and vice netic and mechanistic studi¢87]. The absence of
versa) has been demonstrated using phospldfg support material generally simplifies characterization
or pyridine[82] stabilizers of soluble nanoclusters by eliminating the heterogene-
ity and other effects of the solid supp¢@8].
1.2.3. Advantages of nanoclusters as soluble metal

particle catalysts 1.2.4. Disadvantages of nanoclusters as soluble

The use of soluble nanocluster catalysts for arene meta| particle catalysts
hydrogenation provides some advantages over tradi-  gojyble nanocluster catalysts also have disadvan-
tional metal particle heterogeneous catalysts on solid ages compared to traditional heterogeneous catalysts
supportsKig. 1). To begin with, nanoclusters are often  (Fig. 1). The greatest disadvantage of at least the
more active under mild conditions than corresponding presently known soluble nanocluster catalysts is their
supported metal particle cataly$ts3,162} This must  poorer stability towards agglomeration in comparison
be due to the number and type (degree of coordina- to metal particle catalysts on solid supports. Reports
tive unsaturation) of the active sites present, which is of nanoclusters that are thermally stablesiiution
a function of the conditions under which the catalysts 4t ~100°C are rare[99-106] Of these, the solvent
are prepared. Traditional heterogeneous catalysts ar&and chloride[48]) stabilized Pd nanoclusters pre-
typically prepared at high-temperatures, which causes pared by Reetz and Lohmét04] have the highest
annealing to the most stable (but probably not the most gemonstrated thermal stability; a propylene carbon-
active) surface structuf83]. On the other hand, solu-  te solution of the Pd nanoclusters shows no visually
ble nanoclusters are typically synthesized under mild gphservable formation of bulk metal even after sev-
conditions, resulting in a tendency towards kinetically grg] days at 140-15%; unfortunately, the apparent
controlled surface structurg84]. Based on studies  gpsence of agglomeration was not verified by trans-
of CO adsorption on nanocluster surfaces, de Caro mjssion electron microscopy (TEM) in that study.
and Bradley[83] conclude that “surface irregularity is  Reetz’s[104] nanoclusters were also shown to cat-
probably to be found for colloidal metal particles in  gjyze Heck coupling reactions at temperatures as high
most, if not all, cases where the preparation conditions a5 160°C, a record reaction temperature for a soluble
do not lead to annealing of the as-prepared surface”. nanocluster catalyst. Two other thermally stable nan-

A second advantage of soluble nanocluster cata- gcluster systems of note are the polymer-stabilized Pd
lysts is that they have been found to be more selective nanoclusters developed by Bradley and co-workers
than corresponding traditional heterogeneous cata-[102] and Antonietti and co-workerfl03], both of
— which were used to catalyze Heck coupling reac-

6 As a third example, with the use of appropriate thiolates the tions. These two nanocluster systems show excellent

solubility of thiolate-stabilized nanoclusters can be changed easily, . . e . ,
ranging from water to nonpolar solven[81]. Of course such stability and catalytic lifetime at 140C; Bradley's

nanoclusters are of little interest for catalysis because they are POIY(Vinylpyrrolidone)-stabilized nanoclusters are ca-
thiolate-poisoned (vide infra). pable of 100000 total turnovers (TTQ102], and
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Nanoclusters as Soluble Analogs

of Heterogeneous Catalysts

i

Advantages:

e Ease of study (and
optimization) due to solubility
and lack of support material

¢ Relatively good activity under
mild conditions

e High, ligand-modified

l

Disadvantages:

® Relatively poor thermal
stability

¢ Problematic separation of
the catalyst from the reaction
mixture (except for biphasic
systems; see the discussion in
the text)

191

selectivity possible
¢ Catalyst precipitation if
solution polarity changes
significantly

Fig. 1. Some advantages and disadvantages of using nanoclusters as soluble analogs of heterogeneous catalysts.

Antonietti's[103] polystyreneb-poly-4-vinylpyridine- Another disadvantage of soluble nanocluster cat-
stabilized (i.e., block copolymer-stabilized) nanoclus- alysts is the problem of separating the catalyst
ters are capable of at least 50000 TTO. In contrast from the reaction products; in this respect soluble
to these soluble nanocluster catalysts, metal particle nanocluster catalysts are similar to traditional ho-
catalysts on solid supports are routinely used at sev- mogeneous catalysts. Nevertheless, this separations
eral hundred degrees Celsius; e.g., naphtha reformingproblem is probably surmountable with the use of
with Pt/Al,O3 is performed industrially at 500C agueous/organic biphasic systems (vide infra) or
[98]. An added difficulty in the stabilization of soluble  other modern immobilization systems for soluble
nanoclusters for catalysis is that the substrate mustcatalysts. Two such modern immobilization systems
have some access to the nanocluster surface. Someare Horvath'q121-124]fluorous phase methods and
types of stabilizers, such as thiblg1,107-112Jand Davis’s [125,126] immobilization of homogeneous
silica® [113-120] effectively poison the nanoclusters. hydrophilic catalysts in thin films of hydrophilic lig-
uids on a porous hydrophilic support (the reactants
"7 Thiol-stabilized nanoclusters, often referred to as and prOdgCtS fprm a hydrOphObIC p-has-e)'-Na-'nOdus_
. " ’ . ters in biphasic organic substrate/ionic liquids are
monolayer-protected” clusterf81], can be repeatedly isolated . .
and redissolved without agglomeration or decomposition, they can another pOSSIble solution to the prObIem of separat-

be chromatographed, and they are generally air- and solvent-stable

[81]. Of course, the nanocluster surface is poisoned by the thiols,

and so is of little interest for catalytic studies. However, there are

reports describing the use of thiol ligands to tether homogeneous reported, for example, that gold nanoclusters coated with a 5nm

catalysts to nanoclusters, thereby making catalysis with such layer of silica show excellent stability against agglomeration at

nanoclusters possiblg10,111] There is also a report of thiols 70°C (higher temperatures were not test¢tf)5]. More work is

anchoring nanoclusters to a silica support (i.e., Si—SH groups on needed to determine if these nanoclusters will be of any use for

the silica particles tether the nanoclusters to the silica surface), catalysis, however. The silica layer appears to smoothly coat the

resulting in an alkene hydrogenation catalyst, presumably because entire surface of the nanocluster (see the electron micrographs in

it is not possible to achieve a full monolayer of thiol on the referencg116]), which would effectively poison it by limiting ac-

nanocluster under these conditiojid 2]. cess of the substrate to the metal. However, the silica-coated metal
8 The interesting silica-coated nanoclusters developed by Mul- core can be etched by cyanide e118-120] demonstrating that

vaney and co-workergl13—-117]have good thermal stability. It is at least small molecules can penetrate the silica layer.
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ing the product from soluble nanocluster catalysts
[127-129]°

A final disadvantage of soluble nanocluster cat-
alysts is that they must remain in solution to be
effective. This can be problematic, e.g., if the polar-

J.A. Widegren, R.G. Finke/Journal of Molecular Catalysis A: Chemical 191 (2003) 187-207

(the mercury test is easy to perform and is perhaps
the best single test for metal particle catalysis, but it
is not definitive by itself because mercury can react
with single-metal-complexef 33]); and (4) the im-
portant concept thathe identity of the true catalyst

ity of the solution changes during the course of the will be consistent with all the data

reaction, causing the nanoclusters to precipitate from There are now several examples in the literature
solution (a phenomenon observed when using a batchof arene hydrogenation catalysts that were initially
reactor for the hydrogenation of cyclohexene with believed to be homogeneous, but later evidence
a record-lifetime Rh(0) nanocluster catalyst which suggests that a soluble nanocluster is the true cat-
showed 190000 TTOs of cyclohexene hydrogenation alyst. Perhaps the best example is the important

[130)).

1.3. The historically perplexing problem of
distinguishing soluble nanocluster catalysts from
homogeneous, single-metal-complex catalysts

A problem that has caused considerable conster-
nation in the study of arene hydrogenation catalysis
is the difficult task of distinguishing homogeneous,
single-metal-complex catalysts from soluble nan-
ocluster or colloid (vide supra) catalysts. The lit-

arene hydrogenation catalyst based on RBhahd
[(CsH17)sNCH3]CI [144,145] Initially, it was be-
lieved that the [(@H17)sNCHz]™[RhCl4]~ ion-pair
was the true arene hydrogenation catalyd#l]. Later
work using the more general approach to the “is it
homogeneous or heterogeneous catalysis problem”
[140] mentioned above, including TEM plus power-
ful solution-phase kinetic studies, convincingly shows
that the true catalyst is actually a distribution of Rh(0)
nanoclusters stabilized by CThnd [(GH17)sNCHz]*
[43].

erature in this area dates back to about 1980 and A second example involves the use of [RP{Cs

includes contributions from Maitlifl31], Whitesides
[132,133] Crabtree[134-136] Collman [42,137]
Lewis [138,139] and our group[140,141] A more
general approach for distinguishing the two was
developed only recently{140,141] and involves
the four-pronged approach outlined kig. 2 This
method emphasizes: (1) the early use of TEM as a
simple, powerful (but before the 1994 stui}40],
underutilized) way to detect soluble nanoclusters; (2)
kinetic studies (because catalysis is a wholly kinetic
phenomenon142,143); (3) catalyst poisoning ex-
periments using mercury or added ligand (BRES,,
H,S, etc.)!0 especially if performed quantitatively

9 It is unclear if the true catalyst in Referenfi27] employing
[H4Ruy(M8-CsHe)4][BF 4]2 as the precatalyst, is a nanocluster or
not.

10 Though underutilized, poisoning experiments using added lig-
ands, such as PRhCS, and HS, can be powerful if performed
quantitatively[140]. If a catalyst can be completely poisoned with
« 1.0 equivalent of the added ligand (per metal atom), then this
is excellent evidence for a heterogeneous, metal particle catalyst.
The logic here is that in a metal particle catalyst only a fraction
of the metal atoms are on the surface; hence, even if every sur-
face atom is activek 1.0 equivalent of ligand will be sufficient
to poison the catalyst. On the other hand>it.0 equivalent of
ligand is required to completely poison the catalyst that is com-

Mes)Cl2]2 for arene hydrogenatiofil46,147] The
catalyst in this system was originally claimed to be
homogeneous on the basis of light scattering exper-
iments. However, later work suggests that the true
catalyst may be heterogeneous, though the evidence
is not definitive[44]. Briefly, the evidence for hetero-
geneity includes: (i) the observation of dark colored
reaction solutions; (ii) the routine observation of 1-2 h
induction periods, an observation characteristic of
nanoparticle formatiofl40,141] (iii) the deposition
of Rh metal on the reactor walls, an observation which
virtually demands the formation of Rhnanoparti-
cles since the precatalyst is monometa]lid0,141]
and (iv) the observation that the catalyst is much
more active for the hydrogenation of benzene and
cumene than it is for the hydrogenation of polystyrene
[44].

A third example involves RaCla(j.-H)2(jn-Cl)(n°-
CsMeg)2 as a precatalyst for arene hydrogenation

pelling evidence that the catalyst is a homogeneous, probably even
monometallic, catalyst (and if control experiments show that the
added ligand is unable to dissociate authentic nanoclusters of the
same metal). See elsewhdr10,141] for a prototypical exam-

ple of how this “fractional poisoning” experiment can be used to
identify a nanocluster catalyst.
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Catalyst isolation and
characterization studies,
emphasizing early TEM

studies
] |

Additional mechanistic Kinetic studies emphasizing:
studies, emphasizing (i) Can the isolated catalyst

hat the identity of th ,4 The account for the kinetics?;
R A Catalyst (ii) Quantitative explanation

true catalyst must be Material
consistent with all the ateria of any induction periods; and

data (iii) Reproducibility

I

Quantitative phenomenological
tests, especially quantitative
catalyst posioning and
recovery experiments

Fig. 2. A more general approach to distinguishing between a “heterogeneous” nanocluster (colloid) catalyst and a discrete, “homogeneous”
catalyst.

[148,149] This catalyst was originally thought to be catalytic science is illustrated by the identification of
homogeneous; however, a later study shows that thehomogeneous specias the true catalysts for initially
catalyst is inactive in the presence of elemental mer- heterogeneousxidation catalysts based on molecu-
cury [45], implying that the catalyst is colloidal in lar sieveg[155,156] and for carbonylation and Heck
nature[140,150]* A fourth example involves the use  coupling catalysts where Pd/C and Pa/@} are the
of Ru®®-Ce¢Meg)(O-CMe), for benzene hydrogena- precatalystg157].
tion [151-154] Early catalytic studiefl51,152]were
unable to determine the nature of the true catalyst
[151], but recent work, including TEM and kinetic 2. The use of soluble transition-metal
studies, shows that the true catalyst is colloidal Ru nanoclusters as arene hydrogenation catalysts
[154]. These examples show that soluble nanoclusters
are fairly pervasive in known (*homogeneous”) arene 2.1. Introduction and description of the nanocluster
hydrogenation. On this basis alone nanocluster arenecatalysts
hydrogenation catalysts merit further study.

The problem of distinguishing homogeneous vs het-  Most arene hydrogenation to date has been done
erogeneous catalysis is not limited to arene hydrogena-with traditional heterogeneous cataly$ss6]. How-
tion catalysis. The pervasiveness of this problem in ever, the use of soluble transition-metal nanoclusters

for arene hydrogenation has increased dramatically in

mnany, and in hindsight, poisoning experiments reported recent yeargl2-14,27,28,43,45,158-168pb t.he best
in the original study[149] are more consistent with the hypoth- of our kn_OWIed_gejI'aple 1Sh0V\_/S a Com_plete list of the
esis that the catalyst is colloidal than with the hypothesis that it Papers (including brief descriptions) in chronological
is homogeneous. For example, the presence of only 0.05 equiv. order dealing with monocyclic arene hydrogenation
of thiophene (per Ru atom) dramatically slows the turnover fre- wijth soluble nanocluster catalysts.
quency (from 4.1 mint in an unpoisoned experiment to 0.3 min Much of the work using soluble nanocluster arene

with 0.05 equiv. of thiophen€]149]. Such a result is difficult to hvd ti talvsts foll inal b
explain for a homogeneous catalyst, but makes perfect sense for a ydrogenation catalysts Tollows a seminal paper by

nanocluster catalyst where only a fraction of the total metal atoms Januszkiewicz and Alp€gi58]. The colloidal nature
are on the surface and active (see footnote 10). of the catalyst was not known at the time of this 1983



Table 1
Summary of monocyclic arene hydrogenation with soluble nanocluster catalysts

Authors (publication date)

V6T

System Results Reference

1

K.R. Januszkiewicz,
H. Alper (1983)

J. Foise, R. Kershaw, K.
Dwight, A. Wold (1985)

Z. Duan, M.J. Hampden-
Smith, A.P. Sylwester
(1992)

P. Drognat Landr, M.
Lemaire, D. Richard, P.
Gallezot (1993)

This is an important paper because much of the other  Up to 100 TTO are demonstrated for some substrates; pH158]
work in the area is based directly upon it. The precatalystis shown to be an important variable. No activity is given
is [RhCI(1,5-hexadienej]and a tetraalkylammonium (i.e., the authors do not say how long their hydrogenation
halide. Several substrates were tried, including benzene, experiments last) so the catalytic results cannot be
o-xylene, p-methylanisole and phenol. The conditions are compared to later work. Only theis product is observed
room temperature and 1atnmpHbiphasic benzene/water  in the hydrogenation of 2-methylanisole (at 92% yield).
or hexane/water is the reaction medium. The authors do

not probe whether or not the catalyst is homogeneous or

heterogeneous, but in a 1984 paper by the same authors

they suggest that the actual catalyst is “a highly active

form of colloidal rhodium”, and reference “unpublished

results”. Use of variations of this catalyst system (see

below) by later groups, who recognize its colloidal

nature, makes it fairly certain that the catalyst described

in this paper is indeed colloidal.

In this study the electrochemical reduction of benzene is Only the ruthenium colloids are active. However, the [159]
combined with direct catalytic hydrogenation of benzene. colloids are poorly characterized by today’s standards and
Platinum and ruthenium colloids are used as the it is not possible to calculate an activity or lifetime for

hydrogenation catalysts in solution and are prepared fromthe hydrogenation.
the decomposition of Pt and Ru sulfite acid solutions.

The conditions are room temperature and 1.7 atim Hhe

solvent is ethanol mixed with HMPA.

[(1,5-COD)RhH} is synthesized from [(1,5-COD)RhGI] A lifetime of at least 127 TTO is demonstrated, though [160]
and used as a precursor for 2nm sized colloids. NMR  this seems to be based on substrate/[(1,5-COD)RhH]

monitoring of the loss of [(1,5-COD)Rhkl]and the not on substrate/Rh atom. The authors calculate an
evolution of cyclooctane shows that hydrogenation activity of 1.83 x 10~ molecules of toluene/(Rh atos),
activity is still seen after all of the [(1,5-COD)RhH]s which is compared to a literature value of benzene
gone, leading the authors to conclude that the hydrogenation with Rh/Ai03 of 9.6 x 10~* molecules of
nanoclusters are the (primary) active species. benzene/(Rh ators). Assuming a crystallite size of 2nm,

Cyclohexane-g is sometimes used as a solvent. Toluene the authors calculate an activity of2x 10~ molecules
is the primary substrate, but benzene and pyridine are als@f toluene/(Rh surface atos). TEM shows the presence
used. The conditions are room temperature and 1atm H of agglomerated 2 nm sized nanoclusters.

The precatalyst is Rhel3H,O in the presence of Aliguat The authors demonstrate the hydrogenation of about [161]

336 (tricaprylylmethyammonium chloride) and/or 20 mol of crown ether per mole of Rh irlh. TEM
trioctylamine. Dibenzo-18-crown-6 ether is the only shows the presence of nanoclusters in the 2-3 nm size
substrate. The conditions are room temperature and range. At higher pressure, the stereoselectivity increases
1-50 atm H; biphasic CHCly/water is the solvent. to a 95/5 ratio of thesyrfanti isomers of the

dicyclohexyl-18-crown-6 ether.

102—/8T (£002) T6T [edlwayd v SisAjered 1einds|ojA JO [euwinor /ayuld "9y ‘uaiBapi Ve



K. Nasar, F. Fache, M.
Lemaire, J.C. Beziat, M.
Besson, P. Gallezot
(1994)

P. Drognat Landf, D.
Richard, M. Draye, P.
Gallezot, M. Lemaire
(1994)

F. Fache, S. Lehuede, M.
Lemaire (1995)

B.R. James, Y. Wang,
T.Q. Hu (1996)

The precatalyst is Rh@l3H,O in the presence of Aliquat
336 (tricaprylylmethyammonium chloride), trioctylamine
or dioctylcyclohexylethylamine. The substrates are
2-methylanisole (for which theig/trans hydrogenation
selectivity is investigated) and-cresol derivatives (for
which the enantioselective hydrogenation is investigated).
The conditions are room temperature and 1-50 agm H
biphasic CHCl,/water is the solvent.

The authors survey colloidal catalysts based on various
metal chlorides (RhG@| RuCk, NiCl,, PdCh, IrCls,
K2PtCk) with tertiary amines or Aliquat-336
(tricaprylylmethylammonium chloride) as the stabilizer.
They also survey several supported heterogeneous
catalysts (e.g., Ru/AD3, Rh/C, Rh/SITiQ).
Dibenzo-18-crown-6 ether is the only substrate. The
reaction conditions are varied from 25 to 8D and
1-50atm H; the solvent is biphasic Cil,/water.

The authors use RugBH,O (and RhG-3H,0) in the
presence of trioctylamine as the precursor to their
colloidal catalyst. Several mono- and di-substituted

The authors demonstrate 40 TTO in 24 h for the
hydrogenation of 2-methylanisole. About 10%
hydrogenolysis of the methoxy group of 2-methylanisole
is observed. No activity is observed in the absence of
water, but this may be due to the low solubility of
RhCk-3H,0 in the organic phase. About 5% ee is
observed in the enantioselective reductions using a chiral
amine as the nanocluster stabilizer. TEM shows the
presence of nanoclusters in the 2-3 nm size range.

(14]

The Rh colloids are by far the most active, exhibiting the
hydrogenation of 20mol of crown ether per mol of Rh in
42min at 5MPa H. The authors observe hydrogenolysis
of the crown ether, the main reaction pathway under
certain conditions. An increase of the hydrogen pressure
to 5MPa leads to @is-syn-cigcis-anti-cis isomer ratio

of 95/5. TEM shows the presence of colloids. Also, a
modified “Maitlis test” (a reaction rate comparison before
and after filtration through a graphite powder) points to
nanoclusters as the true catalyst.

[162]

The authors appear to demonstrate about 40 TTO in 1h
for the most easily hydrogenated substrates (the data are
not completely clear). The authors say that no

(23]

benzene derivatives are hydrogenated (containing a variety hydrogenolysis is observed. The authors show that the

of different functional groups), including 2-methylanisole
and 2-methylbenzoate. The conditions are room
temperature and 50 atmyHthe solvent is methanol/water.

Much of this work is based on the catalyst system
developed by Januszkiewicz and Alper (entry 1 in this
table). [RhClf*-1,5-hexadiene)]
[RhCI(n*-1,5-cyclooctadiene)] RhCk-3H,0, Rhs(CO)ss
and [Rh(OGHs)(n*-1,5-cyclooctadiene)] are used as
nanocluster precursors; tetrabutylammonium hydrogen
sulfate is the nanocluster stabilizer. The substrates are
4-propylphenol, 2-methoxy-4-propylphenol and
2,6-dimethoxy-4-propylphenol. The reaction is performed
in a biphasic (aqueous/organic) medium at'@0and
latm H.

activity of Ru/AlbOgz is 5- or 10-fold lower (on a
per-metal-atom basis) than the colloidal catal@/trans
selectivities up to 60 are observed in the hydrogenation
of di-substituted arenes. No attempt is made to
characterize the putative nanocluster catalyst. It is noted
that the rate is slower without water.

The initial red or yellow solutions darken within 0.5h to
give the catalytically active solutions; over longer periods,
bulk Rh metal precipitates with a resulting loss of

activity. The formation of Rh metal, and a comparison to
literature colloids (noting the necessity of the
tetrabutylammonium hydrogen sulfate), are given as
evidence that nanoclusters are the real catalyst. The TTO
and TOF cannot be determined from the information
given, but appear to be in the same range as later papers
published by these researchers.

[163]
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Table 1 Continued

Authors (publication date)

[Eny

System Results References

9

10

11

12

T.Q. Hu, B.R. James, S.J.
Rettig, C.-L. Lee (1997)

T.Q. Hu, B.R. James,
C.-L. Lee (1997)

T.Q. Hu, B.R. James,
C.-L. Lee (1997)

K.S. Weddle, J.D. Aiken
Ill, R.G. Finke (1998)

This catalyst system is based on that of Januszkiewicz The authors demonstrate about 50 TTO in about 50 h at [164]
and Alper (entry 1 in this table). latm H. The reaction time decreases to about 6 h at
[RhCI(n?*-1,5-hexadiene)]is the nanocluster precursor. A 13.6atm H. No nanocluster characterization is done. The
tetrabutylammonium salt is the nanocluster-stabilizing authors simply say, probably correctly, that “the active Rh
agent. The substrates are lignin model compounds: catalyst is probably present in a colloidal form: as the
4-propylphenol, 2-methoxy-4-propylphenol, and hydrogenation proceeds, metal particles accumulate and
2,6-dimethoxy-4-propylphenol. The reaction conditions  these are not active for subsequent hydrogenation
include room temperature and 1-13.6 at the solvent  reactions”. The alkis diastereomer is obtained selectively
is biphasic hexane/water. when the phenolic hydroxyl group is protected as a
methyl ether or when a model compound possessing two
methoxy substituents adjacent to the phenolic hydroxyl
group is used.

A water-soluble, polymer-stabilized, colloidal Rh catalyst The authors demonstrate about 50 TTO for the [27]
is prepared by reducing Rh&BH,O with ethanol in the hydrogenation of benzyl acetone #43h. About 20%
presence of polyvinylpyrrolidone and triethylamine. The hydrogenolysis is observed for compounds with methoxy

substrates are benzyl acetone, 4-propylphenol, groups. The authors attempt to use smiadlutral organic
2-methoxy-4-propylphenol, and molecules to stabilize their colloids, but with little
1,2-dimethoxy-4-propylbenzene. The reaction conditions success. The polymer-stabilized nanoclusters are prepared
include 25°C and 1atm K; monophasic, aqueous using a literature method, and no further characterization
ethanol is the solvent. of the catalyst is done.

This work is based on that of Januszkiewicz and Alper The authors demonstrate about 50 TTO<i24 h for the [28]
(entry 1 in this table). [RhCH{*-1,5-hexadiene)] is the hydrogenation of benzyl acetone. Moderate to high

primary catalyst precursor. A tetrabutylammonium salt is diastereoselectivities are observed for the hydrogenated
used as the nanocluster-stabilizing agent. The authors  products; only the altis diastereomer is obtained for

describe the hydrogenation of benzyl acetone, substrates where the phenolic hydroxyl group is protected
4-propylphenol, eugenol, 1,2-dimethoxy-4-propylbenzene, as a methyl ether or where the substrate possesses two

and 2,6-dimethoxy-4-propylphenol under mild conditions methoxy substituents adjacent to the phenolic hydroxyl
(25°C, 1atm H) in a biphasic (water/hexane) medium at group. [RhCl§*-1,5-cyclooctadiene)] RhCk-3H,0 and

pH 7.5. RuCk-3H,0 are found to be less active precatalysts.

This paper re-examines a putative “homogeneous” arene A total of 40 TTO are demonstrated in an experiment  [43]
hydrogenation catalyst developed by others (J. Org. where the catalyst is re-used once (i.e., after doing 20
Chem. 52 (1987) 2804). Several experiments (TEM, TTO in about 2h, more benzene is added and another 20

reaction kinetics, Hg poisoning, H/D exchange) provide TTO are demonstrated in an additional 4 h). Additional
definitive evidence for Rh(0) nanoclusters being the true notes from the 1987 J. Org. Chem. paper: those authors
catalyst when using RheBH,O and trioctylamine and say that, “In general, hydrogenation of benzenes did not
Aliquat 336 as the catalyst precursor. Benzene is the onlygive partially hydrogenated products.. Cyclohexene
substrate used in this paper (benzene and anisole were derivatives were, however, isolated when sterically

the primary substrates in the 1987 J. Org. Chem. paper).hindered compounds were reduced”. The J. Org. Chem.

Reaction conditions include 3@ and 0.9 atm ki the authors see a big water effect on the catalytic activity and
reactions are done in biphasic dichloroethane/water or in say that a minimum of 2 equiv. of water (in addition to
monophasic THF. the waters of hydration on the Rh&3H,0) are

necessary for activity; H/D exchange between water and
substrate occurs under catalytic conditions.
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14

15

16

B.R. James, Y. Wang,
C.S. Alexander, T.Q. Hu
(1998)

J. Schulz, A. Roucoux,
H. Patin (1999)

R.-W. Albach, M.
Jautelat (1999)

J. Schulz, A. Roucoux,
H. Patin (2000)

The nanoclusters are synthesized from RF&H,0, This paper discusses the effects of water in detail. [45]

[RhCI(diene)} or RuCk/(n-CgH17)3N. A Ziegler-Natta D-labeling studies show that some of the H in the
catalyst and a Bennett-type Ru catalyst are also tried. The product comes from water. Hydrogenolysis of the
nanocluster stabilizers are tetraalkylammonium salts, methoxy group is observed. The authors demonstrate up

R4NX (R = alkyl, X = Cl, Br or HSQ,). The substrates to 300 TTO in 24 h for the hydrogenation of

are 4-propylphenols (used as lignin model compounds)  2-methoxy-4-propylphenol with Rug{n-CgH17)sN as
and “milled wood lignin”. Reaction conditions include the catalyst. Someig/trans selectivity is observed.
1-50atm H and 20-100C; biphasic (aqueous/organic)

solvent systems are used.

What separates this system from several of the others is The nanoclusters have an average diameter of 3.6 nm by [165]

the use ofhydroxyalkylammonium bromide salts (which TEM. The authors demonstrate 1000 TTO for anisole
are highly water soluble) as the nanocluster stabilizer. hydrogenation in 47 h. Somgs/trans selectivity is
The nanoclusters are synthesized by reducing observed for the hydrogenation of multiply substituted

RhCk-3H,0 with NaBH;, in dilute aqueous solutions of arenes. No hydrogenolysis products are seen.
the hydroxyalkylammonium salts. The organic phase

apparently consists of just the substrate and products.

Various mono- and di-substituted arenes are hydrogenated

including benzene, toluene, anisole and xylene. The

conditions include 20C and 1 atm H; the reaction

solutions are biphasic (aqueous/organic).

In this patent nanoclusters are synthesized from a numberThe authors appear to demonstrate 200 TTO for the [12]
of different precursors [Rug] RhCk, PdCh, NiBry, hydrogenation of benzene and isopropyl benzene.

Pd(OAc)]. The sulfobetaine

3-(dodecyldimethylammonium)propanesulfonate was used

as a nanocluster stabilizer. Substrates include

isopropylbenzene and benzene. The reaction conditions

include 50-180C and 10-400 atm #j the reaction

solutions are biphasic (aqueous/organic).

This is the follow-up full paper to these authors’ 1999 The nanoclusters are 2-2.5nm in diameter by TEM. The [166]
Chem. Commun. paper (see entry 14 in this table). The metal particle nature of the catalyst is confirmed with a

nanoclusters are synthesized by reducing B{8E,O Hg(0) poisoning experiment. No hydrogenolysis products
with NaBH;, in dilute aqueous solutions of the are formed. The activity of the nanocluster catalyst for
hydroxyalkylammonium salts. Various mono- and anisole hydrogenation is compared with the activity of

di-substituted arenes are hydrogenated including benzene,Hirai's polymer-stabilized Rh nanoclusters and with 5%
toluene, anisole and xylene. The conditions includé 0 Rh/C, all under identical conditions. The authors observe
and 1atm H; the reaction solutions are biphasic a TOF of 20h? for Rh/C, of 47k for the PVP
(agueous/organic). stabilized nanoclusters, and of 60thfor the
nanoclusters. The Rh nanoclusters give 2000 TTO for
anisole hydrogenation in 37 h. The maximum TOF for the
same experiment is 188 mol,Hmol Rhh). Cis/trans
selectivities up to 99:1 are observed for the
hydrogenation of di-substituted benzenes.
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Table 1 Continued

Authors (publication date) System Results Referenc
17 R.J. Bonilla, P.G. Jessop, [RhCI(1,5-COD)} is the nanocluster precursor and The authors demonstrate as many as 110 TTO in 62 h fof167]
B.R. James (2000) tetrabutylammonium hydrogen sulfate is the surfactant the hydrogenation of benzyl alcohol. Sorig/trans

and nanocluster stabilizer. Several arenes are used as selectivity is observed for the hydrogenation of multiply
substrates, including lignin model compounds, anisole, substituted arenes. The nanoclusters are not characterized.
phenol andp-xylene. The reaction conditions include

36°C and 10atm K. The reactions are performed in a

biphasic aqueous/supercritical ethane reaction medium.

18 J.A. Widegren, R.G. The nanocluster catalyst is formed in situ by reducing ~ With 10equiv. (vs Rh) of HBEREtO added, the authors  [168]
Finke [BuaN]sNag[(1,5-COD)RRP,W15NbzOg2] with Hz in a demonstrate 2600 TTO for anisole hydrogenation in
monophasic propylene carbonate solution, which gives 144 h. The Rh(0) nanoclusters are shown by TEM to have
polyoxoanion- and tetrabutylammonium-stabilized Rh(0) an average diameter of betwee and 6 nm, depending
nanoclusters. Anisole is the only substrate. The reaction on the nanocluster formation conditions. A combination of
conditions include 22C and 3.7 atm bl propylene hydrogenation kinetics and the kinetics and stoichiometry
carbonate is the solvent. of nanocluster formation provide excellent evidence that
the nanoclusters are the true catalyst. These nanoclusters
also display an unprecedented selectivity for the partial
hydrogenation of anisole to 1-methoxycyclohexene, with
initial selectivities of~30% and overall yields up to 8%.
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paper, but these authors insightfully suggest in 1984 of nanoclusters for catalysis. First, there must be ev-
paper that the true catalyst is “a highly active form of idence that nanoclusters are present during catalysis;
colloidal rhodium” [169]. (Additional study by oth- TEM is the single most powerful technique for this
ers on very similar systems, and where colloidal Rh purpose. Second, there must be kinetic evidence that
is also identified28,45,163,164]leaves little doubt  the nanoclusters are the actual catalyst. If properly per-
that Rh(0) nanoclusters are the true arene hydrogena-formed [43,140,150] poisoning studies can be used
tion catalyst.) Januszkiewicz and Alper performed hy- for this purpose (the underutilized fractional poison-
drogenations under biphasic, aqueous/organic reac-ing experiment described in footnote 10 is particularly
tion conditions using [RhCI(1,5-hexadieng@s the powerful). It is instructive to re-examinBable 1with
precatalyst, and tetraalkylammonium hydrogen sulfate these criteria in mind. Only fivpl3,160,162,166,168]

or tetraalkylammonium bromide as the phase trans- of the 18 papers ifable 1satisfy both criteria.

fer agent and nanocluster stabilizer. Note here: (i) that A final issue is the general lack of information re-
halide and tetraalkylammonium salts are well-known, garding reproducibility for these nanocluster catalysts.

widely used nanocluster stabilizef48,49} and (ii) Are reproducible results obtained from different labo-
there is a close correspondence of this system to estabratories on the same system? To date, only one of the
lished Rh(0) nanocluster systef28,45,163,164]Us- nanocluster catalysts described herein has been stud-

ing mild reaction conditions (room temperature, 1 atm ied by two different laboratories under the exact same
H») Januszkiewicz and Alpdii58] demonstrated up  conditions[43,144] In that case the catalytic results
to 100 TTO for a variety of arenes. Unfortunately, no were reproducibl§t3,144] Nevertheless, more infor-
reaction times were given, so the catalytic activity or mation about the repeatability of these nanocluster cat-
turnover frequency (TOF, i.e., turnovers divided by alysts is needed.
time) is unknown.

A perusal of the literature studies of soluble nan- 2.2. Catalytic lifetime and activity of the
ocluster arene hydrogenation catalysis Table 1 nanocluster catalysts for the hydrogenation of
demonstrates the following points: (i) most studies use monocyclic arenes
Rh(0), which is not surprising because the literature of
heterogeneous arene hydrogenation generally shows Practical catalytic applications as well as mechanis-
Rh to be the most active mef@6,37,170] (ii) Ru(0) tic studies of meaningful catalysts both require a rea-
nanoclusters are the second most common catalyst insonable catalyst lifetimelable 1documents that, to
this literature, paralleling the extensive use of Ru in date, most of the literature systems using soluble nan-
the heterogeneous catalysis of arene hydrogenation;oclusters as arene hydrogenation catalysts have mod-
(i) the three most commonly used nanocluster pre- est lifetimes at best, generally in the range<tf00
cursor compounds are [RhCl(dieng)RhCk-3H,0 TTO. Two nanocluster systems irable lare excep-
and RuC}-3H20; and (iv) most soluble nanocluster tional in that they are capable 82000 TTO. The first
arene hydrogenation catalysts use tetraalkylammo- of these longer-lived nanocluster catalysts was devel-
nium salts to stabilize the nanoclusters against ag- oped by Roucoux and co-workdfs$5,166](Eg. (3)),
glomeration. In addition: (v) the reaction conditions and the second was developed in our own I[gI&S8]
are typically mild (approximately room temperature (Eq. (4). These two catalyst systems are discussed in
and 1atm H) and often biphasic (aqueous/organic); detail next.
and (vi) there is scant (often nonexistent), characteri- The nanocluster catalyst developed by Roucoux
zation of the nanocluster catalyst in most studies. and co-workerg165,166]is formed by the reduc-

Additionally, there is often little to no compelling tion of RhCk-3H,O with NaBH; in an aqueous
evidence that nanoclusters are indeed the activesolution of N-alkyl-N-(2-hydroxyethyl)ammonium
catalyst—recall the earlier discussion arfg( 2 bromide. TEM shows the presence of nanoclusters
concerning the problem of distinguishing homoge- with a diameter of 2-2.5nnfil66]. Adding a large
neous, single-metal-complex catalysts from soluble excess of Hg(0) to a catalytically active solution after
nanocluster catalysts. We recommend the following 50% conversion completely deactivates the catalyst
minimum criteria for any work that claims the use [166], a single piece of good evidence that the Rh
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nanoclusters are the true catalyd8]. Compelling

kinetic or fractional poisoning evidence for nanoclus-
ter catalysis is not available, however, and would
be of interest for this important catalyst. The arene

J.A. Widegren, R.G. Finke/Journal of Molecular Catalysis A: Chemical 191 (2003) 187-207

nanoclusters are the true catalytPolyoxoanion-
and tetrabutylammonium-stabilized Rh(0) nanoclus-
ters [130,171] were previously known to have a
record catalytic lifetime in solution for olefin hydro-

hydrogenations were performed as biphasic (aque- genation[130]. Consequently, it is not surprising that
ous/organic) reactions simply by adding the substrate they also have a relatively long lifetime for arene
to an aqueous solution of the nanoclusters. The nan-hydrogenation in solution. With 10 equiv. (vs Rh) of
oclusters remain in the aqueous phase because of theHBF4-Et,O added, 2600 TTO are demonstrated for
water-solubility of the nanocluster stabilizing agent, anisole hydrogenation in 144h at 22 and 3.7 atm
N-alkyl-N-(2-hydroxyethyl)ammonium bromide; the of Hy [168], which corresponds to an average TOF
organic substrate and products form the second phaseof 18 mol anisole converted/(mol of Rf). Although

in the reaction. Because of the biphasic reaction so- this anisole hydrogenation reaction went to comple-
lution, the nanocluster catalyst can be separated fromtion (2600 TTO), preliminary experiments with larger
the reaction products by simple decantation. This amounts of substrate have failed to give more than

experimental design is a possibly general way to over-

come the problematic catalyst/product separation dis-

cussed earlierHig. 1). Roucoux and co-workef466]

this modest 2600 TTQL72].
The development of soluble nanocluster cata-
lysts with better lifetime and activity for arene

demonstrate 2000 TTO for anisole (methoxybenzene) hydrogenation remains an important goal. In this

hydrogenation in 37 h at 2@ and 1atm H, with a
reported selectivity to methoxycyclohexane of 100%
(determined by GC analysisEq. (3). It is not stated

if the catalyst is still active after 2000 TTO, although it
appears that it probably is. For the lifetime experiment
the average TOF is 54 mol anisole converted/(mol of
Rh-h), the highest known TOF for monocyclic arene
hydrogenation with a soluble nanocluster catalyst.

~CHs _CH,

(6]
N-alkyl-N-(2-hydroxyethyl Jammonium-
and Br'-stabilized Rh(0) nanoclusters

>

1 atm H,
room temperature
aqueous/organic biphasic

2000 TTO in 37 h 100%

3)

The other best soluble nanocluster arene hydro-
genation catalyst in terms of catalytic lifetime was
developed in our own lab$168] (Eq. (4). The
nanocluster catalyst is formed in situ by reducing
[BugN]sNag[(1,5-COD)RhP,W15Nb3Og2] with Ho

in a monophasic propylene carbonate solution. The
resulting polyoxoanion- and tetrabutylammonium-
stabilized Rh(0) nanoclusters are shown by TEM
to have an average diameter betweef and 6 nm,
depending on the nanocluster formation conditions
[168]. A combination of TEM, hydrogenation ki-
netics, and the kinetics and stoichiometry of nan-
ocluster formation provide compelling evidence that

respect, state-of-the-art soluble nanocluster cata-
lysts lag behind some types of supported catalysts.
For example, Angelici and co-workergl73] re-
cently reported the use Rh complexes tethered to the
SiO; of Pd/SIQ for the hydrogenation of anisole.
They demonstrate 14500 TTO in 6h at " and

4 atm of H, which corresponds to an average TOF
of 2400 mol anisole converted/(mol of Ri). Al-
though more forcing reaction conditions are used,
the absolute performance of Angelici's catalyst is
clearly better than the best soluble nanocluster cat-
alysts known for the hydrogenation of anisole. A
second example is Ahn and Markig74] heteroge-
neous arene hydrogenation catalyst consisting of an
organozirconium complex chemisorbed on sulfated

12 Briefly, the evidence for nanocluster catalysis includes: (i)
a quantitative curve fit of the precatalyst concentration vs time
to the nucleation (A— B, rate constank;) and autocatalytic
surface-growth (A-B — 2B, rate constarkp) mechanism that is
the kinetic signature for nanocluster formation from a monometal-
lic precatalyst(*A”) when using H as the reductani3]; (ii) direct
confirmation of the expected stoichiometry of reduction of the pre-
catalyst [BuN]sNag[(1,5-COD)RhP,W15Nb3Os2] with Ha using

GC analysis for cyclooctane formation and Bas-uptake experi-
ments; (iii) TEM confirmation that nanoclusters are indeed product
“B” formed from the reduction of the precatalyst; (iv) the observa-
tion of induction periods that are identical within experimental er-
ror for the nanocluster formation reaction and the arene hydrogena-
tion reaction; and (v) catalytic arene hydrogenation activity long
after the precatalyst, [BiN]sNag[(1,5-COD)RhP,W15Nb30s2],

has been completely consumed by reduction.
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_CHs _CHs _CHs

polyoxoanion- and Bu,N*-
stabilized Rh(0) nanoclusters

‘ > + + + CH,OH
30-40 psig H,
22-78 °C
propylene carbonate solvent
2600 TTO in 144 h >91% 2-8% <1% @

zirconia. They demonstrate an initial TOF of 970 mol di-substituted benzenes such as 2-methylanisole or
benzene converted/(mol of ) at 25°C and 1 atm of xylenes. Without exception, the alls diastereomer is
H, (no TTO was reported for this catalyst). Even under the major productiransdiasteriomers, commonly ob-
these mild, directly comparable conditions, the activity served as minor products, are formed when a partially
of Ahn and Marks’ catalyst is more than an order hydrogenated intermediate dissociates from the cata-
of magnitude better than the most active nanocluster lyst surface and then re-associates with the opposite

catalyst. “face” before further hydrogenatidi36].
Several nanocluster catalysts display high selec-
2.3. Selectivity studies tivity for the cis diastereomer, as the following ex-

amples demonstrate. Januszkiewicz and Ali&i8]

Much of the effort in monocyclic arene hydrogena- ©btained cis-4-methylcyclohexyl methyl ether as
tion with soluble nanocluster catalysts has been to- the only product (in 92% yield) from the hydro-
wards selective hydrogenation. Several types of se- genation of 4-methylanisoleE(). (5). Lemaire and
lectivity have been studied: (i) the hydrogenation of Co-workers[14] found that thecis diastereomer was
arenes with two or more substituents on the benzeneformed with selectivities of >97% for the hydro-
ring allows for selectivity tais or transdiastereomers ~ genation of 2-methylanisoleE(. (6). James and
in the hydrogenated products; (ii) multi-substituted CO-workers [164] found that the alkis diastere-
arenes can also contain prochiral carbons on the ben-omer was formed exclusively in the hydrogenation
zene ring, so enantioselective hydrogenation is possi- ©f 2,6-dimethoxy-4-proplyphenoE(q. (7). Roucoux
ble; (iii) side reactions such as the hydrogenolysis of and co-workerg[166] observed acisitrans ratio of
substituents can compete with the arene hydrogena-99:1 in the hydrogenation afr-cresol Eq. (9). Note
tion, so that there is a selectivity issue there; (iv) selec- that the lack of a mirror plane in the reactanttafs.
tivity for the partial hydrogenation of arenes (to form  (6) and (8)leads to the formation of both enantiomers
cyclic olefins) is also possible. Each of these types of Of thecis diastereomer.

selectivity will be considered in the following sections. CHg CHs
. . Rh(0) nanocluster
2.3.1. Cis/trans diastereomers catalyst
The most widely studied type of selectivity in the H >

hydrogenation of monocyclic arenes with soluble nan-
ocluster catalysts is the selectivity for the formation

of cis diastereomers in the hydrogenation of di- or OCH, OcHs
multi-substituted benzene3gble ). Arenes hydro- 92% (5)
genated with metal particles are known to favor for- Hs Ha
mation of the thermodynamically less favorableas- CHs Ri0) nanccluster
diastereomefl162]. This selectivity is rationalized by o calyst

a continuous coordination of the substrate to the cat-

alyst during hydrogenation, leading to the addition of
hydrogen to only one “face” of the areifig64]. The
studies of nanocluster catalysis have typically used (6)

>97%
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fr T tives were enantioselectively reduced using Rh(0)
R11<01;§T;’guswr nanoclusters. Enantioselectivity was induced either
o by covalently binding a chiral auxiliary, menthoxy-
HsCO OCH, ) H,CO' 'OCH, acetic acid, to the substrate or by using a chiral
OH OH amine, R-(-)-dioctylcyclohexyl-1-ethylamine, as the
~100% (7) nanocluster stabilizer. When the chiral auxiliary was
added, a very modest enantiomeric excess of 10%
i was observed. Smaller enantiomeric excesses were
" observed in experiments using the chiral amine stabi-
H lizer. Obviously, these enantiomeric excesses are too
OH i OH | HO small for useful preparative chemistry. However, fu-
99% (8) ture work in this area will very likely yield better nan-
ocluster asymmetric arene hydrogenation catalysts, an
interesting topic for further research and perhaps one
of the best opportunities for fine chemical synthesis
from nanocluster catalyzed arene hydrogenation.

Hq CHy CH,

Traditional heterogeneous metal particle catalysts are
also known to favor the formation of thes diastere-
omer[162,175] Using heterogeneous catalysts it was
found that the ratio otis-trans diastereomers was
affected by: (i) the identity of the metal; (ii) the nature
and position of the substituents; and (iii) the reaction
temperature (lower temperatures favored tie di-
astereomer]162,175] It is not clear if all the same
trends will hold for soluble nanocluster catalysts. It
is also not clear how the selectivities of the tradi-
tional heterogeneous metal particle catalysts compare
to the selectivities of soluble nanocluster catalysts.
Although three of the studies using nanocluster cat-
alysts also use heterogeneous catalysts, either th
reaction conditions are different for the two kinds of
catalysts[162], or no selectivities are reported for
the heterogeneous catalydts3,166} hence, more
comparisons of selectivity between the same metal
nanocluster and su.ppo.rted metal het'e'rogeneous cata-2.3_4. Partial hydrogenation
lysts, under otherW|se_ |den'_[|cal condltlon_s,_yvould be A5 mentioned irSection 1 the partial hydrogena-
useful. Overall, the high diastereoselectivities COM- 4ion of monocyclic arenes is an important goal in arene
monly observed for nanoclus_tr—:_r arene hydrogenation hydrogenation3,18,19] Unfortunately, the valuable
catalysts ”.‘a".es them promising as a way to pro- partial hydrogenation products are rarely observed
duce the kinetically controlledis isomers of a vari-

ety of cvclohexanes in smaller scale. fine chemical when using soluble nanocluster catalysts. There are
y ot ¢y ' only two reports in the literature of soluble nanoclus-
applications.

ter catalysts that yield observable amounts of partial
hydrogenation productd44,168] In the first report
Blum et al.[144] simply note that cyclohexene deriva-
tives are observed only when very sterically hindered
“substrates like durene (1,2,4,5-tetramethylbenzene)
are hydrogenated—sterically bulky substrates dis-
sociate more readily from the catalyst surface and,

2.3.3. Hydrogenolysis vs hydrogenation
Hydrogenolysis is commonly observed as a side
reaction in the hydrogenation of some types of
substituted arenes (e.g., aryl ethers). Generally, hy-
drogenolysis is slow compared to the hydrogenation
reaction. There is, however, one noteworthy exception
to this rule in the literature of arene hydrogenation
with soluble nanoclusters. For the hydrogenation of
dibenzo-18-crown-6 ether with Rh(0) nanoclusters,
%Lemaire and co-workergl62] found that under cer-
tain conditions the main product is a hydrogenolysis
product €q. (9). The uses or value of such com-
pounds were not stated or studied, howe\&2].

2.3.2. Enantioselectivity

The enantioselective hydrogenation of arenes with
soluble nanoclusters has apparently only been at
tempted oncg14].1% In that studyo-cresol deriva-

13 In a related case, bovine serum albumin was used as an addi-
tive in an attempt to induce chirality in the hydrogenation of ace-
tophenong/158]. Unfortunately, the hydrogenation afforded only  none is not in the benzene ring, so this reduction is not an enan-
racemic products. In addition, the prochiral carbon in acetophe- tioselectivearene hydrogenation.



J.A. Widegren, R.G. Finke/Journal of Molecular Catalysis A: Chemical 191 (2003) 187-207 203

o(\(\ quinuclidine- and Cl"-stabilized o O/j)H
@: Rh(0) nanoclusters C(
1 atm H,
room temperature
aqueous/organic biphasic

80% (9)

therefore, favor partial hydrogenation. Recall that for benzene to cyclohexene being observed at®200
the true arene hydrogenation catalyst in this system vs a~5% selectivity at 50C when using a hetero-
was later found to be a nanocluster catals]. In geneous Ru cataly$t9]. Hence, the development of
the other available report, the partial hydrogenation high-temperature stable nanocluster arene hydrogena-
of anisole was observed when polyoxoanion- and tion catalysts for monoene production is another im-
tetrabutylammonium-stabilized Rh(0) nanoclusters portant goal, as is further study of polyoxoanion and
were used as the catalygt68], an unprecedented other ligand-modified nanoclusters as high selectivity
selectivity among known soluble nanocluster cat- catalysts (see footnote 14).
alysts [176].1* The partial hydrogenation product,
1-methoxycyclohexene, was formed with an initial
selectivity of ~30% and overall yields up to 8% 3. Summary and future outlook
[168]. Although the selectivity and yield are modest,
this system is of interest as a model for the study  The major findings of this review of arene hydro-
of the many important variables that increase selec- genation with soluble nanocluster catalysts are: (i)
tivity to the monoene in the partial hydrogenation soluble nanocluster catalysts have been identified as
of monocyclic arenes with heterogeneous catalysts the true catalysts in several putatively “homogeneous”
(e.g., higher temperatures, addegQHor glycol sol-  arene hydrogenation systems, suggesting that they are
vents, added salts,Hnass-transfer (i.e., Hstarved) considerably more common than realized at present;
conditions, or pH[3,18,19). Temperature is an es- (i) with only a few exception$43,160,162,166,168]
pecially important variable, with a70% selectivity ~ nanocluster catalysts used for arene hydrogenation
T o conrse it | _ _ are poorly characterized; (iii) Rh and Ru are used
course, it is possible that other researchers using soluble almost exclusively as the active metals; (iv) it would

nanocluster catalysts for arene hydrogenation simply missed the b fint t h to studv i detail
alkene intermediate because of low yields or the eventual complete € of interest, however, 10 study in more detail nan-

hydrogenation to alkane. However, some researchers specifically 0(_3|U5ter5 composed of PE_]-73:1?7] Pt [25,178]
mention that no partial hydrogenation intermediates are observed Ni [179,180] as well as bimetallic§181,182] for
[163,166] For example, Roucoux and co-workers state, “Unfor- grene hydrogenation; (v) soluble nanocluster cata-
tunately, we did not observe any cyclohexene or cyclohexadiene Iysts for arene hydrogenation have modest activity

derivatives as intermediates which ideally would have been d lifeti ith t ds bei tivit
desirable”[166]. Additionally, many of the reports in this area in- and lireume, with current records being an activity

clude careful product studies and most of the reports mention gLC Of 54 mol product/(mol metét) [166] and a lifetime
as a means of product quantitation. Therefore, it seems likely that, of 2600 TTO [168]. Other major findings are: (vi)
among known soluble nanocluster catalysts, the polyoxoanion- two catalyst systems, one developed by Roucoux and
and tetrabutylammonium-stabilized Rh(0) nanoclusters display a co-workers and one developed in our group, stand

unique selectivity for the partial hydrogenation of arenes. The rea- t from the rest in term f tivit nd lifetim
son for this unique selectivity is not completely clear, but the avail- out iro eres erms or acivity a eume

able evidence suggests that the polyoxoanion stabilizer is involved (the Values. cited just ak_)ove); (vii) much atte_ntion
[168]. In this regard, a recent report describes the use of a H@(0)  has been given to selective arene hydrogenation, es-
catalyst, prepared from the precursgyd(HO)W11039-12H,0, pecially for the synthesis of the alis diastereomer

for the selective hydrogenation of arenes in the presence of distal of substituted cyclohexanes where selectivities of

ketone moieties; the PWOzo’~ polyoxoanion is implicated as o
the key to the selectivity in that case as WdlV6]. These exam- >90% are often observed3,14,28,45,158,163-166]

ples again point to a relatively unexplored area of ligand-modified SO that the application of nanocluster catalysts to pro-
nanoclusters as higher-selectivityetal-particle catalyst§85]. duce alleis substituted cyclohexanes is a promising
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area of future research and, perhaps, fine chemical
synthesis.

Reasonable lifetime, activity and good selectivity e

have all been demonstrated for the hydrogenation of
monocyclic arenes, so that the following additional

studies of soluble nanocluster catalysts, leading to fur-
ther improvements in arene hydrogenation, are war-

ranted: °

e Further examination of the many claimed “homo-
geneous” arene hydrogenation catalysts is of inter-
est, since it is likely that many of these catalysts are
soluble nanoclusters.

e Development of nanoclusters that will withstand
more forcing conditions (e.g., higher temperatures

and pressures) is a key goal, one important not e

only to arene hydrogenation, but also to nanoclus-
ter catalysis in general

e Synthesis of the altis diastereomer of substituted
cyclohexanes is probably the most promising prac-
tical application for nanocluster catalysts that has
been demonstrated to date, an area that warrants
further study as noted above.

e Nanocluster catalysis of enantioselective hydro-
genations of substituted arenes is an interesting,
but largely unexplored, area.

e The study of partial arene hydrogenation with nan-
ocluster catalysts is an intriguing line of future
inquiry.

e The hydrogenation of aromatic polymers with nan-
ocluster catalysts is little studied, yet deserves a
careful investigation with one or two prototype sys-
tems and in comparison to supported catalysts of
the same metal(s).

e More information is needed regarding the repeata-
bility of nanocluster catalyzed arene hydrogenations
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ter catalystg85,168,176]is quite promising and,
therefore, deserves further study.

Methods to immobilize soluble arene hydrogena-
tion catalysts hold promis§l21-126] e.g., tak-

ing advantage of two-phase, agueous/organic or or-
ganic/ionic liquid[127] (see footnote 9) systems in
synthetically driven studies.

The direct comparison of the arene hydrogenation
selectivity of soluble nanocluster catalysts to their
same metal heterogeneous (supported) analogs
under identical reaction conditions is rarely done
[168], but is, of course, essential if one is to under-
stand the strengths and weaknesses of nanocluster
catalysts in comparison to their heterogeneous
counterparts.

The use of nanocluster catalysts in systems with
confined spaces (such as inside mesoporous solids)
is a conceivable application that takes advantage of
the solubility and small size of the nanoclusters.
In this regard, it would be especially interesting to
make small, narrow size-distribution, clean surface
nanoclusters for placement within ultra-wide-pore
silica, and test them as polystyrene hydrogenation
catalystq25].

In short, nanocluster arene hydrogenation research

is an area still wide open for additional, creative de-
velopments and practical applications.
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