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1. INTRODUCTION

Although already established as distinct areas of practice by
chemists by the late 19th century, a formal distinction between
homogeneous and other types of catalysis was only made by
Ostwald in 1901. The key passage of his paper, published in its
English version in Nature in 1902, runs as follows:!

Catalytic actions may be divided into four classes: (1) Release
in supersaturated systems. (2) Catalysis in homogeneous
mixtures. (3) Heterogeneous catalysis. (4) Enzyme actions.

What Ostwald meant by “release” in his first category was
crystallization. Ostwald’s proposal is understandable because
crystallization is indeed often initiated by a substoichiometric
quantity of seed crystals or even by dust particles. We exclude this
category today because crystallization is a physical not a chemical
change, a distinction that was not understood in its modern form
by Ostwald.”

1.1. Blurred Distinctions

The sharp distinction between homogeneous and enzyme
catalysis—Ostwald’s classes 2 and 4—that seemed so obvious in
1901 has now been blurred by advances in bioorganic and
bioinorganic chemistry. Amino acid and oligopeptide organo-
catalysts™ clearly constitute a bridge between homogeneous
and enzyme catalysis. A number of small-molecule metal
complexes also do a remarkably good job of reproducin7g the
salient features of certain metalloenzyme active sites.”~” Nor
can we think of enzymes as being restricted to natural products,
because the study of artificial mutants is a central aspect of
modern enzymology.®

The distinction between homogeneous and heterogeneous
catalysis—Ostwald’s classes 2 and 3—then considered sharp, has
also been blurred by work on clusters, metal nanoparticles (NPs),
and nanomaterials. All of these intermediate forms between small
molecules and extended solids have shown catalytic activity in a
variety of cases, some of which are discussed below. Influential
reviews of the field are available from Lewis,” Aiken and Finke,'*®
and Astruc.'"'?> Of particular interest in the present context,
Finke'* has recommended a powerful strategy that emphasizes a
suite of kinetic and spectroscopic measurements that has proved
robust for resolving the title problem in a number of different and
very challenging cases. This involves determining both the
speciation of the precatalyst and the contribution of each species
to the overall catalytic kinetics. Jones and co-workers'” have
reviewed their work on this problem for the important case of Pd-
catalyzed C—C coupling. Striking classic work from Schmid,"*
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Finke,'* and Moiseev, Zamaraev, and co-workers'® involved the
deliberate synthesis of giant clusters with more or less well-
defined stoichiometry and having as many as ~560 metal atoms.

The term “nanoparticle” refers to metal-containing particles in
the nanometer size range, most often 1 to at least 10 and in some
cases up to 100 nm. These normally remain suspended in
solution and are usually stabilized by appropriate surface adsor-
bates. The density of the material is of course a big factor in
deciding the speed of precipitation of the largest particles from
the nanoparticle suspension, sometimes termed a “colloid” or
“sol”; however, these two terms are more often seen in the older
than in the recent literature. In any one preparation, the particles
have a range of sizes, narrow or broad, depending on the
synthetic method, and they do not precipitate other than by
forming larger particles. The term “nanocluster” is coming into
common use'*'*"'® in this context to denote particles at or
below the 1 nm end of the size range that may or may not have a
precisely defined molecular structure but are lightly stabilized so
as to give rise to catalytic activity; a str1k1ng example is a Rhy
cluster identified by Finke and co-workers'® as the active species
in catalysts formed from a [Cp*RhCl,], precursor. Being so
small, these are harder to securely identify as active catalysts than
larger NPs.

Polynuclear complexes with three or more metal atoms have
traditionally been considered as metal clusters. These are
typically isolable materials that are saturated with ligands such
as CO and show good catalytic activity only in a very restricted
number of cases.'” A number of authors distinguish highly
catalytically active, lightly stablhzed metal clusters as a distinct
category. For example, Gates™ considers particles in the size
range below 1 nm are of particular interest for their distinct
reactivity patterns when supported on surfaces such as oxides.
Lewis,” Finke,"®*! and Astruc'? have all shown how small metal
clusters can form and be the active catalysts in operationally
homogeneous solution-phase catalysts. Gas-phase studies have
also been informative. For example, Bohme and Schwarz”' have
looked at an extensive series of highly reactive small metal
cluster ions by mass spectrometry and consider them “the
ultimate single-site catalysts”.

Because the classical homogeneous/heterogeneous distinc-
tion is based on the phases involved, it stands or falls on the
definition of a phase. When does a growing metal cluster M,, in
solution become a new phase? The properties of the extended
phase M, grow in only slowly with increasing #, and different
properties each grow in in different ways with increasing #, so no
sharp onset of a distinct new heterogeneous phase can ever be
identified for the growing particle in solution.""'* Lewis,” for
example, cites data showing how the ionization thresholds of bare
metal clusters M,, only slowly approach the bulk value as n rises.
For Fe, Ni, Cu, and Nb, the ionization threshold is still hundreds
of millivolts above the bulk value when # is as high as 25. This
means that no clear distinction can be drawn between homo-
geneous and heterogeneous catalysts in this intermediate size range,
not just in practice but also in principle. We can still consider a
catalyst as being operationally homogeneous or heterogeneous,
perhaps depending on whether the catalytic activity resides in the
filtrate or else is retained by the filter in a Maitlis hot filtration
test,”> a procedure to be described in more detail below.

In many cases, nanoparticulate catalysts have been deliberately pre-
pared for use in operationally homogeneous catalysis. To prevent
aggregation of the particles with consequent loss of surface area, a
variety of stabilizers have been recommended. Starkey-Ott and

Scheme 1. Structures of [Ir,(CO);,] and [Irs(CO)14]

L; Ir — L
Ir

Finke have discussed nanocluster stabilizers, providing a list of
the ones that gave the best combination of stabilization and
catalytic activity for Ir(0), nanoparticles. Dendrimers have also
found application as NP stabilizers.”* The stabilizer must bind
sufficiently strongly to fulfill its function, but not so strongly as to
block catalytic active sites. It may well be easier for catalytically
active NPs to form, as opposed to formation of a metallic
precipitate, when stabilizers, either adventitious or intentionally
added, are present.

In some cases, operationally heterogeneous catalysts have
been obtained from well-defined metal clusters supported on
classical heterogeneous catalyst support materials by removal of
the cluster ligands. For example, Gates™® reported that removal of
CO from [Ir,(CO);5] and [Irs(CO),6] (Scheme 1) gave the
corresponding bare Ir, and Ir clusters supported on y-Al, O3 for
which catalytic activity for toluene hydrogenation was moni-
tored. Core—shell nanoparticles have also attracted recent
interest as catalysts. For example, core—shell Au/Pd NPs with
Pd rich surfaces were extremely active for crotyl alcohol oxidation
at room temperature with good selectivity for the formation of
crotonaldehyde.**"

Another bridge between homogeneous and heterogeneous
catalysis comes from work on surface-bound molecular species as
catalysts. These are clearly chemically molecular, and so are
mechanistically homogeneous, but operationally heterogeneous.” >’
Numerous supports, solid, liquid, and polymeric, have also been
used for easy recycling of the associated “homogeneous” catalysts.”®

1.2. Ambiguity of Catalyst Mechanism

It is one thing to deliberately make nanoparticles to study their
catalytic activity, but it is quite another to be misled by
unsuspected nanoparticle formation in an operationally homo-
geneous catalyst. Early concern about the possible heterogeneity
of what were assumed to be homogeneous catalysts was expressed
by the groups of_]ames,29 Maitlis,**> Whitesides,*® Collman,>" and in
our own work,”>*? but the most extenswe study, lasting over
decades, has come from Finke.'® Nanoparticle preparations
can appear completely clear by eye and have a color that
mimics a metal complex; for example, nanoparticulate Ir in
water at relevant concentrations can have a very light straw
color. In a supposedly homogeneous catalyst, the active
catalyst may therefore be nanoparticulate metal, perhaps
formed from the decomposition of only a small fraction of
the total metal content of the solution, leaving the precatalyst
largely unchanged. The nanoparticles formed can show ex-
ceptionally high catalytic activity, so even a small degree of
spec1at10n into NPs can have a big effect on the catalytic
reaction.'® Likewise, in a supposedly heterogeneous catalyst, a
fraction of the metal may dissolve under the reaction condi-
tions and the true catalyst may thus be homogeneous. The
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metal can even redeposit on the catalyst support when the
reaction is over, leaving no clue as to the true nature of the
catalyst. In only a few such cases has the true catalyst been
unmasked by detailed study—in the great majority of literature
reports, the nature of the active catalyst is merely assumed from
the nature of the precatalyst employed. It is not yet clear
whether the fraction of misleading cases is small or whether it is
much larger than currently believed, with many wrongly
interpreted cases having escaped detection.

Finally, conditions and time scale both matter a great deal. A
catalyst may operate under one mechanism under one set of
conditions but quite another under different—perhaps even
only slightly different—conditions. The presence or absence of
certain ligands can strongly influence the tendency of mono-
metallic complexes to form NPs and for NPs to fragment into
monometallic units.'®*** Most homogeneous catalysts decom-
pose at some point, and if catalytically active NPs are produced
in the decomposition, the catalyst may switch mechanism from
homogeneous to heterogeneous during the decomposition
phase, hence providing the potential for time-dependent
behavior.

1.3. Ambiguity of Catalyst Terminology

The terms homogeneous and heterogeneous have been used
to mean quite different things by different authors. One usage
follows Ostwald’s original vision, based on phases. In other
papers, homogeneous and heterogeneous are considered as
mechanistic categories, depending on whether the catalyst has
a single molecular active site or is instead a collection of adjacent
sites on a surface. Schwartz>® seems to have been the first to draw
attention to the unsatisfactory usage of the homogeneous/
heterogeneous nomenclature in catalysis, suggesting instead that
these two terms should be distinguished mechanistically depend-
ing on the nature of the catalytic site, not on the phases involved;
this approach was also recommended by Lin and Finke.*® In spite
of these recommendations, authors in general continue to use the
terms in both senses, often without any indication of which sense
is meant. Some authors have even gone so far as to use the term
“quasi-homogeneous”. This can only lead to confusion, not just
of expression but also of thinking.

Because the distinction between homogeneous and hetero-
geneous catalysts is most often based on the phases involved,
it is not only intrinsically flawed for the reasons already
mentioned but also fails to address the mechanistic distinction
that lies at the heart of the problem. For greater clarity, this
review adopts a slightly different terminology to denote the
mechanistic distinction. Retaining the linguistic link to the
established terms, substitution of the suffix -topic (Greek
topos, site) for -geneous (genos, type) seems the most con-
servative change that allows unambiguous discussion of the
mechanistic distinction. This homotopic/heterotopic termi-
nology makes it no easier to tell if a single site or a variety of
sites is in fact present in any given case, of course, but it does
allow the distinction to be expressed succinctly and consid-
ered in a more orderly way. A heterotopic catalyst would be
one such as Pd/C with a “cocktail of sites” available for
catalysis. The term homotopic only includes catalysts that
have a single type of site, whether they are homogeneous or
heterogeneous on the phase-based definition. Examples would
include molecular catalysts grafted onto polymer beads*® or an
organometallic center st;pported on a metal oxide as described
by Copéret and Basset.>” On the other hand, a nanoparticulate

metal, while it could be operationally homogeneous, would
nevertheless be heterotopic.

Even so, difficulties can arise with the advent of multicompo-
nent tandem catalysis, a rapidly advancing topic in which much
useful work is currently emerging: for example, Dunn and
Coates*® have shown how two different single-site, molecular
catalysts can cooperate in a one-pot procedure to bring about a
series of useful transformations (eq 1), so we have to expand the
definition of homotopy to include reactions involving catalysts
with multiple sites, each of which would be considered homo-
topic if they acted alone. A homotopic catalyst would be one that
has a single type of site, or a small number of multiple sites, each
being molecularly well-defined. Bare or lightly stabilized metal
clusters with a well-defined, regular structure and a small number
of metal atoms, such as a tetrahedral M, unit, would therefore
also be homotopic in this sense.

' o) 0 y o}
A A e
(A1-PO {R)-BBL (R)-P3HB
)
In other homotopic cases, two sites are needed to promote a
single reaction, as in the hydrolytic kinetic resolution of terminal
epoxides with Co-salen catalysts by Jacobsen and co-workers.*®"
Here, the precatalyst forms two different catalytic species in
solution, a nucleophile-activating species and an electrophile-
activating species. These two species work in concert in a
reaction that is second order in cobalt.

1.4. Should We Care?

Before going further, we need to establish if it really matters
whether the active species of an operationally homogeneous
catalyst is in fact a homotopic molecular catalyst or a heterotopic
nanoparticle suspension and, if so, in what context. The answer
depends on the circumstances. If we merely want to make a
sample of a needed compound via a “homogeneous” metal-
catalyzed route, then the true nature of the catalyst could at first
sight be thought to be a matter of indifference. Nevertheless,
problems could arise even here if the true catalyst, say a
nanoparticle, is not reproducibly formed from a given precursor
each time the reaction is run. Nanoparticle synthesis can be very
sensitive to conditions and the presence or absence of traces of
surface-active stabilizers.’® As materials, NPs are not normally
single pure compounds. They are often surface-capped with
extraneous species such as surfactants or adsorbed ions; indeed
some such capping is required to stabilize the resulting sol.
Syntheses are subject to modification by trace amounts of
surface-active materials, and the NP surface might easily be
poisoned by different amounts of trace materials present in
different runs or batches of reagents. Nanoparticles also differ
in size and shape, a factor that leads to a change in the area of faces
and the number of edge and corner sites. Of the two possibilities,
a truly homotopic catalyst is therefore more likely to have
reproducible characteristics and be more reproducibly scaleable
for large-scale work.

Unintended heterotopy with loss of all the ligands initially
present in the precatalyst also nullifies the effect of sophisticated
ligand design such as in the multifunctional ligands*® needed for
molecular-recognition catalysis.*' The same problem arises for
heterogenized homogeneous catalysts,"* ** where one of the
precatalyst ligands is covalently grafted onto a support such as
polystyrene. If that ligand decomposes or dissociates, leaching of
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the metal can occur. Complexes with ligand-based redox
activity**® likewise rely on the ligands remaining bound.
Conversely, retention of the ligand-based characteristics under
catalytic conditions is preliminary evidence for homotopy. Ex-
ceptions can still arise if the ligand affects the structure and
properties of the nanoparticle either by affecting the mode of
nanoparticle formation or growth or by binding to it in the final
structure.

Where the homotopic/heterotopic distinction makes the
biggest difference is in catalyst development. If we assume that
active catalyst is molecular because the catalyst precursor is
molecular, then both mechanistic understanding and catalyst
optimization will be hindered if the active catalyst is in fact
nanoparticulate. Optimization of homogeneous catalysts is best
done by varying the ligand set and conditions with mechanistic
notions as a guide. If our mechanism is wrong, our guide will be
false and we may be misled into moving in unhelpful directions
such as designing ever more elaborate ligands for testing.
Furthermore, selectivity, activity, lifetime, poison-sensitivity,
and catalyst recovery and regeneration are also likely to behave
completely differently for the two classes of catalyst. Computa-
tional mechanistic work is also playing a larger role in guiding
catalyst research.”’” With the wrong model for the active catalyst,
computation is at least severely hampered, if not doomed to
failure.

1.5. Lack of Exchange between Catalyst Subfields
Everyone now agrees that the same fundamental physical and
chemical principles govern all three classes of chemical catalysis
—Ostwald’s classes 2, 3, and 4—so it might at first seem strange
that these three classes have continued to develop as largely
independent fields. One honorable exception here is the long
running series of conferences entitled “International Symposium
on Relations between Homogeneous and Heterogeneous Cata-
lysis” (ISHHC) that brings together workers in homogeneous,
heterogeneous, and enzyme catalysis. This separation no doubt
arises because each requires entirely different experimental
methods, creating three separate groups of practitioners who
rarely exchange ideas. As a result, workers in homogeneous
catalysis may not always be fully alert to the possibility of artifacts,
notably that heterotopic catalysts might be the true actors in
particular systems under study. The converse is in principle
possible—heterogeneous catalysts could owe their activity to
molecular compounds formed in solution under the catalytic
conditions or to quasi-molecular specific sites on the surface.

2. TESTS FOR MOLECULAR VERSUS PARTICULATE
CATALYSIS IN AN OPERATIONALLY HOMOGENEOUS
CATALYST

First we look at the situation in which homotopic catalysis was
intended but heterotopy is suspected. Because the formation of a
metallic deposit is easy to detect and therefore raise suspicion, the
usual, more subtle question to be resolved is whether or not
activation of a molecular catalyst precursor gives catalytically
active metallic nanoparticles that remain in suspension. Within
this group, most studies by far refer to reduction catalysis, and the
established tests have therefore been devised with this applica-
tion in mind. Only recently has the same problem come to the
fore in the case of oxidation catalysis, where the corresponding
risk is formation of metal oxide nanoparticles that act as oxidation
catalysts. We defer discussion of this aspect to a later section, in

part because it is not yet possible to cover the oxidation problem
beyond a few brief remarks, because it is at such an early stage of
development.

The central problems in determining the topicity of a catalytic
reaction are easily stated but difficult to resolve. As most strongly
emphasized by Finke,'® this requires determining the speciation
of the precatalyst under reaction conditions (in operando) and
identifying the contributions of the different species present to
the overall process. This in turn requires that kinetic studies take
a leading role, as is indeed appropriate for this problem, because
catalysis is a predominantly kinetic phenomenon.

2.1. Suspicious Circumstances

Before heroic methods are applied, we need some indication
that all might not be well and that our homotopic molecular
precatalyst has formed a heterotopic catalyst as the true active
species (Table 1). The strongest such indication is deposition of
a metallic precipitate or mirror on the tube walls, isolation of
which allows testing for catalytic activity. If the deposit is itself a
catalyst, then its contribution to the overall activity can be
estimated. Even if the deposit is not a catalyst, or only weakly
so, it is still possible that the precursor metal complex is
continuously decomposing during the reaction and that a
catalytically active cluster or nanoparticulate form of the metal
is a precursor to the inactive metallic deposit; indeed to go from a
mononuclear complex to a metal deposit implies the interme-
diacy of small clusters at some point. Once the NPs have
aggregated and precipitated, the catalytic rate may drop off
sharply or go to zero. The mere presence of an inactive
precipitate, such as a metal, need not necessarily be an indication
of heterotopy—it may simply constitute a catalyst deactivation
product. Failure to precipitate is not definitive, either, because
some nanoparticulate suspensions can be very robust and resist
agglomeration. Instead they may be stable under the conditions
and mimic a homotopic catalyst. Finke’s Ir. 3o nanoparticulate
preparations even retain activitg/ after evaporation of the solvent
and subsequent redissolution,'* unlike classical preparations that
tend to agglomerate and lose activity.* Maitlis and co-workers™
considered the formation of dark-colored reaction mixtures as a
suspicious indication.

Another classic sign of potential trouble is an unexplained
induction period before catalysis begins, sometimes followed by
sigmoidal reaction kinetics. A lag phase does not always mean a
heterotopic catalyst is formed, however, because a metal complex
could easily require slow conversion to a still-homotopic active
form under the reaction conditions. Catalyst precursors often
undergo a change before they participate in the catalytic cycle,
and so a lag phase may just involve this conversion. Such a case
was identified by Stein, Lewis, and co-workers* for Karstedt’s
hydrosilylation catalyst (1).

Me,  Mep
- / —\ Si\o/SI /— \ '
Me,Si SiMe,
\o Pt——( Wl —Pt O/
\
Me,Si \ SiMe,
N —— 1 —_—

Nanoparticle syntheses can be very sensitive to small quantities of
adventitious material and so irreproducibility may legitimately
raise suspicion, but certain nanoparticulate catalysts can give
very reproducible catalytic results.® However, Narayanan et al.*
have shown that nanoparticle shape and size can strongly affect
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Table 1. Suspicious Circumstances Suggesting a Need for Further Study of an Operationally Homogeneous Metal Catalyst System

circumstance

unexplained lag time before onset of catalysis

catalyst properties, such as selectivity, closely
resemble the properties of the appropriate
analogous conventional heterogeneous catalyst
ligand (L) effects are minimal; all active

catalysts have similar rates and properties

transmission electron microscopy shows
electron-dense particles
catalytic activity is halted by a
selective poison for the heterotopic catalyst
kinetic irreproducibility
reaction mixture turns dark in color*

. . . 130
metal-containing deposit or mirror formed

harsh conditions®

“ For example, >150 °C or strong oxidants, acids, or bases.

comment

conversion of molecular precursor to an active
catalyst, possibly nanoparticulate
nanoparticle (NP) catalysis possible

all catalysts may convert to NPs having similar catalytic

properties whatever the nature of L, but ligands can

modify NP synthesis and so ligand-dependent activity

cannot eliminate the possibility that NPs are the active species®
the particles may not be active and may even have

formed only during sample preparation**®

Hg(0) is most common but precautions are needed*”**

nanoparticle synthesis can be very dependent on conditions
possible indication of NPs
possible indication of intermediacy of NPs, and the

deposit itself may be catalytically active

ligands may degrade and release metal

activity. In the case of Pt nanoparticles catalyzing the reaction
between hexacyanoferrate(Ill) ions and thiosulfate, the higher
the fraction of atoms at edges and corners of the NP, the greater
the activity found. Tetrahedral particles that maximized corners
and edges gave the highest activity. The nature of the stabilizing
groups at the surface of the NP also had a big effect.

Some workers have been tempted to think that, if the catalyst
can be reisolated in some molecular form in good yield at the end
of the reaction, the mechanism must be homotopic. Unfortu-
nately, it only needs a small amount of the molecular catalyst
precursor to transform into a highly active NP for the catalytic
reaction to be dominated by the heterotopic component.”* For
example, Lin and Finke®® find that, after 6 h, 85% of their
cyclohexene substrate has been hydrogenated by Ir NPs but
only 45% of the expected cyclooctane is seen, with cyclooctane
being an indicator for catalyst activation because it is derived
from hydrogenation of the (cod)Ir-containing catalyst precursor.
Likewise, palladacycle catalysts can sometimes be partially re-
covered after a Heck coupling when other indications suggest
heterotopy."?

Finally, harsh conditions are a factor to consider. For example,
if a supposedly homotopic reaction only goes above 150 °C or
only goes with harsh reagents such as powerful oxidants or
reductants, then special vigilance is indicated.

2.2. Controls

No single criterion can be considered definitive, however, so a
battery of tests has been devised by different authors over the
years. The first line of defense is running a full series of controls,
such as omission of the catalyst, having the appropriate metal salt
without the ligand and the ligand without the metal. Also relevant
is the role of air versus an inert atmosphere and even, on occa-
sion, sunlight versus dark conditions.

A particularly simple control is to run the reaction with the
authentic heterogeneous catalyst best adapted to mimic the case
under study. For example, in the case of a Pd coupling reaction with
a molecular catalyst precursor, a good control would be Pd/C.

A further clue is evident if the selectivity of the Pd/C reaction is
very similar to the operationally homogeneous case. Even if Pd/
C gives catalysis, this is not definitive evidence of heterotopy,
because of the possible dissolution of Pd under the reaction
conditions to form an active homotopic catalyst. Indeed, Pd/C is
thought to operate via a homotopic route in this chemistry, so the
interpretation of these controls is not always straighforward.

If a nanoparticulate catalyst is suspected, an obvious control is
to make the NP in question by a literature route and test its
catalytic activity and selectivity. Unfortunately, although molec-
ular compounds made in different laboratories can normally be
relied upon to behave in the same way, NP preparations do not
always have the same properties from one procedure to another.
Even with a standard procedure, differences may arise from one
preparation to another because in some cases even slight varia-
tions in the procedure can produce differences in the size and
shape of the particles, differences that can lead to different
catalytic behavior. For example, heterotopic catalysts can be
poisoned by small amounts of materials that might be present as
impurities in the reactants for the catalytic reaction under study.
In other cases, good reproducibility is possible, however.

2.3. Selectivity

In the case of hydrogenation reactions, certain substrates are
more rarely reduced by authentic homotopic catalysts but are
readily reduced by many heterotopic metals, including NP
versions. Such is the case®’ for reduction of CgHg to CgHj,
and of PANO, to PhNH,. Seeing either of these products from a
“homotopic” catalyst automatically raises suspicions of hetero-
topy. For example, benzene is fully reduced both by nanoparti-
culate Ir(0)** and by Rh(0)** but not yet by any authentically
mononuclear Ir or Rh hydrogenation catalyst. Presumably a
single metal is less effective for these harder substrates. In
exceptional cases, homotopic catalysts have been found that
reduce CgHg to CgH,, but in some authentically homotopic
cases, unlike the heterotopic examples, the product of deutera-
tion is predominantly the all-cis isomer of CgHDy,>* compared
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with the formation of multiple isotopomers, C¢H,D1,_,, having
no special stereochem1cal arrangement, more often found for
heterotopic catalysts.>® Deuteration might therefore qualify as a
candidate test to help distinguish the two situations, but excep-
tions exist. Dyson has reviewed the extant catalysts and has
suggested homo- or heterotopic activity for them from the
available evidence.”'

The Maitlis arene hydrogenation precatalyst, [Cp*RhCl,],,
has proved to be one of the most difficult and challenging cases
for resolution of the title problem.'®> In initial work, Maitlis,
Finke, and co-workers>** found good evidence for both types of
catalysis, homotopic and heterotopic, depending on exactly how
the precursor is activated; harsh conditions and thus nanoparti-
cles were required for benzene reduction, but a homotopic
catalyst formed via activation under slightly milder conditions
was viable only for cyclohexene reduction.

Finke and co-workers'* have now modified their conclusions
for the Maitlis catalyst and find in operando X-ray absorption fine
structure (XAFS), kinetic, and kinetic poisoning evidence for the
predominant species and active catalyst being subnanometer Rh,
clusters. They found no Rh(0) NPs, except after exposure to air.
A useful poison in these studies proved to be 1,10-phenanthro-
line (phen). Addition of phen up to a 0.5 phen/Rh ratio gave no
poisoning effect, whereas 1—S phen/Rh ratios led to progessive
poisoning. A quantitative treatment suggested that four Rh sites
were susceptible to poisoning, consistent with the proposal that
Rh, clusters are involved. In contrast, authentic Rh(0) NPs
behaved differently and were poisoned with phen/Rh ratios
much less than 1. Interestingly, the clusters, like Rh(0) NPs,
are poisoned by Hg(0), so this test cannot distinguish between
Rh, clusters and Rh,, NPs.

In a similar vein, the Finke strategy ®hasled to a reassign-
ment>*" from homotoplc to heterotoplc of the active species
from the [Rus(u*H), (77 C6H6)(77 -CgMeg),(1>-0)]" ben-
zene hydrogenation precatalyst, via a combination of kinetic
studies, Hg poisoning experiments, NMR data, as well as related
experiments. A number of authentic homotopic catalysts reduce
related but less challenging substrates than benzene itself—these

. o 1
these cases should raise no undue suspicion of heterotopy.*"*°

It might be thought that successful asymmetric catalysis with a
homochiral ligand would be a good indication of homotopy,
because the ligand must presumably be interacting with the metal
in such a case, but this is not a reliable indicator. For example,
Abley and McQuillin®” found up to ca. 60% asymmetric induc-
tion in the reduction of methyl 3-phenylbut-2-enoate by
RhCl3py;/NaBH, with (+)-N-(1-phenylethyl)formamide as
homochiral ligand, and homotopicity was thus assumed. Indeed,
given the very early date, 1971, no suspicions had yet been raised
against any ostensibly homogeneous catalyst, so this assxgnment
was reasonable at the time. We revised this assignment™ and
proposed nanoparticulate catalysis on a number of grounds. The
active “solution” was very dark, dynamic light scattering indicated
the presence of particles, Hg(0) poisoning was complete, reduc-
tion of PhNO, to PhNH, was fast, but the particles were small
enough to defy attempts at filtration because activity always
appeared in the filtrate (under Maitlis** conditions) and the
activity proved even higher after filtration than before, for reasons
not yet clarified. This is a clear limitation of the filtration test.
Izumi®® had already shown that modest enantiomeric excess (ee)
values were accessible in hydrogenation by modifying Raney Ni
with a wide variety of homochiral modifiers. The Izumi catalyst

was also stable to recycling, including maintaining its asymmetric
activity, so the ligands remained firmly bound. In work remark-
able for its early date (1956), Izumi and co-workers even used
Raney Ni on silk in the first asymmetric hydrogenation ever
reported, with the silk being concelved as a model for the
polypeptide matrix of enzymes.”

More recently, a vibrant field has developed involving surface
modification of heterogeneous catalysts for asymmetric reactions.>’
To take just one modern example, Bonnemann and Braun®
found that a platinum sol stabilized by the protonated alkaloid,
dihydrocinchonidine, can bring about the enantioselective
hydrogenation of ethyl pyruvate to (R)-ethyl lactate with ee
values up to 78%. This clearly indicates that ligands can bind
firmly to nanoparticles so as to give marked ligand-specific
effects in catalysis.

It is already clear that no one test can be used alone and in
difficult cases, a final decision may come down to a question of
probabilities rather than of certainties. The process may therefore
resemble a legal trial, where a majority verdict of the scientific
community can raise suspicion but quasi-unanimous agreement
is required to convict. Heraclitus’ classic dictum, “Nature loves to
hide”, particularly applies to this problem.

2.4. Kinetics

The classic paper by Watzky and Finke®' perhaps did the most
to clarify this aspect of the problem. This work involved the
catalyst precursor [BuyN]sNas[ (cod)Ir(POM)] where POM s a
polyoxometallate anion, originally introduced in the form of the
[BuyN]o[P,WsNb3Og,] salt. Hydrogenation led to loss of
cyclooctane and formation of a neutral ~20 A diameter I,
nanoparticles (n & 300), stabilized by associated POM, Na*, and
Bu,N*. The NP formation kinetics were followed from the
hydrogen uptake during cyclohexene hydrogenation. A classic
sigmoidal curve was seen, with no H, absorption for the first ~2 h,
followed by onset of rapid catalysis that terminated with the
exhaustion of the reactant alkene. Similar kinetics are seen for
oxide-supported Pt NP formatlon from chloroplatinic acid, also
reported by the Finke group.”

The Watzky—Finke model®" describes the growth process
for metal NPs, which tends to produce near-monodisperse
particles. Indeed, the standard deviation of the 1n1t1al size
distribution of the Ir.30o NPs was quite low: 2.8 AS* A four-
step mechanism for the formation of NPs, recently introduced by
Finney and Finke,* leads to a very characteristic type of curve,
illustrated for Pt(cod)Cl, hydrogenation in Figure 1.

The particle size seen for Ir.3oy shows close correspondence
with one of the “magic numbers” (13, 55, 147, 309, 561, 923) that
refer to the total numbers of atoms in successive closed-shell,
close-packed shell structures. For example, a single atom can have
12 neighbors; hence, the number 13 initiates the series. Each
successive number corresponds to adding one new shell of close-
packed atoms. When the shells are not yet fully formed, the
remaining vacancies provide active defect sites that are catalyti-
cally active but preferentially filled in during autocatalytic growth.
By filling all these vacancies, the more stable closed-shell
structure is attained. Lacking defect sites, the closed-shell struc-
ture is a less effective autocatalyst for nanoparticle growth and
growth halts, at least for a time. The authors obtained excellent
quantitative fits for a three-regime kinetic model that involved
nucleation, particle growth, and substrate hydrogenation.*®

Another useful point these authors established is that addition
of Ir3090 NPs to the catalyst precursor solution at the outset
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[cyclohexene] (M)

Figure 1. Typical kinetic curve for the reduction of Pt(cod)CL,, in the
presence of 2 equiv of proton sponge and 2 equiv of BusN, with
cyclohexene hydrogenation as the concomitant reporter reaction. The
data are fit to the four-step mechanism of ref 65a. The steps are A— B
(rate constant k; ), A + B— 2B (k,), bimolecular agglomeration B + B—
C (k3), and autocatalytic agglomeration B + C — 1.5 C (k). In the last
step, the smaller (B) and larger (C) nanoparticles a§glomerate with their
own rate constants, often with the order k, > k3.°

Reprinted with permission from ref 65a. Copyright 2008 American
Chemical Society.

shortens the lag phase by ~40% because the added particles can
catalyze hydrogenation of the molecular precursor complex and
mediate NP formation. This finding means that, if any lag phase is
significantly shortened by deliberate inoculation of a small
aliquot of a spent catalyst solution into a fresh sample of the
precursor complex solution, this can provide an indication of NP
formation.”” Whitesides and co-workers®’ earlier found that
[Pt(cod)Me,] could only be hydrogenated to Pt(0) in the
presence of Pt(0) nanoparticles as catalyst. Finney and Finke®®
looked at [Pt(cod)Cl,] and found that it could also be hydro-
genated to Pt(0) NPs, but only after a lag time of 7 h.

There is also recent XAFS and kinetic evidence that the most
active component of an iridium-based Ziegler-type hydrogena-
tion catalysts made from [(cod)Ir(u-O,CgH;s)], and AlEt; is
also nanoparticulate Ir(0) formed via the intermediacy of sub-
nanometer clusters.’®

2.5. Microscopy

Transmission electron microscopy (TEM) has given valuable
information in a number of cases. The TEM data from Watzky
and Finke®' showed that the NPs in fresh Ir._ 300 preparations are
uniform and well-dispersed but that they change over weeks in
acetonitrile (Figure 2), becoming much bigger as well as devel-
oping an irregular size distribution. The changes presumably
result from agglomeration.

In “ligand-free” Mizoroki—Heck”® reactions (eq 2) of aryl
iodides with Pd(OAc),, Jeffery’" suggested using tetraalkylam-
monium salts as additives to act as phase-transfer catalysts. Since
these salts are also known”” to stabilize Pt nanoparticles, Reetz
and co-workers”*”* looked into the problem with TEM and
scanning tunneling microscopy (STM), among other methods,
and gathered evidence for the presence of 1—5 nm Pd nano-
particles. Even though pure Pd(OAc), is known to decompose at
100° to palladium black, solvent-stabilized 8—10 nm Pd(0)
nanoparticles are formed simply by heating Pd(OAc), in a polar
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Figure 2. Watzky and Finke’s cyclohexene hydrogenation data and the
excellent fit of their kinetic model for nanoparticle nucleation and
growth, quantiﬁed61 by rate constants k; and k;.

Reprinted with permission from ref 61. Copyright 1997 American
Chemical Society.

i‘

Figure 3. TEM data for fresh Ir.30o nanoparticles (upper) versus a
6-week-old sample that shows agglomeration (lower).

Reprinted with permission from ref 61. Copyright 1997 American
Chemical Society.

solvent such as propylene carbonate, with no tendency to form
Pd black even after several days at 120°.”° Palladacycles of various
types have been shown to be excellent precatalysts for the Heck
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reaction, but Rocaboy and Gladysz’® proposed from TEM and
related studies that these merely act as a source of Pd nanopar-
ticles; a complicating feature in this case is the fact that many of
these palladacycles can be in part recovered after the reaction, a
point that might lead one to believe that they are the true
catalysts. This study emerged from an attempt to design a
fluorous-phase catalyst that would be readily recyclable. The
nanoparticulate form of the catalyst, having lost its fluorous
ligands, failed to recycle with the fluorocarbon phase, as expected
because it no longer had the physical properties of the precursor.
This is another illustration of the idea that, in work with a
multifunctional ligand, the topicity of the catalyst does matter.

Ar
Pd
0 a0 0
NaOAc
)
A significant limitation of TEM studies was identified by Stein,
Lewis, and co-workers.* They found that, in a Pt hydrosilylation
in which only mononuclear Pt species were present at the end of
the reaction, mere evaporation of the solution was sufficient to
induce NP formation. Methods are therefore to be preferred in
which there is no sample preparation (in operando) or at least in
which the sample preparation is minimal to ones where sample
preparation is such that significant changes may occur. This also
raises the question of time scale: nanoparticles observed by TEM
subsequent to catalysis may be required from the outset for
catalysis to occur or they may be formed during the course of the
catalysis or subsequent treatments and not be essential for
catalysis. Finally, very small clusters may escape detection by
TEM; although no general rule can be posited from literature
data, a lower limit of S—10 A diameter seems to apply. New
methods are continually becoming available, and these may
prove useful in future; for example, high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM),
also known as Z-contrast microscopy, has shown recent promise
for detecting small metal particles in the subnanometer range.””
Potential limitations of TEM include the possibility that the
electron beam might initiate particle formation.' Finally, TEM
cannot be considered a bulk method or an in operando method
as is kinetics or dynamic light scattering.

2.6. Dynamic Light Scattering”®

This less-common technique has been applied to the topicity
problem.”?>3>**728% [t can detect nanoparticles and establish a
mean radius for the ensemble. Given the minimal sample
preparation relative to microscopy, light scattering has the
advantage of working on the catalytic solution itself, ideally in
operando. Light scattering can in principle also detect smaller
particles than standard TEM, and it may prove useful in these
roles in future. Neither light scattering nor microscopy can
establish if the nanoparticles detected are directly involved in
the catalysis or merely act as bystanders. Only kinetic and
quantitative kinetic poisoning experiments'° can establish which
of the species present is the true, most active catalyst.

2.7. X-ray Methods

Small angle X-ray scattering (SAXS) gave very useful informa-
tion in the Stein—Lewis*” study of Pt hydrosilylation catalysis. In
the case of the classic chloroplatinic acid precatalyst, 20 A
particles were detected after HSi(OEt); treatment; in contrast,
Karstedt’s catalyst (1) formed no particles during catalysis, at
least with substrates that are good ligands. Confirmatory data was

obtained by EXAFS on frozen solutions, where Pt—C (2.18A)
and Pt—Si (2.32A) bonds were identified, but no Pt—Pt bonds.
The active Pt catalyst was also trapped in a silicone glass that
permitted X-ray photoelectron spectroscopy (XPS) analysis of
the trapped Pt. This gave a Pt (4f;/,) binding energy of 73.1 eV,
compared to Karstedt’s precatalyst at 72.4 eV, which suggests
that the trapped Pt catalyst was in the Pt(II) oxidation state. In a
related technique, Bradley et al.*' have used electron diffraction
to identify the crystalline forms of various poly(N-vinyl-2-
pyrrolidone) (PVP)-stabilized Pd NPs, which proved either to
be amorphous or face-centered cubic (fcc), depending on the
synthetic method.

XAFS has also given useful in operando structural information
on the Rh clusters present in catalytic dehydrocoupling of amine
boranes. Rh, and Rhg clusters are identified as the mag‘or (>99%)
Rh-containing species during and after the reaction.*” This work
emphasizes that we can no longer consider that the possible
categories of active catalysts to be identified are limited to the
nanoparticulate and monometallic types—catalysis may also
occur via nanoclusters M,, having a small number of metal atoms.
It is too early to say for sure, but we may eventually find examples
across the whole range of possible # values.

A number of single-crystal X-ray studies on molecules in the
size range of interest are relevant, but we look at just two recent
examples here. In one case, a well-defined Au;p, nanoparticle
stabilized with 44 mercaptobenzoic acid groups has been isolated
and fully characterized by single-crystal X-ray structural work at
1.1 A resolution. Although not having a magic number of Au
atoms, the authors believe that the structure can be explained in
terms of 44 surface AuSAr groups stabilizing an inner Ausg core.
If each core Au contributes its one valence electron, the authors
regard the total of 58 electrons of the core as constituting a closed
shell, a factor that is also believed to account for the high stability
of Augg clusters in the gas phase.®

Turning to metal oxides, Benedict and Coppens®* have
characterized a series of nanocluster-sized titanium oxides®® by
single-crystal X-ray diffraction, with the aim of helping to under-
stand interfacial electron transfer in TiO, based solar cells. For
example, in Tij;(4"-0)4(u’>-0)15(4>-0)4(cat),(OPr) 6, four
surface Ti atoms have bound catecholates; the same linkers are
sometimes used to bind to TiO, NP surfaces in solar cells.

2.8. Infrared Studies

Bradley et al.*' also trapped Pd NP preparations of diameter
25, 40, and 60 A (TEM) with CO and showed how the CO IR
spectral bands of the resulting materials responded to the size of
the NP. Small particles showed strong terminal (~2050 cm ') as
well as bridging CO bands, while the large particles showed
essentially only bridging bands (~1935 cm™"). Terminal CO is
thought to prefer the edges and vertices of the NPs, locations that
constitute a greater fraction of available sites in smaller particles.
No applications to the homogeneous catalyst topicity problem
have been reported as yet, however.

2.9. Selective Poisons

If we had a set of poisons selective for homotopic catalysts and
another set for heterotopic ones, we could assay any given
reaction by applying each type of poison in turn. Unfortunately,
once again we meet difficulties. Mercury and CO were already
recognized in early work as powerful poisons for both hetero-
geneous and colloidal catalysts.**®” The earliest application to the
present problem was the Hg test> in which Hg(0) is proposed to
act as a selective poison for Pt group metal nanoparticles while
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leaving homogeneous catalysts largely unaffected. By Hg(0)
suppression of unwanted heterotopic platinum(0)-catalyzed side
reactions via poisoning in systems involving competing homo-
topic reactions of soluble organoplatinum species, Whitesides
and co-workers were able to identify the homotopic component
of a reaction under study. Whitesides*® was unable to identify the
original source of the Hg(0) poisoning method and considered
that the technique was a part of the oral tradition of organome-
tallic experimental practice. We also found this test useful to help
eliminate the possibility that Ir(0) NPs were the active species in
our early alkane activation work.*>** The method is likely to
poison nanoparticle-based catalysts, even where a homotopic
catalyst is formed by dissolution of the metal from the particle
under the reaction conditions, as sometimes happens for Pd
catalyzed reactions. Finney and Finke®® have recommended
another precaution to be taken in applying the test: excess Hg(0)
is best added to the catalyst with efficient stirring but only after
the catalyst has been activated. This gives an internal control in
that the catalytic reaction is in progress when the Hg(0) is added.
Adding Hg(0) from the outset may also inhibit the catalyst-
activation step. It is sometimes said that the Hg(0) amalgamates
the surface, but this is by no means required; the Hg(0) atoms
merely have to adsorb at the active sites to poison the catalyst. At
least in one case, Hg(0) can also poison Rh, nanoclusters.'*
Stein, Lewis, and co-workers® have identified a case of
mistaken application of the test in which the Hg(0) was
incubated with Karstedt’s Pt precatalyst (1) for 7 h before
commencement of a catalytic hydrosilylation run. No catalysis
was observed with Hg(0), contrary to the situation in its absence,
and heterotopy was originally suggested. The authors were able
to show that in fact the Hg(0) slowly but completely decom-
posed the catalyst during the incubation time. After 7 h, no Pt
remained in solution, as determined by atomic absorption
spectroscopy. They found that Hg(0) addition without any
incubation delay gave active catalysis, suggesting that Karstedt’s
catalyst is homotopic, reversing the prior interpretation.
Dyson®" considers it unsafe to exclude the possibility that
Hg(0) may poison an authentically homotopic catalyst, and so
only if Hg(0) fails to poison the system is it safe to conclude that
the system is homotopic. Controls are also needed to see if
Hg(0) inhibits the appropriate heterogeneous catalyst that is
suspected to be present, such as Rh/alumina for a operationally
homogeneous Rh catalyst. Exceptionally, one case of acceleration
of a presumably heterotopic reaction by Hg(0) has been reported.*”
Manners and co-workers™ successfully applied the Hg(0) test,
among other methods, in the analysis of a catalytic dehydrocou-
pling of the phosphine—gallane adduct with a [(cod)RhCl], pre-
cursor, where Rh NPs were identified as the active catalysts.
Polymer-bound phosphines have been suggested as selective
poisons for molecular catalysts. Lipshutz et al.”* added polymer-
bound PPh; to a Kumada coupling with a Ni/C catalyst with the
result that only 42% conversion of aryl halide occurred as compared
to 100% without polymer-bound PPh;. In combination with results
from other tests, molecular catalysis by dissolved Ni was suggested.
Weck, Jones, and co-workers”**™® found evidence that SCS
pincer complexes of Pd(I) are merely precatalysts in Heck
reactions by a variety of tests including a series of poisoning
experiments; for example, Hg(0) suppressed the reaction. When
the catalyst was immobilized on silica, significant leaching of the
Pd took place and, after filtering off the silica particles, the filtrate
still showed significant catalytic activity. Recycling of the silica-
bound Pd catalyst was also affected: although the product yield in
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Figure 4. Two materials reccommended for selective catalyst poisoning.

the second run was essentially the same as in the first, the rates
were much reduced, and in each case a sigmoidal rate curve was
apparent, consistent with autocatalytic growth of NPs.%! Poly-
vinylpyridine (PVPy, Figure 4) was suggested as a specific poison
for operationally homogeneous Pd, whether present as a sol or as
molecular complexes. Indeed, PVPy poisoned the catalysis, even
when the Pd complex was supported on silica, consistent with a
homogeneous component of the system being required for
catalysis. Numerous other controls and tests were also per-
formed. The same group came to the same conclusion in the
case of PCP pincers,” and Bergbreiter et al.”* came to similar
conclusions in a related SCS pincer case.

An important aspect of poisoning is its stoichiometry. If the
catalyst is poisoned with PPh, for example, then a homotopic,
mononuclear catalyst should require at least 1 equiv, if not more,
to shut down all the sites. Nanoparticles can be poisoned with
less than this, for example, only 0.2 equiv PPh; per Ir for the
Ir_300 case mentioned above.>® This arises from the fact that the
NPs have some significant fraction of their M atoms in the
interior of the NP and because bulky PPh; has a big footprint on
the NP surface. Other poisons such as CS, have been suggested,
but the stoichiometry in this case is more variable, because the
CS, may be cleaved on adsorption, with each atom, no doubt
bridging, poisoning several sites. Finke and co-workers” note
that the number of metal active sites poisoned per CS, molecule
can be estimated based on the available literature to lie between
1.5 and 10. However, they also emphasize that a more precise,
experimentally determined value would greatly aid and improve the
use of CS, as a way to determine the number of nanoparticle active
sites. Poisoning stoichiometry can be grossly affected by speciation,
however. If only a small part of the total metal is in the catalytically
active form, the poisoning stoichiometry may not be helpful. Again,
one needs to know the number of species present in operando, and
their relative kinetic contributions, as emphasized by Finke.'?

Huang and co-workers”*> have compared resin- and silica-
bound thiol scavengers for the removal of Pd to help determine
the true catalytic species in Heck coupling of bromobenzene and
styrene. Elemental analysis and TEM data indicate that silica-
bound thiols have an advantage over resin-bound thiols in
selective removal of soluble Pd from a Heck reaction solution
in that they efficiently poison the catalytic species but hardly
affect Pd clusters in solution, even ones as small as 1 nm. From
catalyst poisoning by the scavengers, filtration data, and TEM
studies, Pd clusters were shown to be inactive for the Heck
reaction with Pd(0)/SiO,, with dissolved Pd(0) being the sole
active species. [a,e]-Dibenzocyclooctatetrene (dct, Figure 4) has
been suggested as a selective poison for homotopic hydrogena-
tion catalysts,®® but its synthesis is tedious and the method has
not been widely invoked.

2.10. Three-Phase Test
The three-phase test used to probe this problem was originally
developed by Rebek and Gavina® to probe the presence of a free
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intermediate in a reaction. It harks back to Paneth and
Hofeditz’s” classic work showing that free methyl radicals
formed by decomposition of PbMe, at a hot spot in a tube could
be transported for a distance by a flowing gas to a cool zone
where the radicals reacted with a previously formed Pb mirror to
give back PbMe, and etch away the mirror. In the Rebek
experiment,”® the question to be solved for the reaction of eq 3
is whether the cyclobutadiene—a species that is far too reactive
to be isolated—is ever truly free or if it instead remains metal-
bound during the Diels—Alder reaction. In an experiment where
the two reactants were covalently bound to separate beads of
Merrifield resin (eq 4), the reaction was shown to proceed
normally. This result argues for the intermediacy of free, rela-
tively long-lived cyclobutadiene because the free diene has to
have enough time to travel through the solution from one bead to
another.

0 0
Ce(IV)
phenycoFe—[l | + [| ~Nr — Dﬁm
0 0 4

free

o ado

Collman and co-workers”® showed that Merrifield-type cross-
linked polymers with unsaturation act as viable substrates for
hydrogenation reactions in the presence of homotopic catalysts,
but not heterotopic ones, such as metal sols or heterogeneous
catalysts. [Ir(cod)L,]PFs was shown to be homotopic but
[Cp*RhCL,], proved to be heterotopic, at least under the
conditions employed for the test.

In the catalytic arena, the question becomes whether a soluble
catalyst detaches from the solid-phase heterogeneous catalyst,
say Pd/C, and contributes to the activity. Following the logic of
eq 4, the reaction is run with a reactant attached to a polystyrene
bead. If a soluble Pd species is active, then it can enter the bead
and carry out the reaction. If there is no soluble fraction or if the
soluble Pd species is inactive, catalyst cannot enter the reactant
bead and no reaction product will be seen in the bead. Of course,
this does not rule out the formation of Pd nanoclusters because if
these were to detach from the Pd/C catalyst and enter the pores
of the bead, which can have pore sizes in the nanoparticle range,
then the reaction can occur and the test fails.”” The three-phase
test thus only distinguishes whether operationally homogeneous
components are formed from a heterogeneous catalyst precursor.
Any release of Pd or any metal into the products can also be of
significance in commercial production. At the simplest level,
precious metal is lost from the catalysts, increasing process costs
and contaminating the product. Contamination is a particular
concern in pharmaceutical production, where regulatory limits
on metallic impurities in the final product are very strict.

There are numerous cases where the three-phase test has given
useful information. In an early study,'° Davies et al. asked if
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heterogeneous catalysts can be precursors to homogeneous
catalysts. Indeed, in a commercially significant synthesis using
Pd/C for alkoxycarbonylation of a vinyl halide (Vi-X), as
much as 25% of the Pd was detected in the process stream. The
three-phase test proved positive for a truly homogeneous
catalyst only when vinyl halide was present, suggesting that
Vi-X reacts with Pd/C to produce a soluble Vi-Pd-X species.
The authors found similar results for a Heck mechanism, again
only when the organic halide was present. Shmidt and
Mametova'?’® seem to have been the first to make this causal
connection between Pd leaching and the presence of the
halide reactant.

Some limitations apply to the three-phase test.'”'® The
catalyst may not be active in immobilized form, so a control is
needed to check that a soluble substrate is indeed converted
normally. The polymer substrate may be unsuitable for the
dissolved catalyst, as revealed by a control reaction with the
soluble form of the catalyst and the immobilized form of
the substrate. Crudden and co-workers report further pre-
cautions and limitations associated with the three-phase

101b
test.

2.11. Maitlis’ Hot Filtration Test

In this test,”* sometimes known as a “split test”, the reaction
mixture involving a nominally homogeneous catalyst is passed
through a glass frit with a filter aid such as “Hyflo Super Cel”
(Aldrich), ensuring the appropriate reaction temperature is
maintained during the procedure. The catalytic activity of the
filtrate is then assayed. The filter pad and any entrained particles
are then rinsed and returned to the original vessel, also previously
rinsed. After the vessel is charged with fresh substrate and
reactants, the catalytic activity of the resulting mixture is checked.
Any filterable material retained by the filter aid endows it with
catalytic activity, and reaction products are observed. Depending
on the effective pore size of the filter aid, particles below a certain
size may not be held back, so small nanoparticles may escape
detection by this means. Conversely, in running the test on a
nominally heterogeneous catalyst, any soluble material released
from the catalyst should pass through the filter, in which case
catalytic activity also appears in the filtrate. For reactants with low
solubility, care must be taken to ensure they have successfully
passed through the filter. It is hard to maintain in operando
conditions during the whole procedure, but the method is
relatively easy to apply and needs no special instrumentation
or apparatus.

In a recent example, Biffis and co-workers'** came to similar
conclusions as others in the case of a nominally heterogeneous
Pd catalyst precursor for the Heck reaction. They found activity
resided in the filtrate and identified the halide component of the
reactant mixture as the solubilizing agent.

Conlon and co-workers'*® come to a similar conclusion for
the Suzuki—Miyaura reaction (eq 5) catalyzed by Pd/C by
estimating the solution levels of Pd by hot filtration followed
by high-performance liquid chromatography (HPLC) analysis
for the organics and inductively coupled plasma—mass spec-
trometry (ICP-MS) analysis for the palladium. Other workers
have come to similar conclusions. For example, a palladium-
(II)—SCS—pincer complex has been covalently immobilized
on porous silica and polynorbornene supports and evaluated
in the Mizoroki—Heck reaction.'® Kinetics and poisoning
studies show that the pincer complexes decompose to liberate
active Pd(0) species. There was no evidence for catalysis by
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the intact Pd(II) pincer complex, ruling out a Pd(II)—Pd(IV)
cycle that had been postulated for such catalysts under the

conditions used.

Pd
Ar Br + (HO)ZB@ —> Ar—@
)

Obviously if the active catalyst is nanoparticulate, formed
by dissolution and reprecipitation from the reaction mixture,
it could still pass through the filter and produce a catalytically
active filtrate. Lipshutz and co-workers’" describe the case of
Ni/C catalyzing aromatic aminations and Kumada coupling,
where dissolution of the Ni occurs but its subsequent rede-
position is so fast that very little dissolved Ni is ever present in
solution and the Ni/C is largely recovered at the end of the
reaction. Nevertheless, spectroscopic analyses (TEM, energy-
dispersive X-ray spectrometry (EDX), inductively coupled
plasma atomic emission spectrometry (ICP-AES), and React-IR
data) suggest that the true catalyst is most likely homogeneous
rather than heterogeneous. Other limitations of hot filtration
have been discussed by Sheldon and Schuchardt and their co-
workers.'*®

Heterogeneous Pd catalysts may not always leach easily.
Kobayashi and co-workers'°*'” have reported a “polymer-
incarcerated” preparation of palladium nanoparticles that seems
to show very low leaching in reactions such as the Suzuki—
Miyaura coupling.

In a much more sophisticated version of the filtration test,
Rothenberg and co-workers'®” looked at leaching of Pd from Pd
nanoparticles under both Heck and Suzuki C—C coupling
conditions in a special membrane reactor. The membrane
allowed passage of species smaller than ca. 5 nm, and the results
suggested that catalysis is carried out by either Pd(0) or Pd(II)
that leaches into solution.

Centrifugation does not seem to have been used in the
context of separating a heterogeneous from a homogeneous
phase for separate testing of each phase for catalytic activity,
probably because this room-temperature procedure would
only give post operandum information, gathered after the
reaction mixture had been cooled down from the reaction
temperature. Catalysts that operate at room temperature are
much more common in oxidation chemistry (section 2.13),
where we may see in operando centrifugation employed in
future.

A related procedure, sometimes termed Sheldon’s'®® hot
filtration test, involves filtration of a heterogeneous catalyst from
the reaction mixture partway through a reaction, followed by
continuation of the reaction in the absence of the solid catalyst. If
the reaction comes to a halt, heterogeneous catalysis is consid-
ered to be confirmed.

Because of their simplicity, there may be an over-reliance on
filtration tests for identifying the topicity of catalztic reactions.
The standard review by Jones and co-workers' contains an
extended discussion of this point.

2.12. UV—Visible Spectroscopy

In the catalytic dehydrocoupling of the amine boranes and
phosphine boranes with a variety of Rh precatalysts such as
[Rh(cod)Cl],, Rh/AL, O3, an authentic Rh-colloid, and [Rh(cod),]-
OTT, Jaska and Manners'® tried to determine whether the
dehydrocoupling proceeds by a homogeneous or heterogeneous
mechanism. A combination of standard methods, such as TEM
and the Hg(0) test, gave useful information. The presence of Rh

colloids in solution was also indicated from UV—visible spec-
troscopy. Ten nm Rh colloids exhibit a continuous absorption in
the visible range due to a surface plasmon resonance, with a
steep rise in absorbance at short wavelengths. Lag times were
seen in some cases, followed by sigmoidal kinetics. The results
obtained suggest that the catalytic dehydrocoupling of amine
boranes is heterotopic, involving Rh(0) colloids, while that of
phosphine boranes is homotopic even when starting with
Rh(0) precursors such as Rh/AlL,O3. An active heterotopic Rh
catalyst for dimethylamine borane dehgrdrogenation was later
reported by Zahmakiran and Ozkar."' The same conclusion
was reached by Andrews et al.''' for palladium-containing
perovskite catalysts in the Suzuki reaction. This work included
a catalyst-poisoning study

It seems that both soluble Pd and insoluble Pd species are in
principle accessible whether we start from a homogeneous or a
heterogeneous catalyst precursor. This means that formation of
Pd nanoparticles in a given reaction that starts from a homo-
geneous catalyst precursor does not necessarily mean that the
active catalyst is heterogeneous. Pd may be unusual in this
respect among precious metals but it is also the Pt group metal
with the greatest number of applications in organic chemistry, so
the necessary studies have yet to be carried out for the less
common Pt metals. If Pd can dissolve under the catalytic
conditions, less noble metals are even more likely to do so, and
t};is p?()s;ibility may need to be taken into consideration more
often.

2.13. Oxidation Catalysis

The mechanisms'**™'*° of homogeneous, transition metal
catalyzed oxidation catalysis tend to be less well developed, more
complex, and more difficult to define than for the case of
reduction or redox-neutral catalysis. Numerous papers and
reviews' '~ have reported the activity of deliberately prepared
metal or metal oxide nanoparticles in oxidation catalysis. It is too
early to say anything general about possible heterotopic con-
tributions in supposedly homosgeneous catalysts, but a few initial
observations have appeared.'?>'3*

Water oxidation catalysts'>*'*" are attracting increased
interest in connection with alternative energy strategies, but
in relatively few cases has the possibility of heterotopy been
carefully examined. Modeling the Mn,O4Ca water oxidation
cluster of Photosystem II, a synthetic tetramanganese cluster,
[Mn,O4Ls]" (L = diarylphosphinate),"** was introduced into
a Nafion matrix and shown to give efficient water oxidation
catalysis. X-ray absorption spectroscopy and transmission
electron microscopy suggested, however, that the cluster acts
in the Nafion as merely a source of Mn(II), which is then
reoxidized to form nanoparticles of Birnessite, a mixed Mn-
(III/1V) oxide. Cycling between the photoreduced product
and the Birnessite was proposed to be responsible for the
photochemical water oxidation catalysis. If so, the original
manganese cluster is therefore only a precursor to the true
catalyst.">*"'*> Nocera'?® and co-workers’ amorphous cobalt
phosphate material is electrodeposited from cobalt salts in
solution and is of particular importance as an eflicient, base
metal heterogeneous catalyst.

Iridium complexes can be homogeneous catalyst precursors
for water oxidation driven by ceric ammonium nitrate (CAN) as
primary oxidant or electrochemically. The use of Ir in this field
seems to go right back to early Soviet work'?” (1965). Recent
work has emphasized organometallic complexes. For example,
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Because IrO, is a known water oxidation catalyst and harsh
primary oxidants such as CAN are often used to bring about the
reaction, the possibility exists that all the ligands are oxidatively
removed and the true catalyst is nanoparticulate IrO,. Beyond
IrO, itself, amorphous electrochromic mixed-valent iridium
oxide IrO,-nH,O is also a candidate catalyst material, as shown
by the facile anodic deposition of highly catalytically active, dark
blue form of this material from precursors such as 5."*° In a
particularly informative electrochemical quartz crystal nanoba-
lance study, Schley et al.'’' quantitatively determined the
deposition of a material that we call the “blue layer” (BL) on a
gold electrode attached to the quartz crystal. A distinction was
noted between precursors such as S, which deposit BL, and
precursors such as 4, which do not, at least on the experimental
time scale of minutes. One might think that, even if a deposit is
absent, as in the case of 4, particles might still form in solution,
but we rely on the observations by Murray and co-workers'** and
Yagi et al."*® that IrO, NPs deposit anodically from solution;
assuming this also applies to BL, as it may well do because $
indeed yields a deposit, heterotopy can be eliminated for 4. These
measurements only apply to the first minute or so of reaction, but
they seem to imply that both homotopic and heterotopic
materials can act as catalysts in this case. The N-heterocyclic
carbene (NHC)-substituted complex 6 seems to be the fastest
yet reported in the Cp* series.">* Formation of the BL, a material
that no longer contains Cp* Me groups (IR and NMR), means
that the Cp*Ir unit can be oxidatively degraded without too much
difficulty to give a highly active, heterotopic water oxidation
catalyst. This behavior raises a red flag for such systems in
general, and close scrutiny will be needed to define their topicity
and how it may vary with change of ligands, change of conditions,
and the time scale considered. Other ligand sets may prove more
suitable than Cp and Cp* This work also emphasizes the
importance of controlling for the homogeneity of electrocatalysis
by rinsing the electrode and then checking its catalytic activity in
pure electrolyte. Of course, this test still does not eliminate the
possibility that heterotopic catalysts are formed that do not
deposit on the electrode.

Beller and co-workers'*® reported that simple Ir salts, such as
IrCl; - xH, O, were even more active than 1—35, thus ruling out
the need for organometallic ligands. Because of the very slow
dissolution kinetics of IrCls, the dissolution process was left to
continue for 15 days to obtain the maximum rates. The TOF
activities they observe for the best catalysts are better than for
conventional IrO, and do not show the very rapid drop in TOF
seen for the IrO, over time. Critically for the mechanistic
interpretation, IrCl;—CAN was shown by HAADF-STEM ima-
ging to contain 12.5 A particles containing iridium in a ceria
matrix. Such very small nanoclusters might easily escape'®
detection by conventional TEM.

Zhou et al."* looked at CH hydroxylation with precatalyst 4
and Ce(IV) and showed retention of configuration at carbon in

and 4, among others, have proved active

cases such as eq 6. Stereoretention seems more plausibly
associated with homotopic than heterotopic catalysis, but a UV
band near 580 nm, possibly associated with formation of an
iridium oxide material, is seen under certain conditions and the
long time scale of the reactions, hours, raises concerns. Isolated
bulk BL itself does not seem to have good activity for CH
hydroxylation and did not show retention of configuration, but
the bulk material may well be deactivated relative to the active
species in the reaction of eq 6. Although TEM does not show
NPs under the conditions employed, small particles, best viewed
as nanoclusters, could still form, as in the Beller study, and could
easily be competent to give stereoretentive reactions like eq 6.
Both a mononuclear and a multinuclear nanocluster could be
homotopic in the sense of having a single type of metal active site.
Much more work is needed, however, before the active catalysts
can be securely identified.

H OH

Ce(IV), 4
O —
+-BuOH-H,0

H H ©)

A homogeneous precursor, Au(OAc)s, gave selective oxida-
tion of dibenzylamine to dibenzylimine with O, as the oxidant.
The nature of the active catalyst was suggested by in situ X-ray
absorption spectroscopy (XANES) and by TEM. In an early
stage of the reaction, dissolved Au(OAc); is reduced by the
amine in situ and the resulting Au(0) nanoparticles were
considered to be the true active catalyst for the reaction.'*’”
Palladium oxide NPs, and not as previously believed Pd(0) NPs,
are now thought to be responsible for the aerobic oxidation of
benzyl alcohol.

A recent report'™™* of a cobalt polyoxometalate (POM)
catalyst for water oxidation with chemical oxidants attracted
attention for its use of Earth-abundant metals rather than Ru or
Ir. In this work, a [Co4(H,0),(PW,03,),]'" precatalyst in pH
8.0 sodium phosphate buffer was shown to act as a water
oxidation catalyst (WOC) with an appropriate [Ru(bipy);]**
oxidant. Kanan and Nocera'**'*® had previously reported a
cobalt oxide material (CoO,,) formed from Co(II) salts by anodic
deposition in buffers such as phosphate as an active WOC, so the
possibility that the POM complex released cobalt and deposited
Co0, under operating conditions could not be excluded. Indeed,
electrochemical, kinetic, UV—vis, scanning electron microscopy
(SEM), EDX, and related work by Stracke and Finke"**" suggests
that the POM complex may be only a precatalyst for a hetero-
topic CoO, WOC. UV—vis and electrochemical data show that
the S00 M POM complex slowly releases S8 uM Co(1I) into the
phosphate buffer, and an active CoO, WOC was detected on the
anode after the electrochemical runs. Finally, authentic 58 uM
Co(II) was shown to give an active CoO, WOC under the
appropriate buffered conditions without any POM present.

2.14. Possible Future Studies

The remarkable recent advances in electrospray mass spectral
methods suggests that the post operandum speciation of pre-
catalysts might be accessible in this way. A referee has suggested
that for NMR-active metals like platinum or rhodium, a small
molecular cluster would be likely to have a well-defined solution
NMR, but failure to observe a metal NMR signal could be a clue
that single molecular species are not present.
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Table 2. Tests That Can Be Useful in Helping to Distinguish Molecular (Homotopic) from Multisite (Heterotopic) Catalysts”

test comment classification”
kinetics unexplained lag time and sigmoidal kinetics may indicate heterotopy* 10, MP, AF
selectivity selectivity may match a relevant catalyst of known topicityd 10, MP, AF
poisoning choice of poison has to be appropriate for the case in question 10, MP, AP
3-phase with several possible failure modes, a positive outcome® is more persuasive than a negative one 10, MP, AP
hot filtrate (split test) the soluble catalyst must persist long enough for its activity to be apparent in the filtrate PO/, Mp, AP
microscopy particles may be inactive or only formed in sample preparation or observation PO, SP, AF
asymmetric catalysis with heterotopic as well as homotopic catalysts can show high ee's® 10, MP, AF

appropriate ligand

spectroscopy observable species may not be active species 10, SP, AF
electrochemical the catalytic activity of the rinsed electrode in pure electrolyte may result from a catalytic deposit PO, SP, AF
inoculation addition of an aliquot of the final reaction mixture to the starting catalyst 10, MP, AP

solution may abolish any lag phase,®!

Abbrematlons IO = in operando; PO = post operandum; MP = mechanistic probe; SP = speciation probe; AF

suggesting heterotopy

= additive-free; AP = additive present.

? Definitions from section 2.14: homotopic = mechanistically homogeneous (single type of active site); heterotoplc = mechanistically heterogeneous
(multisite). © Or the precatalyst may be undergoing a conversion to a dlfferent, but still homotopic, active form. ¢ It can be difficult to choose appropriate
comparison catalysts, however. ¢ That is, catalytic activity is observed.” 1O filtration is hard to carry out. The additive is the filter aid. € See section 2.3.

2.15. Hierarchy of Tests

Not all tests have equal value (Table 2). The best mechanistic
evidence is expected to come from measurements on the reaction
mixture itself during the catalytic reaction (in operando) rather
than on a sample of the reaction mixture that has been subjected
to sample preparation (post operandum), as in microscopy.
Similarly, measurements that directly probe mechanism, such
as kinetics and poisoning, are likely to be more relevant than
measurements that establish phase relationships, again as in
microscopy. Finally, measurements that do not require additives,
such as kinetics, may be more reliable than tests in which
additives are needed, such as in poisoning experiments. The
Finke strategy'® is an example of how one can combine com-
plementary experiments to obtain reliable information.

3. MOLECULAR CATALYSIS IN OPERATIONALLY HET-
EROGENEOUS CATALYSTS

‘When operationally heterogeneous catalysts are exposed to reagents
in solution, a question naturally arises: do they stay hetero-
geneous'®® or is the active catalyst a soluble metal complex
formed by reaction with the reactants? This is just the converse of
the concern discussed above on the homogeneity of operationally
homogeneous catalysts. A few examples will illustrate the problem.

3.1. Mizoroki—Heck Catalysis

The recent reviews by Jones and co-workers cover this
area in such depth that we do no more than mention leading
aspects here. To take the most important case first, Pd/C is one
commercially useful catalyst for a series of solution-phase C—C
coupling reactions, the importance of which was emphasized by
the recent award of the Nobel Prize in this area. Catalytic activity
can arise from some of the Pd becoming soluble by reaction with
the aryl halide reactant, and it is often the resulting soluble
molecular species that is the true catalgfst, responsible either for
some or all of the overall activity. This can have serious
implications for the design of commercial processes: for example,
in the case of Mizoroki—Heck couplings of aryl iodides and
bromides with nominally heterogeneous Pd/C as catalyst, ex-
cessive catalyst loss was seen in a flow reactor for this reason.
Apart from loss of activity, the Pd released evidently also risks
contaminating the product, a particularly serious problem in

13,92

pharmaceutical production.'* de Vries'* argues that all Heck
reactions that go at the usual high temperatures (120—160 °C)
are nanoparticle-based whatever the precursor, but that these particles
act as precursors to molecular species that act as intermediates. If
so, this would seem to be a borderline case between homo- and
heterotopicity with easy transformation from one to the other.
Dupont and co-workers'*'* came to very similar conclusions
for Heck reactions in ionic liquids. Pd(0) nanoparticles of 2 nm
diameter, in 1-n-butyl-3-methylimidazolium hexafluoropho-
sphate ionic liquid, were catalyst precursors for Heck coupling
of aryl halides with n-butylacrylate. In situ TEM analysis after the
catalytic reaction shows the formation of larger nanoparticles
(6 nm). ICP-AES data show significant metal leaching (up to
34%) from the ionic phase to the organic phase at low substrate
conversions, which drops to 5—8% leaching at higher conver-
sions. These results strongly suggest that the Pd(0) nanoparticles
serve as a reservoir of homotopic catalytically active species. A
similar borderline situation is proposed for Pd NPs of 2.4 and
3.8 nm diameter in a Tsuji—Trost cleavage of an allyl group that
“turns on” fluorescence in the product (eq 7). Pd leaching was
considered to arise from oxidative addition of the reactant to a
NP-based Pd, leading to a molecular phosphine-containing Pd
complex being liberated. Ostwald ripening occurs, in which
atoms preferentially detach from smaller nanoparticles and
reattach to bigger particles; in this way, rede 2position of the Pd
led to NP growth during the reaction.'"* Kéhler and co-

workers'*'® came to similar conclusions.
OH Pd NPs
el N Cl —p Cl cl
UL v O O
(6] (0] (6]
nonﬂuorescenl ﬂuorescent

)

3.2. Other Reactions

Numerous other cases of commercial importance are known.
For example, Sheldon and co-workers'®® found that intended
heterogeneous catalysts consisting of Mo(VI), W(VI), or V(V),
supported on silica, all gave rapid leaching of the metal ion in the
epoxidation of propylene with ethylbenzene hydroperoxide; only
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Ti(IV) gave a stable, nonleaching catalyst. The hydroperoxide
was identified as the reagent that solubilized some of the labile
metals. Likewise, in the transesterification of triglycerides with
methanol to produce biodiesel, catalyzed by solid CaO, extensive
leaching under certain operating conditions threatened the
viability and sustainability of the process.'**

In what was intended as a nanoparticle-catalyzed Monsanto
reaction with poly(N-vinyl-2-pyrrolidone) (PVP, 7)-stabilized
Rh nanoparticles, a number of tests including filtration suggested
that Rh leaching took place under the reaction conditions to give
the conventional homotopic catalyst, [Rh(CO),1,] . Closer
study suggested that the Mel present in the reaction medium
is the reactant that drives the conversion of the Rh(0) to the
soluble catalyst. The reaction mixture remained clear and depos-
it-free by visual inspection even when Rh nanoparticles were
known to be present.'**

In the catalytic formylation of 3-methoxypropylamine with
hydrogen and supercritical carbon dioxide, carbon dioxide acts as
both reactant and solvent. Ru/Al,O; modified by 1,2-bis-
(diphenylphosphino)ethane (dppe) showed a high formylation
activity comparable to those of the known homotopic catalysts
RuCl,(dppe), and RuCL,(PPh;). Analysis of the reaction mixture
by inductively coupled plasma optical emission spectrometry
(ICP-OES) and structural studies by in situ X-ray absorption
spectroscopy led to the proposal that the presence of the phosphine
modifier led to the formation of a homotopic ruthenium catalyst.'**

3.3. Implications for Catalyst Recycling

The possibility that some operationally heterogeneous cata-
lysts, including heterogenized catalysts, gradually lose metal to
the solution over time, or lose activity while remaining bound to
the support, raises issues about assessing recoverability of
catalysts.””" In a key study, Gladysz'*® has pointed out that many
papers on recoverable catalysts report reaction yields as a
function of number of recycles. A constant value is held to be
proof of recyclability. As Gladysz says:

Suppose an arbitrary decision has been made to let each
cycle run one hour. However, under the conditions of cycle 1,
product formation is in fact complete after one minute.
Suppose that half the catalyst is lost in the first recycling
operation. Cycle 2 could still give complete product formation
in two minutes (given reasonable rate law assumptions,
etc.). Suppose half the catalyst is lost on each succeeding cycle.
No major yield deterioration would be noted until cycle 8!
However, the rate of product formation or turnover frequency
(TOF) would decrease markedly from cycle to cycle.

Gladysz therefore recommends comparing TOF data from
successive cycles as a better figure of merit for assessing recycl-
ability. He also recommends other, more searching criteria for

assessing recyclability:

High-quality studies will seek a complete mass balance for
the catalyst precursor. In addition to recovered catalyst,

three other quantities may be defined: (a) the amount of
active catalyst that is leached during reaction or recycling
(note that each species on the catalytic cycle is an indepen-
dent candidate for leaching); (b) the amount of decom-
posed inactive catalyst that is leached during reaction or
recycling; (c) the amount of decomposed inactive catalyst
that is recycled. Depending upon quantities and conditions,
it may not be practical to measure all of these.

In addition, Jones”* recommends full kinetic studies as a
means for assessing recyclability. Because a longer-lived catalyst
is often more practically useful than a recyclable catalyst, it may
be a better allocation'*® of effort in future to look more closely
into ways of extending catalyst lifetime rather than concentrating
on adding to the growing universe of literature on different
modes of catalyst recycling, particularly as so few examples have
yet proved commercially viable.”*

4. HOMEOPATHIC EFFECTS AND IMPURITY ARTIFACTS
IN CATALYSIS

The term “homeopathic” refers to the remarkably low levels of
metal that seem to be involved in many of the cases discussed in
this section. Particularly where the catalyst is a precious metal,
this raises the possibility of using that metal much more
efficiently if the homeopathic effects can be controlled and
exploited. When very low concentrations of metal can give highly
efficient catalysis, impurity artifacts can be a problem. Impurity
artifacts lead to misassignment of a catalytic mechanism as a
result of the unanticipated catalytic activity of an undetected
impurity present in the system. This misassignment, if not
unmasked, may also lead to a misassignment of the type of
catalysis involved, homotopic or heterotopic, hence the relation
to the present topic.

Such problems are not restricted to homogeneous catalysts.
Although enzyme work—Ostwald’s class 4—is unlikely to be
affected b}r topicity problems, impurity artifacts can still occur in
that field."*”

4.1. Palladium Coupling

In an important review, Beletskaya and Cheprakov'*® call
attention to the extremely low Pd loadings, which they term
“homeopathic”, that can give acceptable reactivity in the Mizoroki—
Heck reaction under what are often called “ligand-free” or, more
properly, “lightly ligand-stabilized” conditions. They also docu-
ment the high sensitivity of the catalyst to initial conditions, a
feature that can translate into irreproducibility. They ascribe this
to the difficulty of making reproducible nanoparticle prep-
arations in the absence of surface-active stabilizing additives.
Once again, the Jones reviews' > give very useful coverage of
this field.

Reetz and de Vries'* have recommended loadings in the
range of 0.01—0.1 mol % Pd(OAc), in ligand-free Mizoroki—
Heck reactions. In view of the cost of Pd, this may provide
industrially important variants of these classic and highly useful
reactions. The argument in favor of this specific range of loadings
is that higher metal loadings lead to deposition of Pd black with
loss of activity because most of the Pd is no longer accessible, but
lower loadings lead to lower activity because of the low Pd
concentration.

The effectiveness of Pd for coupling reactions at extremely
low loadings leads directly into the topic of impurity artifacts.
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Two recent examples illustrate the extreme difficulty of deter-
mining the true catalyst at work in a given system. In a recent
report,150 a homogeneous cross-coupling, a reaction best known
with Pd catalysts but also known for Cu, was proposed to be iron-
catalyzed. Astonishingly, according to later work, a few ppm trace
impurity of Cu in the Fe was the true catalyst.">" In an example of
microwave activation of Suzuki cross-coupling, Leadbeater and
co-workers' >3 found a positive result for an apparently “metal-
free” reaction mixture. In this case, it later transpired that 50
ppb of Pd present in a reactant was sufficient to bring about the
coupling. In another case of what was intended to be a Pd-free
Sonogashira coupling (eq 8), Pd was identified as an impurity in
the CsCO; base.'>* In what was originally thought to be a
La-catalyzed C—N cross coupling, arguments have been made
that trace Cu is the true catalyst.">> An important clue to the
resolution of this case was that the “La-catalyzed” reaction showed
the same selectivity characteristics as previously seen for the
previously known copper catalyst; in particular, the N,N'-dimethyl-
ethylenediamine (DMEDA) ligand proved best for both.

Pd
Ar Br + H%@ — Ar%@
base

@®)

These are just the examples where clarification has been
achieved—and even then only recently. There must be numer-
ous similar undiscovered cases in the literature. It is a real
challenge to identify contaminant metals in such low amounts.
Inductively coupled plasma mass spectrometry (ICPMS) has
been suggested by Novak'*® as a good procedure for doing this
because it is good down to ppb or even ppt levels, but it is hardly
teasible to subject all catalytic results to such intensive analysis.

An example of the complications involved comes from recent
Spanish work. The story starts with the report by Corma and co-
workers'®” that Au supported on CeO, nanoparticles catalyzes the
Sonogashira coupling of terminal alkynes with aryl iodides. Because
Au nanoparticles were less efficient on their own, the activity was
ascribed to molecular Au(I) species on the CeO, nanoparticles.
In support of this interpretation, Au(I) complexes were prepared
and shown to be active. Espinet, Echevarren, and co-workers'>®
found that a series of molecular complexes were inactive except in
the presence of Pd impurity and suggested that an impurity artifact
might have affected the prior work. They pointed out that even
high-purity Au can contain traces of Pd. Corma and co-workers'>
reexamined their work in the light of the suggestion by Espinet
and Echevarren. The state of our understanding at the time of
writing is as follows—an induction period is needed before the
homogeneous Au complexes become active, which is now ascribed
to the formation of Au NPs that are considered the true active
species. The role of Pd was examined by deliberate addition of Pd
with the result that the rate is indeed enhanced by Pd but the
essentially Pd-free Au nanoparticle already has a substantial
activity (Figure S).

The interpretation was supported by density functional
theory (DFT) calculations on a model Au NP (Figure 6) that
shows cooperation of adjacent metal sites in the key C—I
cleavage step of the overall Phl/alkyne coupling reaction. The
interpretation is also consistent with temperature-programmed
high vacuum reaction data by Lambert and co-workers'®
for phenylacetylene and iodobenzene reacting on a Pd-free
Au(111) surface to give the Sonogashira coupling product at
temperatures comparable to those seen in the operationally
homogeneous catalysts.

0 T T T T 1

0 2 4 8 8 10
Pd content (ppm)

Figure 5. Plot of the initial reaction rate (r0) for diphenylacetylene
formation as a function of Pd impurities in the presence of Au/CeO,.
The empty circle corresponds to an Au/CeO, catalyst made from
99.999% pure Au.

Reprinted with permission from ref 160. Copyright 2011 Royal Society
of Chemistry.

Figure 6. Calculated pathway for the rupture of the C—I bond in
iodobenzene on a Au;g nanoparticle. Au atoms are yellow, C atoms are
orange, H atoms are white, and I atoms are red.

Reprinted with permission from ref 161. Copyright 2010 American
Chemical Society.

Lambert and co-workers have also looked at Au NPs on both
SiO, and TiO, in this connection and have identified size-
dependent behavior for PhI/PhCCH coupling. Greater selec-
tivity for PhCCPh, the desired heterocoupling product, was
found for the largest 23 nm NPs versus the smaller ones of 12
and 2.8 nm diameter, which gave increasing amounts of diphenyl,
the undesired homocoupling product. A possible origin for the
size effect was also discussed. Small particles are less likely to have
well-developed Au(111) faces, and if these are the only faces that
are active for the heterocoupling, then the size effect on
selectivity is understandable. Significant leaching of some of
the Au into solution also occurred, but the leachate had negligible
activity.161

The extended discussion of this system has therefore been
very fruitful not only in enhancing our understanding of this
particular system but also in emphasizing the complexities of the
general problem of mechanism in operationally homogeneous
catalysts. Dupont and co-workers'® reported a dangerous
variant of this problem in that even ppt amounts of residual Pd
remaining from glassware previously used for the Pd-catalyzed
Mizoroki—Heck reaction can be sufficient, even after cleaning
the glassware, to catalyze a subsequent “Pd-free” reaction.
Heidenreich, Kohler, and co-workers'® find that extremely
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low loadings of a specially prepared Pd/C catalyst can give
extraordinarily high activity in Heck, Suzuki, and Sonogashira
reactions. Turnover numbers of up to 36000 and turnover
frequencies of up to 18000 h™ " are achieved with Pd loadings
as low as 0.0025 mol %.

4.2, Electrocatalysis

Impurity problems are not just an issue for thermal catalysis.
Sodium tungsten bronze, Na,WO3 (0 < x < 1), was reported to
be as good a catalyst for electrochemical reduction of O, as pt.'¢*
Unfortunately, the activity later proved to arise from traces of Pt
in the bronze as a result of the synthetic history of the particular
sample of the bronze, notably its formation in a Pt crucible.'®®
Again, homeopathic levels of Pt seem to have been involved.

Recent electrocatalytic examples have come from Compton
and co-workers'® and Pumera and co-workers.""” "%’ These
authors suggested that the electrocatalytic activity ascribed to
nanotube-modified electrodes is actually dominated by contribu-
tions from metal impurities in the nanotubes. For example, such
is the case for the electrocatalytic oxidation of hydrazine by
carbon NTs, where multicomponent Co/Mo/Fe impurities were
identified as the active species in double-walled carbon nano-
tubes.'¢”° Similarly, bimetallic nickel—iron impurities in single-
walled carbon nanotubes are responsible for the oxidation of
amino acids."””® Recent work shows how samples of NTs from
different suppliers can have very different impurity profiles,
which would affect reproducibility of impurity-based catalysis.'”

4.3. Rosenberg’s Pt Study

A classic example of a closely related artifact that was turned to
good effect by careful subsequent analysis was the discovery of
the antitumor activity of Pt(I) amine complexes. As Rosenberg
relates in a review' ' that emphasizes the historical development
of the field, the effect turned up unexpectedly in an attempted
electrolysis of tumor cells with Pt electrodes. “Extensive detective
work” showed that the antitumor activity that was identified was
entirely due to the trace (~10 ppm) of Pt(II) that dissolved
under the conditions of the study and reacted with trace
components of the system to give the active cis-[PtCl,(NH3),]
complex. This eventually appeared in clinical practice with the
result that hundreds of thousands of patients have now benefited.
Sadly, pharmaceutical companies have not examined many other
metal complexes for biological activity, presumably because they
do not resemble standard “drug-like molecules”.

5. CONCLUSION

Catalyst topicity can be one of the hardest problems to resolve
in the field of homogeneous catalysis. At least now with such a
wide array of methods to apply, the clear cases where concordant
testing results are obtained should be relatively easily classified.
Hardest are cases where indications are mixed or where small
nanoclusters'* are involved.

Critical thinking is necessary to raise the topicity question in
the first place, and early resolution of problematic cases is highly
desirable to avoid time being wasted following up inappropriate
experiments. To take an operationally homogeneous catalyst that
proves to be heterotopic, covalent attachment to a surface or
elaborate ligand design are clearly less likely to be fruitful thanin a
homotopic case.

The related problem of impurity artifacts again poses major
problems. The phenomenally low loadings of metal that can give
high activity is a major hazard in this area. With the recent sharp

price rises of the Pt metals, base metal catalysis is gaining
attention as a greener alternative. With an intrinsically less active
metal, harsher reaction conditions will doubtless be needed, and
impurity artifacts are therefore likely to be even more trouble-
some in future. On the positive side, we may be able to learn how
to reproducibly obtain rapid catalysis from homeopathic levels of
precious metal catalyst.

In Ostwald’s time, the practical aspects of catalysis were
emphasized over the mechanistic ones, justifying his phase-based
classification. With the rise of interest in mechanism in our own
time, a mechanistic classification seems an appropriate adjunct,
as indeed was previously recommended by Schwartz** and by Lin
and Finke.*®
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