
NOVEMBER 2002 TODAY’S CHEMIST AT WORK 29©2002 AMERICAN CHEMICAL SOCIETY

Organometallic compounds, from Wilkinson’s rhodium
triphosphine discovered in 1965 to the asymmetric
complexes developed by 2001 Nobel Prize (chemistry)

winners Sharpless, Noyori, and Knowles, have rapidly developed
into a major force in the field of catalysis. The high levels of activ-
ity and selectivity that they can provide are of great use to the
fine, specialty, and pharmaceutical chemical manufacturing sectors.
These manufacturing sectors, which are among the fastest grow-
ing markets of the diverse catalyst industry (see “Catalysts Rising”,
p 33), demand high purity and well-defined molecular proper-
ties. Intimately entwined in the production and cost advantages
that these and other catalysts provide is what they offer to the
environmental aspects of industrial processes. Curtailing the use
of stoichiometric reagents, increasing energy efficiency, and maxi-
mizing the “atom economy” (incorporation of the reactants into
the desired final product) are all features that explain why
catalysis is referred to as a “foundational pillar” of the increas-
ingly popular endeavor of green chemistry (1). 

It follows that advancing the goals of green chemistry will
involve improving catalysis. Thus, catalytic research, whether the
work is characterized under a green chemistry rubric or not, is
green by its very nature. “There is little doubt,” writes Paul Anas-
tas, of the White House Office of Science and Technology Policy,
“that the 2001 Nobel Prize–winning work of Sharpless, Noyori,

and Knowles met many green chemistry goals” (1). But to truly
produce a clean chemical industry, there must also be a conscious
attempt to incorporate the intrinsic efficiency and selectivity
advantages of catalysts into an overall green context. This
means minimizing waste at its source: waste inherent to the reac-
tion media and the catalyst itself. 

Solvent Says
Organic liquids are generally the solvents of choice to initiate
and perfect chemistry at the small-scale laboratory stage. The
media then carries through to industrial processing in which huge
amounts of such solvents are required, producing a large quan-
tity of volatile organic waste. Performing effective catalysis in
cleaner reaction media is a highly sought, and formidable, endeav-
or, one that must be met by integrating green solvents into
reactions in the small-scale laboratory and eventually extending
their application to industry.

Naturally, one objective is to make water, the so-called “univer-
sal solvent”, more universal. The green aspects of water are indis-
putable, but many important catalytic reactions are incompati-
ble with aqueous conditions, due to the catalyst’s lack of solubility
in water or, in the case of many transition metal compounds, a
high level of reactivity with water, not to mention air. A
number of researchers, however, are finding new aqueous, and,
thus, environmentally friendly, ways of doing things. 

One of the more notable examples is work done by Chao-Jun
Li from Tulane University (New Orleans), who won a 2001 Pres-
idential Green Chemistry Challenge Award for developing a vari-
ety of transition metal-catalyzed reactions that work in air and
water. For instance, C–C bond formations that go through carban-
ion intermediates such as Grignard reactions are tremendously
important to the workings of synthetic chemists, but they are
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notoriously unstable in air and water. Li, however, developed
metal-catalyzed Grignard-type addition reactions that work well
under these conditions (see Figure 1a).

“Essentially,” says Li, “you can have the catalyst in an aque-
ous solution and use it, in principle, continuously whenever you
need to run the reaction.” You don’t have to worry about deac-
tivation, he notes, for a long period of time. In addition, Li says
his group has demonstrated reactions that people have never seen
before. These reactions were possible because of the effect of
water’s high polarity on the catalytic transition states.

Despite this success, water is just not going to be the answer
for many important reactions. Thus, other media have gained a
lot of green popularity. Supercritical fluids (SCFs) have proper-
ties intermediate between liquids and gases, offering flexibility
and process control by simple pressurization and depressuriza-
tion. The availability of supercritical CO2 (scCO2) as an environ-
mentally benign, nonflammable, and inexpensive reagent has
generated a large amount of interest.

“People have done straight reactions in supercritical fluids
since the early 1990s,” says Philip Jessop from the University of
California at Davis, “and for selected examples, it works pretty
well, and for a lot of examples it doesn’t.” For transformations
important to pharmaceutical intermediate synthesis, scCO2 has
increased catalyst efficiency and/or selectivity in several instances,
because of the dynamic reaction environment (Figure 1b). In addi-
tion, it provides enhanced solubility for gas reagents like H2 and
O2, which aids in hydrogenations and oxidations.

In many cases, however, the solubility of catalysts in scCO2 is
unsatisfactory, or the overall reaction is incompatible with CO2.
In the late 1990s, it was found that perfluoroalkyl groups, or
“fluorinated ponytails”, when attached to organometallic ligands,
could be used to solubilize the catalysts in the SCF environment.
Eric Beckman’s chemical engineering group at the University of
Pittsburgh created less expensive and less environmentally persist-
ent nonfluorinated polymers that can dissolve in scCO2; this
achievement earned them a 2002 Presidential Green Chemistry
Challenge Award. However, notes Jessop, these polymers have yet
to be applied to the task of dissolving transition metal catalysts.

Supercritical CO2 certainly has opened up opportunities for
greener catalytic reactions as it has reached industrial applica-

tion. A prominent example is DuPont’s (Wilmington, DE) new fluo-
ropolymer production plant opened in late 2000 that, accord-
ing to the company, produces Teflon with enhanced perform-
ance and processing capabilities.

Obstacles to wider industrial use of scCO2 are the cost and safe-
ty issues associated with the high-pressure environments required
for maintaining supercritical conditions. Gas-expanded solvents
get around this problem through the use of subcritical pressur-
ized gases over an organic liquid. The gas dissolves and expands
the liquid in volume by several-fold. It has been reported that

CO2 expansion can replaceorganic media by
up to 80%, thus greatly minimizing the
waste. Also, gas expansion changes the
solvent’s solubility properties and the nature
of the chemistry that it fosters. But the
potential value of this technique is still
very much up in the air. “The expanded-
solvent field is incredibly new,” warns
Jessop. “People don’t know the answers yet,
only the questions.”

Another prime alternative for green
catalysis solvents are ionic liquids, or liquid-
phase fused salts, such as 1-butyl-3-
methylimidazolium hexafluorophosphate
([Bmim]PF6). These solvents, which dissolve
a wide range of inorganic and organic
reagents, are completely nonvolatile. “Ionic
liquids are very polar,” says Li, so they offer
the same advantage as water does in
terms of catalytic reactivity, but they allow

the use of water-sensitive materials. On the other hand, accord-
ing to Jessop, they are exorbitantly expensive because they require
specialized synthesis. Furthermore, despite all of the talk of the
environmental advantages, their toxicity has still not been fully
assessed. “People have been saying that ionic liquids are green
because they are nonvolatile,” says Jessop, “but they may be
massively toxic . . . [or] they might be fine, we just don’t know.”
These issues linger as formidable barriers to industrializing these
potentially versatile solvents.

Biphasic Barrage 
No matter how clean and beneficial ionic liquids or the other
solvents end up being or how efficient and selective a catalyst
is, it doesn’t necessarily make for an overall green process.
Organometallic complexes are most commonly designed, initial-
ly at least (see box, “A Solid Alternative?”), to work as homo-
geneous catalysts, which creates additional challenges.

Inherently, more significant and defined interactions occur
when the catalyst and reactants are in solution together, as
opposed to heterogeneous reactions where an irregular solid cata-
lyst is surrounded by gas- or liquid-phase reactants. This allows
for enhanced process control, milder conditions, and overall greater
chemical reactivity and selectivity. However, catalyst−product
separation in these cases is not trivial, requiring work-up steps
like extraction, quenching, or distillation that involve further
solvent use and often destroy the integrity of the catalyst—
forcing increased catalyst production and more toxic metal waste.
This is a problem, says Jessop, “that has been plaguing homog-
enous catalysis for decades.”

But for many researchers, including Jessop, conquering this
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FIGURE 1: (a) Alkyne addition to an imine with a ruthenium–copper cocatalyst system
carried out in air and water. (b) The rhodium-catalyzed hydroboration is much more selec-
tive in scCO2 than in tetrahydrofuran (THF; data from Ref. 2).
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problem has pointed toward strategies involving liquid biphasic
systems that maintain homogeneous reaction environments.
Conventionally, this has meant aqueous and organic solvent
mixtures, in which the reactants are incorporated (e.g., via
heating) into the aqueous catalyst solution, and the products
partition to the organic layer at reaction completion. These types
of systems have shown some success. “The best example [in indus-
try],” says Li, “is the hydroformylation process, where they can
recycle the catalyst for about a year without deactivation. Most
of the aldehyde in the world is produced by this process.” But
this relies on the catalyst (and the reactants) being water-solu-
ble and stable, which often may not be achievable. Furthermore,
the significant inclusion of organic solvents within the context
of green chemistry is troublesome. 

Ionic liquids offer a good response to the water issue with
their high polarity and immiscibility with most organic solvents.
And many ionic−organic catalytic reactions have been demon-
strated on the laboratory scale in the past few years. In a recent
example from Qingwei Yao from Northern Illinois University
(DeKalb), an osmium catalyst, in the common ionic liquid
[Bmim]PF6, was used for olefin dihydroxylations with various
starting reactants, achieving very consistent yields over six succes-
sive reactions—the difference between the first and sixth runs
ranged from 2 to 10% (3). Osmium dihydroxylations have found
widespread application in organic synthesis, but the high cost
and toxicity of the catalyst have, so far, obstructed large-scale
industrial application.

In 1999, Joan Brennecke from the University of Notre Dame
(IN) and Eric Beckman from the University of Pittsburgh showed
that scCO2 could extract products from ionic liquids (4). This
rids the process of volatile organic compounds completely. One
of the more interesting applications that this finding triggered
is homogeneous continuous-flow catalysis, previously only a
phenomenon of heterogeneous reactions. Because of the unique
properties of SCFs, reactants can be carried in a constant stream
of scCO2 through a catalyst-containing ionic liquid, where a
reaction takes place continually, forming products that are removed

in the SCF stream. This system, which has been used for reac-
tions such as hydroformylations and hydrovinylations (reactions
widely performed by fine chemical manufacturers) allows the
retrieval of large amounts of product in small reaction vessels and
is expected to open up new commercialization potential for homo-
geneous catalysis.

Waxing Fluorous 
Another biphasic approach involves use of a fluorinated ponytail
appended to ligands, like the ones for CO2 solvation. These cata-
lysts are very soluble in liquid fluorocarbons, or “fluorous”-
phase solvents, which are often immiscible with organic phases
at room temperature. On this basis, a technique called fluorous
biphasic catalysis (FBC) was developed in 1994 by István
Horváth from the Exxon Research and Engineering Co. (Annan-
dale, NJ), in which temperature increase allows for homoge-
neous activation and reaction, and cooling puts the catalyst in
the fluorous phase for easy separation and reuse (5). The prom-
ise of fluorous chemistry, such as FBC, has even triggered the
formation of a company, Fluorous Technologies (Pittsburgh,
www.fluorous.com), founded in 2000 by University of Pittsburgh
chemistry professor Dennis Curran.

Although FBC is a solution to the separation problem, the
overall “greenness” is diminished by the presence of hydrocar-
bon and fluorocarbon solvents (which could contribute very strong-
ly to the greenhouse effect). Soon-to-be-published research by
Jessop may yet improve its outlook in a method that uses CO2
expansion. “In our new method,” he explains, “the fluorous liquid
is omitted or replaced by solid fluorinated silica; the fluorous
homogeneous catalyst is induced to dissolve in the organic solvent
by the addition of CO2; and the recovery of the catalyst is achieved
by release of the CO2 pressure, which causes the catalyst to precip-
itate or to go into the fluorous silica.” Thus, the toxic and volatile
nature of the process is much reduced.

Green Plus
According to Jessop, approaches involving FBC, ionic liquids,
and gas expansions are still too new to be adopted by industry.
Acceptance of these types of strategies, as well as further use of
SCFs, will obviously depend on more than just their pure envi-
ronmental attributes. Scale-up and cost must be feasible and
economically favorable, and production benefits must be evi-
dent such as improvements like the ones observed in DuPont’s
fluoropolymers or a more straightforward reuse of the precious
metal-containing catalyst.

As there is an increasing need for the designer capabilities
that organometallic catalysts provide, the level of use of these
new processing methods will depend on their capacity to make
reactions easier, more effective and cleaner to perform.
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A Solid Alternative?

The most straightforward answer to the problem of catalyst
recovery is heterogeneous catalysis, in which the separation
of, for instance, zeolites or supported transition metals like
platinum on alumina, involves a simple filtration step. In this
direction, there has been some research in immobilizing typi-
cally homogeneous organometallic catalysts onto solid supports,
such as metal oxides and organic polymers, a process called
“heterogenization”. Some catalyst manufacturers, such as Synetix
(Billingham, U.K.), actually offer immobilization services for
their homogeneous catalysts. However, taking the complex out
of solution can significantly lessen the selectivity and activi-
ty advantages, so the pluses and minuses have to be weighed.
This led some researchers to focus on bridging the gap between
homogeneous and heterogeneous reactions. An example of this
is work done by Philip Dyer’s group at the University of
Leicester (U.K.) using spacer groups to distance the metal center
from a polymer support, he says, “so it almost thinks it is in
solution.”
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