


duced, and much safer antiknock agents have been
developed. Similarly, lead additives produce superior
oil-based paints, but lead-free paint technologies
have been invented and optimized as lead has been
banned from paints in certain countries.

A process can also be “greened” by redevelopment
that results in the use of fewer chemical reagents or
solvents or less energy per unit transformation, or in
the production of smaller quantities of waste prod-
ucts. The quest for efficiency has been called atom
economy, and it is a reason why many chemists are
approaching green chemistry by expanding the use of
catalysis (Cusamano, 1992; Simmons, 1996). A cata-
lyst, often in trace quantities, will speed up a chemi-
cal reaction while returning a higher selectivity at
lower temperatures than is possible without the cata-
lyst. Thus catalysts offer significant benefits to chemi-
cal processes. They can reduce the amounts of energy
and chemicals needed, facilitate product separation,
diminish the quantity of waste products, return
unique selectivities, and even channel a chemical pro-
cess away from toxic impurities. Quite often, cata-
lysts contain elements that are rare, expensive, or
toxic. Consequently many green projects are focused
on catalyst substitutions.

Catalysts also can activate environmentally desir-
able reagents that would otherwise be unsuitable for
a particular transformation. Thus they may allow the
replacement of environmentally undesirable reagents
that are in use only because desirable ones are ineffec-
tive. For example, the principal raw materials of
chemical technology are petroleum and coal. Both
consist primarily of carbon and hydrogen. Most use-
ful chemicals also contain oxygen, and the chemical
reactants that introduce oxygen into these petro-
chemicals are collectively called oxidants. The field of
oxidant use, called oxidation chemistry, constitutes a
huge component of technology. Many widely em-
ployed oxidation systems are not optimal for the en-
vironment. Either they rely on less than desirable oxi-
dants, or catalysts are employed that decay quickly in
use to create transition metal by-products, many of
which are toxic. Often these by-products must be
cleaned from waste streams at significant costs to
achieve environmentally acceptable systems. Two
abundant natural oxidants are oxygen (O;) and hy-
drogen peroxide (H,0,). Both are inexpensive but
are vastly underutilized because of their low kinetic
reactivity. Thus activating these oxidants with cata-
lysts is a frontier of reaction chemistry, particularly in
the area of homogeneous oxidation, where all react-
ing species are dissolved in solution. Most homoge-
neous oxidants and oxidation catalysts are transi-
tion-metal compounds consisting of a metal ion
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attached to LIGANDs, the other atoms or groups of
atoms attached to the metal ion. Most ligands are
degraded by strongly oxidizing metal ions with loss
of the catalyst’s activity, which is the major reason
that there are numerous inadequately solved (or un-
solved) oxidation processes. As a result, certain green
programs are focused on obtaining oxidatively ro-
bust ligand systems for nontoxic catalysts that will
expand the use of hydrogen peroxide and oxygen
(Collins, 1994; Ellis, Lyons, and Myers, 1990).

But success in producing robust ligand systems is
allowing broader strategic goals to be envisioned that
were inconceivable until quite recently (Collins,
1994). It is important to recognize that technological
chemistry and natural chemistry are largely dissimilar
in the following fundamental way. While chemists
use the entire periodic table to achieve the broad
range of selectivity they desire, they practice a rela-
tively simple form of reagent design. In contrast, na-
ture uses a limited number of elements, so that it
often requires an extraordinarily sophisticated re-
agent design to achieve broad reactivity objectives.
Nature’s catalysts, enzymes, are much larger mole-
cules than the homogeneous catalysts used by chem-
ists. The size and complexity of enzymes are key to
their ability to orchestrate a series of reactivity-direct-
ing features in both time and space to achieve the
targeted selectivity. While catalyst discoveries can re-
veal complex systems, chemists design catalysts
around the relatively simple focus of controlling just
one reaction to achieve a targeted selectivity. This
difference contributes to the use in technological
chemistry of elements that are unfamiliar in nature
and consequently toxic to living organisms. By ob-
taining robust ligands, chemists are compensating for
the absence in their constellation of the repair and
replacement mechanisms of life and are positioning
themselves to develop enzymelike multifunctional re-
agents and catalysts based on nontoxic elements. The
effort invested in developing such complex systems
makes sense only if the targeted reagent is stable in
the long term (Collins, 1994). Of course, one must
also be very careful to ensure that the molecular
multifunctional reagents are not toxic by virtue of
their structure.

In conclusion, green chemistry is a field that at-
tempts to integrate the practical, scientific, and eco-
nomic realities of a technologically advanced human
population into a philosophical stance in which the
benefit and sustainability of the rich array of life on
Earth are given due importance. But science is only
one essential component of optimizing technology
with respect to the environment. Other essential com-
ponents require fortitude by appropriate specialists.
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In particular, interactions among the multitude of
our cultures are complex, often unpredictable, and
potentially irrational, so that showing that any par-
ticular form of pollution can be eliminated in one
culture does not mean that all cultures can or will
incorporate the innovation into their technology. For
this and for many other reasons, it would appear that
the race is on between our integrity backed by science
and our egocentric tendency to overindulge ourselves
in the extraordinary power given us by science and
technology. The stakes are enormous. To the best of
our knowledge, our world is just right for the bounte-
ous life that is found here, and Earth is the only place
in the universe where we know for certain that life
does exist. What we might call “the environment”
has a different reality in a black hole, where the ele-
ments have no existence as such; in outer space,
where there is insufficient matter to construct and
sustain something as complex as a living creature;
and even on the neighboring planets, where the abun-
dances of elements in states critical to life are not
suitable and the flux of energy from the sun is too
great or too small. Our intellectual gifts have given us
science and technology and with them the custody of
life, all life known to us. We have the power to nour-
ish life and the power to destroy it. This responsibil-
ity is made even more daunting by the realization that
the naive or irresponsible use of technology could
unleash uncontrollable environmental forces that
might deprive us of our ability to nourish life. Thus
our only sensible options are to look ever more care-
fully for the messages the environment sends back to
us about how we are treating it and to adjust our
collective technologies and individual lifestyles to
minimize or eliminate further environmental damage.
The good news is that we are learning to do this in
earnest across a number of our cultures. As a result, it
is likely that science and economic activity will focus
significantly on environmental enhancement, which
is the positive side of the environmental protection
coin and which may well be a healthy place for over-
indulgence that we have hardly begun to explore.
As a key ingredient of our coming to terms with the
realities of our existence, green chemistry is certain to
become a very significant component of science in the
decades to come. '
See also ENVIRONMENT AND ATMOSPHERE.
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