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(K/T) boundary, of the EarthÕs response to
large impacts. In both cases, the location, size
and age of the impact craters are known,
there is a reasonable though not yet complete
record of global or regional ejecta layers, and
a detailed fossil succession is present in
coeval, often continuous sediments from
which a climatic and oceanographic record
can be extracted. 

In the case of the K/T boundary, 65 Myr
ago, the coincidence and possible causeÐ
effect relationship between the large impact
which formed the 180Ð310-km-diameter
Chicxulub crater in Yucat‡n, and the mass
extinction of organisms, is striking. In the
light of the K/T event, a rigorous assessment
is needed of the fossil and climate record 
at small timescale across the Late Eocene. 
A concerted and open-minded effort11

from palaeontologists, sedimentologists,
geochemists and impact researchers should
determine the role played by the Popigai and
Chesapeake Bay impacts on the biological
and climatic evolution of the Earth in the Late
Eocene. 

These two almost coeval impacts shed
new light on the random behaviour of the
terrestrial impact flux and the sizeÐfrequen-
cy distribution of impactors as a function of
time. According to Bottomley et al.1, Òthe
expected repeat rate of impact structures of
this size is of the order of ten million yearsÓ.
So the question arises: how important are the
statistics of small numbers for the effective-
ness of impact-induced disturbances in the
evolution of the Earth, and the related mass
extinction events and climate changes in the
past 600 million years?

An ÔidealÕ homogeneous catalyst for
dioxygen (O2) oxidations would be
selective, useful for tackling a variety

of substrates and chemical structures, rea-
sonably fast, and stable. Critically, and par-
ticular to the use of O2, the process should
not require the wasteful addition of reducing
agents. Such a system has remained a dream,
but the work described by Neumann and
Dahan on page 353 of this issue1 constitutes
notable progress towards realizing it.

All living matter and synthetic organic
materials within the biosphere share a com-
mon condition and fate: they are thermody-
namically unstable with respect to CO2 and
H2O, products of reaction with O2. For-
tunately for us, however, O2 is a diradical,
possessing a triplet ground-state electronic
configuration (two unpaired electrons),
whereas almost everything else possesses
singlet ground states (paired electrons only).
Because of this difference in ground elec-
tronic states, strong electronic interactions,
which go hand-in-hand with low activation
barriers to chemical reactivity, are spin-
forbidden. This kinetic barrier is what makes
the existence of life (as well as most synthetic
organic materials) possible.  

On the other hand, once dioxygen is Ôacti-
vatedÕ (that is, greater reactivity is induced),
its reactions with organic substrates are diffi-
cult to control. This is because the diradical
nature of dioxygen facilitates the formation
of highly reactive and nonselective radical
intermediates and radical-chain processes.
Furthermore, because of the thermodynamic
instabilit y, such oxidations, once begun, are
often highly exothermic and the resulting
temperature increases further decrease selec-
tivity. In consequence, the great majority of
spontaneous O2 reactions, such as those that
lead to rancid butter, or the more rapid ones
that occur during the combustion of fossil
fuels, are nonselective and difficult to control. 

Between the extremes of chemical inertia
and uncontrollable radical-chain autoxida-
tion processes lie opportunity and challenge.
The opportunity: to make use of O2, the most
abundant, inexpensive, energy-efficient and

environmentally compatible oxidant avail-
able. The challenge: to control the reactivity
of activated O2so that high chemical selectiv-
ities, and thus useful products, might be
obtained. At the same time, the catalytic
chemistry of oxygen and its inorganic and
organic derivatives, while remarkably rich, is
painfully complex and experimentally diffi-
cult. The design of homogeneous catalysts for
both activation and selective use of O2 is an
extraordinarily tough task.

A third issue pertains to material and
energetic efficiency. Dioxygen has four oxi-
dizing electron equivalents. A common acti-
vation strategy, however, is to ÔwasteÕ some of
them by partially reducing O2to peroxides or
other reduced oxygen species that are more
active and selective than O2 (refs 2, 3). Many
extremely useful homogeneous systems
catalyse the selective reactions of reduced
oxygen compounds4. Reductive activation of
O2 can also be accomplished by in situ intro-
duction of an external supply of electrons (as
with the effective reduction of O2 by the
coenzyme NADH in oxidative phosphoryla-
tion); this is a strategy exemplified by many
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Figure 1Popigai topography. The 100-km Popigai
impact crater in Siberia shows up clearly on this
topographic map. It has now been dated to
around 35 million years ago, close to the time of
another huge impact, and to a mass extinction in
the Late Eocene.
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Figure 1The NeumannÐDahan1catalyst,
{[WZnRu2(OH)(H2O)](ZnW9O34)2}

11Ð, contains
two sterically protected ruthenium atoms
sandwiched between [ZnW9O34]

12Ðhalves
(represented here as semicircles) of the oxidatively
resistant polyoxometalate. The catalyst facilitates
direct O2 activation (right side of the figure) and
substrate oxidation (left side) without generating
nonselective radicals. Oxygen is incorporated
directly into the substrate, the sole source of the
electrons needed for the reductive activation of O2.
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