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The commercial potential of bio-
logical catalysts was realized
more than two millennia ago
when yeast and the enzyme ren-
net were found to provide such
gastronomical delicacies as lea-
vened breads, fine wines, and
savory cheeses. Despite these
and other early examples, many
years passed before biological
catalysis was considered as a gen-
eral means for industrial produc-
tion. Today, biological catalysis
encompasses fermentations and
whole-cell biotransformations, as
well as biocatalysis using isolated
enzymes, cell lysates, or crude
extracts. However, notwithstand-
ing scores of successful applica-
tions, biological catalysts remain
under-utilized for manufacture
in the chemical and pharmaceuti-
cal industries. The reasons for
this situation are manifold. His-
torically, this may be related to
the fact that the products of these
industries are de facto chemicals,
the synthesis of which has largely
relied upon the use of chemical
techniques. Chemistry alone,
however, does not always provide
the most effective solution to a
synthetic challenge. Indeed, bio-
logical catalysis can be far super-
ior in many cases and, when ap-
plied in combination with
chemical synthesis or chemical
catalysis, can provide facile ac-
cess to molecules not easily pre-
pared by conventional methods.
The literature is replete with
articles expounding the virtues of
biological catalysts as synthetic
tools. Biological catalysts offer
many attractive traits such as
high selectivity, mild reaction
conditions, high catalytic effi-
ciency, and ready mutability. Bio-
catalytic processes are environ-
mentally responsible methods for
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manufacturing since they often
afford few by-products and may
involve use of an immobilized
catalyst that can be easily recov-
ered and recycled. Moreover, bio-
logical catalysis often obviates the
need for numerous protecting
group manipulations, and may
be performed in aqueous solution
rather than dangerous organic
solvents. Interestingly, while che-
mical catalysts can offer only
some of these benefits, relative to
biological catalysts, chemical cat-
alysts have been much more
widely adopted by the chemical
industry. The barriers to employ-
ing biological catalysts certainly
should be no greater than those
associated with chemical cata-
lysts.

The question then arises, why
has the use of biological catalysis
in production remained limited?
Biological catalysts have long suf-
fered from: 1) high enzyme costs,
2) limited number of commer-
cially available or “off-the-shelf”
enzymes, 3) unreliable enzyme
supply sources, 4) limited range
of industrially useful transforma-
tions, 5) limited reaction general-
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ity or substrate scope, 6) ready
access to only one product enan-
tiomer, 7) enzyme instability
under industrial reaction condi-
tions, 8) unreliable or unpredict-
able biological processes, 9) long
development times, and 10) low
substrate concentrations and/or
volumetric productivity (space-
time yield). However, significant
progress has been made over the
past ten years in the areas of mi-
crobiology, molecular biology,
and bioengineering that have
vanquished many of these obsta-
cles. Modern cloning and host en-
gineering techniques allow rapid,
cost-effective methods for over-
expression of enzymes. Many
more enzymes are becoming
readily available in larger quanti-
ties as a result. Directed evolution
procedures provide a facile
means to optimize enzyme prop-
erties. Attributes such as tem-
perature and pH stability, sub-
strate scope, selectivity, product
inhibition, and catalyst activity
and productivity now are easily
addressable through protein
engineering strategies. High
throughput screening methods
have been developed to allow ra-
pid selection of ideal enzymes
and conditions, thus greatly redu-
cing development times. An ever-
expanding array of new enzymes
with unprecedented activity and
selectivity profiles is becoming
available through discovery ef-
forts that focus upon accessing
biodiversity from unique environ-
ments.

Biological catalysis can provide
methods that facilitate the syn-
thesis of molecules in situations
where viable alternative chemi-
cal technologies are limited or
unavailable. But, perhaps, their
greatest potential is only begin-
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ning to be realized! The techni-
ques of chemistry, chemical cata-
lysis, and biological catalysis
should not be considered as inde-
pendent entities competing for
the same reaction vessel. Biologi-
cal catalysis and chemical cataly-
sis are often complementary
methods of synthesis. Far more
can be gained through successful
integration of chemical and biolo-
gical methodologies for applica-
tion in multi-step processes. Cap-
turing the synergies of these two
techniques can provide synthetic
advantages that can open innu-
merable opportunities.

For example, integration of fer-
mentation processes with either
biocatalysis or chemical methods
can provide direct access to a
range of very complex molecules.
Fermentation processes are par-
ticularly useful for the synthesis
of intricate natural products
where a chemical route would be
intractable and/or economically
unattractive. The importance of
fermentation for drug manufac-
ture was galvanized by develop-
ment of the antibiotic penicillin
in the early 1940’s. Subsequently,
fermentation has become a main-
stay for production of many valu-
able natural product therapeu-
tics. But an incessant desire for
improved properties inspired the
semi-synthetic approach to drug
production, which entails the use
of fermentation to provide the
central scaffold, followed by che-
mical or biocatalytic elaboration.
This successful combination of
biology and chemistry has led to
a multitude of processes for the
manufacture of drugs including
second generation penicillin, ce-
phalosporin, and tetracycline
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antibiotics, steroid derivatives
such as cortisone, and more re-
cently the blockbuster cholester-
ol-lowering drugs simvastatin
and pravastatin. The latter two
drugs had worldwide sales of ca.
US$ 5.3 billion and US$ 5.5 bil-
lion, respectively, in year 2000. In
both cases, development of an
economically viable route to
these compounds involving
purely chemical methods would
have been difficult, if not impossi-
ble.

Tremendous benefits also may
be gained through integration of
enzymatic and chemical cataly-
sis. For instance, Wong and
Sharpless teamed up to develop
an elegant approach to carbohy-
drates by combining the
strengths of asymmetric os-
mium-catalyzed dihydroxylation
and aldolase-catalyzed addition
reactions. Scientists at Chirotech
Technologies showed that a
broad array of novel p- and L-o-
amino acids could be produced
with very high chemical and en-
antiomeric purity through asym-
metric rhodium-catalyzed hydro-
genation of N-acetylenamides
followed by aminoacylase-cata-
lyzed deprotection. Finally, en-
zymes and metal catalysts re-
cently have been asked to
perform in the same reactor. One
manifestation of this involves dy-
namic kinetic resolution of chiral
alcohols through lipase-catalyzed
acylation  with  concomitant
ruthenium-catalyzed racemiza-
tion of the starting alcohols to al-
low high yields of enantiomeri-
cally pure O-acylated products.
These and other examples amply
demonstrate the important con-
cept of catalysis technology inte-

gration, which is certain to find
wider application in the future.

The number of readily avail-
able, robust enzymes is rapidly
increasing and methods for opti-
mizing biological catalysts
through directed evolution have
overcome many debilitating lim-
itations. Although progress is
being made, the chemical indus-
try has yet to fully recognize or
exploit the power of biotechnol-
ogy. A major factor contributing
to this situation seems to be a
general unfamiliarity with the
availing features that biological
catalysis can bestow upon the
chemical industry. Selection and
development of the most appro-
priate enzyme for a given indus-
trial transformation can be de-
manding. Information and
expertise that can facilitate this
process is becoming much more
accessible. But, in the end, che-
mists themselves must elevate
their comfort level and gain con-
fidence in biological catalysis to
the extent that these methods are
considered as practical alterna-
tives during early stages of synth-
esis route selection. It is our hope
that the current Special Issue of
Advanced Synthesis & Catalysis
featuring Biocatalysis will help to
broaden the scope of techniques
that the chemist employs when
first faced with a synthetic chal-
lenge.
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