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This tutorial review provides a survey of syntheses in which an enzymatic step contributed to

generating downstream molecular complexity in the target. The first part provides a guide to the

types of enzymatic transformations suitable for incorporation into synthetic schemes. The

principles of symmetry, especially the concept of ‘‘latent symmetry’’, which are often used to

simplify enantiodivergent design of targets, are discussed next. The examples are discussed in the

order of a degree of experimental difficulty associated with the execution of a particular biological

technique. Lipase resolutions and desymmetrizations are discussed first followed by more

advanced protocols involving oxidoreductase enzymes and ending with examples of syntheses that

employ pathway engineering and directed evolution of proteins. Future prospects of biocatalytic

methods as means of efficient preparation of target compounds are indicated. The authors hope

that the review will serve to convince those synthetic chemists reluctant to use biological methods

to include enzymatic procedures in their design.

Introduction

In the spirit of the theme of this issue, Rapid Formation of

Complexity in Organic Synthesis, this short overview elucidates

certain advantages that biological systems offer to the synthetic

practitioner over traditional methods. We must first define the

fundamental differences between chemistry processes taking

place within the living organism (or a functioning protein)

versus those designed by organic chemists. In addition, we

need to state clearly where biological methods offer a true

practical advantage over chemical synthesis.

The reason for the observed selectivity that enzymes impart

to the reactions they catalyze is the control of environment in

which the reactions take place. On the other hand, processes

designed by chemists, if they impart any selectivity at all, do so

because the control is based mostly on electronic rather than

steric properties of reagents, and not on the environment of

the actual reaction. Thus enzymes limit the number of reactive

options of a substrate by eliminating the access of reagents to
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all but one functional group. Chemists attempt selective reactions

based on different rates of reactivity of functional groups

with a reagent that is introduced into the reaction medium

(viz. functional group compatibility or chemoselectivity).

For the formation of complex carbo- and heterocyclic

skeletons, chemical cascade processes or multiple cycloadditions

are often more advantageous than enzymatic reactions because

they lead rapidly to the desired skeleton of the target. Few

enzymatic processes utilize cycloadditions, however. But for

specific functionalization of the assembled skeleton, enzymes

are by far more efficient than any chemical transformation

known to date. One only needs to reflect that the entire

biogenetic scheme for all sesquiterpenes is based on only a

few types of cationic cyclizations of key precursors derived

from farnesyl pyrophosphates and that these cyclizations

are followed by skeletal rearrangements and specific C–H

oxidations that together generate thousands of different targets

with complete selectivity. These transformations are selective

because the reaction environment is precisely controlled by the

protein; consequently, the processes lead to more complex and

accurately defined structures.

The generation of complexity through the use of enzymatic

reactions need not be manifested by the creation of complex

structures or multiple stereogenic centers in a single trans-

formation. Rather such an increase in complexity would likely

be a direct consequence of an enzymatic transformation

performed early in a synthetic sequence. Frequently, an enzyme

converts a racemate, an achiral compound, or a meso

compound to a chiral substance as a single enantiomer, which

serves as a starting material for the next step in the sequence.

The ultimate achievement in the use of biological systems for

manufacturing is, in our opinion, plasmid engineering, where

it is possible to construct an organism so that will carry out an

entire multi-step sequence of reactions to the desired target

without the need for isolation of intermediates. Excellent

examples of such processes are the synthesis of indigo and

that of erythromycin from glucose, representing ‘‘reaction

sequences’’ of more than 15 steps each.

Chemists wishing to utilize biological methods must first

define operational advantages over traditional methods. It is

helpful at this stage to distinguish between biotransformations

and biocatalysis. The term biotransformation can be defined as

the reaction of chemical compounds in a living system, and it

need not be a process defined by the organism’s metabolism.

Biocatalysis, on the other hand, is more broadly defined as

the mediation of chemical reactions by means of biological

systems, including isolated enzymes, whole cells or cell-free

extracts. The terms seem to be interchangeable in the literature.

The example of the former would be a relatively random

whole-cell fermentation of a compound yielding an isolable

product. In such a case the organism would not utilize the

substrate as a carbon or energy source, otherwise no product

could be expected from the process. On the other hand, yeast

reductions of keto esters, lipase-catalyzed acylations or hydro-

lyses, or fermentations with recombinant organisms would

better be classified as biocatalytic procedures.

Herein we will provide examples of reactions that either lead

to enantiopure products, provide compounds with increased

reactivity potential, or both. We assume that the reader is a

traditionally trained synthetic chemist who has not yet made

the transition to the utilization of biological methods as the

means of everyday manufacturing. To those readers who have

made such transition we apologize for the rather low-level

discussion of biology in the context of synthetic applications.

When to use biocatalysis or biotransformations

The use of biological methods offers a number of specific

advantages in manufacturing for certain circumstances. For

instance, unrelated to the issue of generating structural

complexity is simply a preference for conducting a specific

chemical reaction in aqueous medium with minimum reagent

input and catalytic amount of an enzyme. A common example is

the replacement of alkaline hydrolysis of an ester with a hydro-

lase in order to attain a ‘‘greener’’ process. On the other hand,

enzymes should be used in instances where the corresponding

chemical transformation would be difficult or non-selective via

traditional methods. The advantages and disadvantages of

enzyme-catalyzed reactions are summarized below.

Advantages of enzyme-catalyzed reactions

1. Rate enhancements of as much as 1012 are possible.

2. Wide tolerance of structurally diverse substrates.

3. High degree of regio-, stereo- and enantioselectivity.

4. The reaction medium offers mild conditions.

5. Enzymes may be over-expressed and perform directed

evolution for increased efficiency and/or substrate specificity.

6. Low operational overhead.

7. ‘‘Green’’ reaction conditions.

8. Low waste component with a favorable reaction mass

efficiency,1 E-value,2 or effective mass yields.3

9. Waste streams from fermentations are usually suitable for

municipal sewers.

Disadvantages

1. Instability of some enzymes in an isolated state.

2. Need for cofactors or cofactor recycling when using

oxidoreductases.

3. Commercial availability versus cost of isolation or

over-expression.

4. Cost of specialized equipment for fermentations.

5. Difficulty in displacing established processes. Biocatalysis

is usually accepted for new products for which a process does

not yet exist.

6. Investment into training for new techniques.

Types of processes

Today more than 3000 enzymes are known, with hundreds

commercially available. These are classified into six major groups:

1. Oxidoreductases: oxidation of alcohols, double bonds,

ketones; reduction of ketones.

2. Transferases: translocation of acyl, phosphoryl, glycosyl,

or amino groups.

3. Hydrolases: hydrolysis of esters, peptides, glycerides.

4. Lyases: addition to multiple bonds.

5. Isomerases: isomerization of olefins, racemization.

6. Ligases: formation of C–O, C–N, C–S, and

phosphoryl bonds.
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Of these enzyme categories, the most commonly used are

the hydrolases, useful for the resolution of racemates and

desymmetrization of meso compounds with the concomitant

generation of enantiomerically pure compounds. The lipases,

one kind of hydrolase, can also catalyze the corresponding

reverse process, esterification, and offer an advantage over

other hydrolases in that the reactions may be carried out in

organic solvents. Oxidoreductases are used to convert achiral

or meso compounds to optically pure products. Less common

in synthetic endeavors are ligases and lyases. For most

‘‘standard’’ synthetic operations, the use of hydrolases or

lipases offers the easiest experimental protocol as they do

not require cofactors. The next most commonly employed

enzymatic procedure is probably the yeast-mediated reduction

of carbonyl compounds. Slightly more demanding, at least to

the ‘‘uninitiated’’ organic chemist, is the use of oxidoreductases

in whole-cell fermentations, especially those enzymes over-

expressed in recombinant organisms. Aside from specialized

equipment issues there will be regulatory ones as well pertaining

to the use of genetically modified organisms.

The use of isolated enzymes versus whole-cell
transformations

Those enzymatic reactions that do not require cofactors

(non-protein components, such as metal ions or vitamins,

are bound to the enzyme and required for biological activity)

are easily performed with isolated enzymes as long as they are

stable in a pure state. These include commercially available

hydrolases and lipases, which are easy to use. When single or

multiple cofactors are required, whole-cell fermentations are

preferred as in the case of most oxidoreductases, whose use in

isolated state would require stoichiometric quantities of

cofactors, at prohibitive costs. The advantage of whole-cell

transformations is that living cells already have all of the

necessary cofactors in place as part of their metabolism. In

recombinant organisms, the manufacture of the desired

protein and the ancillary cofactors by the use of an alternate

carbon source becomes that organism’s sole function. Whole-

cell fermentation is the method of choice in cases where

the enzymes are either too complex (multi-component oxido-

reductase systems) or unstable or both.

In some cases fermentations can fail as well. The common

causes include:

1. Other enzymes present may metabolize the substrate.

2. There may be problems in transporting the substrate or

product in and out of the cell.

3. The substrate or product may be toxic to cells at increased

concentrations.

On the other hand, whole-cell fermentation may be the only

choice of a method in cases where multi-component enzymes

are used, multi-step sequences are involved, special cofactors

are required, or the enzymes are membrane bound.

In some cases, especially in large-scale industrial preparation,

the use of immobilized enzymes is advantageous.4 The

immobilized enzyme is usually more active as well as more

stable and the space-time yields of optimized reactions tend to

be higher.5 This process is used in the isomerization of glucose

to fructose by glucose isomerase and in the preparation of

semisynthetic penicillins by penicillin G acylase, for example.

These processes require extensive optimization and are likely

to be out of reach of academic groups.

Complexity, simplicity, and symmetry in synthesis

In a multi-step chemical sequence, the term complexity is

often understood to imply skeletal complexity of the target.

Synthetic chemists intuitively understand this concept when

evaluating a route to a ‘‘complex’’ target. The qualitative

recognition of complexity was best voiced by Woodward6 in

1956 when he referred to erythromycin in the following way:

‘‘Erythromycin, with all of our advantages, looks at present

quite hopelessly complex, particularly in view of the plethora of

asymmetric centers. . .’’. The first quantitative definition of

complexity was provided by Bertz7 in 1981 by the following

equation:

CT = C(n) + C(E)

where CT is the total complexity expressed as the sum of

contributing factors C(n), which provides measurement of

skeletal complexity, and C(E), which measures complexity of

elemental composition. Quantitative treatment of complexity

is then performed by graph theoretical methods as discussed

by Bertz and Sommer in 1993.8

Orthogonal to the concept of complexity is simplicity, the

ultimate goal of a synthetic chemist wishing to reach the target

in a most straightforward fashion. This concept was best

verbalized by the Carlson–Wender definition9 of the ideal

synthesis:

Bertz also demonstrated, in his graph-theory treatment of

molecular complexity, that simplicity is best achieved if a

route to the product contains reflexivity and produces a

symmetrical, and therefore simplified, synthesis graph. Thus

either introduction of symmetry into synthetic intermediates

or its alterations along the synthetic pathway will lead to a

simpler and hence shorter route to the target.

Related to reflexivity is the concept of latent symmetry,

which applies to the design of enantiodivergent syntheses

and has been put into practice on numerous occasions since

its first application to the synthesis of pinitol in 1990.10 This

concept allows for an enantiodivergent pathway to the

product by performing an enantiomeric switch at some point

in the sequence, accomplished by changing the order of steps

in the sequence without changing the reagents or the conditions

for any of the reactions. It therefore allows for the preparation

of both enantiomers of the target from a single enantiomer of

the starting material. Some examples of this principle, as it has

been applied to enantiodivergent synthesis, are illustrated in

Fig. 1. In the synthesis of pinitol (2), enantiodivergence is

controlled by the choice of the first transformation performed

with the acetonide 1. Thus epoxidation and epoxide opening

generates the trans relationship at b, whereas dihydroxylation

provides for the cis-diol at b. Following the reduction of the
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vinyl bromide moiety the order of these steps is switched at

location a.

The principle of proenantiotopic functionality is exemplified

by the conversion of L-erythruronolactone (3), prepared via

ozonolysis of 1,11 to the enantiomeric azidodienes 4 that

served as precursors for the synthesis of trihydroxyhelio-

tridanes 5.12 The functionalities at a and b differ only in their

oxidation states and either reduction or oxidation of 3 would

result in ameso substrate. The two functionalities differ in their

reaction with nucleophiles or reducing agents. For example,

direct olefination of the lactol at a under Conia–Dauben–

Wittig conditions provides the diene unit required for the

[4 + 1] pyroline annulation. Conversely, sodium borohydride

reduction of the lactol followed by azidation and olefination

furnishes the enantiomeric azido diene. The difference in the

rate of diborane reduction of carboxylic acid versus aldehyde

can also be exploited in defining the order of operations in 3.

Kornienko et al. exploited similar differentiation of two

functionalities by their oxidation states in his enantiodivergent

synthesis of cyclophellitol (7) from D-xylose.13

In practice the symmetry concepts can be exploited by

identifying an intermediate in the synthetic plan that may be

subject to one of the following transformations:

1. Generation of both enantiomers by resolution of a

racemate or desymmetrization of a meso compound.

2. Generation of either enantiomer by dynamic kinetic

resolution.

3. Generation of a single enantiomer from an achiral start-

ing material.

4. Generation of both enantiomers through latent symmetry

considerations and adjustment of the order of operations with

a substrate that possesses latent symmetry axis.

The key intermediate need not possess a high level of

‘‘molecular complexity’’ in order to have an impact on

generation of complexity in subsequent reactions through

incipient transformations. In the next section selected examples

of generating ‘‘downstream complexity’’ by performing

symmetry-related biotransformations are presented.

Complexity generation through biological methods:

selected biotransformations

Lipase-catalyzed desymmetrization of meso compounds and/or

resolution of racemates

These are probably the most common enzymatic techniques

used in synthesis. The process can be accomplished either by

lipase-catalyzed acylation of alcohols or by enzymatic hydro-

lysis of esters. In addition, oxidation of alcohols, reduction of

ketones, or enzymatic Baeyer–Villiger oxidation of ketones

have also been used in generating chiral building blocks for

enantioselective synthesis. The former transformations do not

require special techniques because the enzymes work without

cofactors. Reviews of applications14 as well as experimental

Fig. 1 Examples of symmetry-based design in enantiodivergent synthesis (the dashed lines represent planes of latent symmetry).
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procedures15 are available. On the other hand, the use of yeast

for reductions or cyclohexanone monooxygenase for Baeyer–

Villiger oxidations do require either cofactor recycling when

working with isolated enzymes or whole-cell fermentation

protocols.

Johnson’s synthesis of calystegine A3 is an excellent example

of early-stage generation of an enantiopure building block for

a target-oriented synthesis, Fig. 2.16 Although the complexity

in the final target was accomplished by traditional means, the

initial lipase-catalyzed step is crucial in establishing the

correct absolute configuration of the two stereogenic centers

whose integrity remains unchanged throughout the synthesis

(marked with an asterisk). Amano P-30 lipase was employed in

the acylation of diol 8 to provide enantiopure acetate 9 with an

enantiomeric excess of 498%, as determined by Mosher ester

analysis. The same acylation was also performed with the

N-Boc analog of 8 as well as with the azido diol precursor to

the carbamates. Both enantiomers of the natural products

were attained from acetate 9 by taking advantage of the latent

plane of symmetry with respect to a ‘‘reflection’’ of the allylic

acetonide 12 to provide for synthesis of ent-12, also shown

in Fig. 2.

Johnson’s synthesis of both enantiomers of bromoxone

utilized the same lipase (Amano PS-30) to resolve the

C2-symmetrical acetate to a mixture of unreacted acetate

(+)-15 and the diol 16, Fig. 3.17 The latter compound was

converted to (+)-bromoxone (18), whereas hydrolysis of the

former substance gave the antipodal diol 19, which furnished

the enantiomer of the natural product.

In order to optimize enantiomeric excess, one must compare

enzymatic acylation with enzymatic hydrolysis and choose the

better option. Examples of this strategy are shown in Fig. 4.

The acylation of diol 20 produced the mono acetate 21 with

enantiomeric excess of 499%.18 The authors have shown that

under these conditions the corresponding acylation of 20 to

the (S) isomer is slow, as is further acylation of (S)-21 to its

diacetate. Correspondingly, the (R) enantiomer of 21 may

be obtained by enzymatic hydrolysis of the diacetate.

Either enantiomer of 21 is ideally suited for two-directional

synthesis,19 that is, functionalization of similar termini of a

Fig. 2 Johnson’s calystegine synthesis. The asterisks indicate carbon atoms whose configuration does not change during the sequence.

Fig. 3 Johnson’s enantiodivergent synthesis of (+)- and (�)-bromoxone.
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Conversion of the metabolite to protected amine 104 then

provides the opportunity for an enantiodivergent approach to

codeine, Fig. 13. The allylic hydroxy group in 104 possesses

the absolute configuration of C-5 in codeine. It is this stereo-

genic center whose configuration dictates the fate of all

subsequent stereochemical events. Thus Mitsunobu inversion

with phenol 106 provides ether 107, which, after two successive

Heck cyclizations, yields the complete phenanthrene skeleton

in 110. Mercuric-acetate-catalyzed amination and adjustment

of stereochemistry at C-6 provides ent-codeine (111).50 To

approach the synthesis of the natural enantiomer of codeine,

diol 104 was converted to epoxide 105, whose opening with the

bromoisovanillin derivative at the allylic position led to ether

108 destined for (�)-codeine by the same series of reactions.

The second example of complexity generation by employing

the arene metabolites is the recently accomplished formal

synthesis of oseltamivir (Tamiflu) from ethyl benzoate.51 The

principle of latent symmetry greatly simplifies the synthetic

design. Shown in Fig. 14 is a reflection of oseltamivir (112)

across a latent symmetry plane through C-1 and C-4. The two

representations are, of course, identical, but if one considers

the configurations at C-3, C-4, and C-5 without commitment

to a distinct functionality then these three stereogenic centers

have an enantiomeric relationship. In practice this aspect is

easily exploited as it provides two different options in the order

of introduction of oxygen and nitrogen substituents. Thus

either oxygen or nitrogen functionality may be introduced at

C-3 in the representation A. The double bond remains in

place if the substituent is the pentyl ether; in case it is an

amine group, the double bond would be translocated C-1/C-6

position and the C-5 center would receive the ether

functionality. The same argument applies to planning the

order of operations from representation B. Thus the symmetry

analysis allows for flexibility in the introduction of amino and

ether groups.

This concept was reduced to practice as shown in Fig. 15.

Enzymatic dihydroxylation of ethyl benzoate, a commodity

chemical that contains all seven carbons of the core of the

target, produced cis-dihydrodiol 114,52 which was transformed

via inverse-electron-demand Diels–Alder cycloaddition to

oxazine 116. Reduction of the N–O bond and mesylation

provided oxazoline 118, and subsequent hydrolysis followed

by catalytic hydrogenation gave the saturated ester 120.

Conversion of this material to azide 122 and base-catalyzed

elimination provided the allylic alcohol 123, a known inter-

mediate in Tamiflu synthesis,53 thus completing the formal

synthesis of oseltamivir in ten steps (seven operations) from

ethyl benzoate. The key feature in the design is the trans-

location of the olefin in 122 with concomitant elimination of

the C-2 hydroxy group.

These examples demonstrate that early introduction of

enantiopure functionality coupled with the analysis of

symmetry elements leads to rapid generation of complexity

in the target compounds. The limiting feature of the enzymatic

hydroxylation of arenes is likely the access to fermentation

equipment in order to explore the hydroxylation of new

Fig. 13 Enantiodivergent synthesis of (+)- and (�)-codeine from b-bromoethylbenzene.

Fig. 14 Symmetry analysis of oseltamivir.
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substrates. However, the more common dihydrodiols, those

derived from bromo- and chlorobenzene, biphenyl, and

naphthalene, are commercially available.

Carbohydrate synthesis

Wong’s aldolase-mediated carbohydrate synthesis54 provides for

an efficient generation of azido ketones by an aldol reaction of

dihydroxyacetone phosphate 125 with either (R)- or (S)-3-

azido-2-hydroxypropanal, Fig. 16. The enzyme required for this

reaction is a recombinant fructose 1,6-diphosphate aldolase

over-expressed in E. coli. The rapid generation of molecular

complexity is exemplified by the preparation of aza sugars 130

and 131 by reductive cyclization of the azido ketones 128 and

129, respectively. Wong also prepared several other glycosidase

inhibitors by this method, most notably deoxynojirimycins,

including L-deoxymannojirimycin 134, in only two operations

from dihydroxyacetone and azido aldehyde 133, catalyzed

by rhammulose 1-phosphate aldolase. The aldolases are easily

subjected to protein engineering and directed evolution for

greater substrate specificity and more diverse applications.55

Wong and co-workers have also designed very elegant

biocatalytic routes to complex oligosaccharides56 and glyco-

proteins.57 However, this type of research is usually

not performed in a standard organic laboratory and either

collaboration with molecular biologists or acquiring the

necessary equipment (and training) are essential in order

to produce the recombinant clones and perform directed

evolution of the enzymes.

An example of complexity generation in the area of

monosaccharides is the chemoenzymatic synthesis of fully

deuterated mannose.58 Of course, D-mannose-d7 is not a

particularly complex target, but a conversion of D-mannose

to its fully deuterated analog would likely be an arduous

process. The incorporation of appropriate technology is

required to approach this problem. In this case, the use of

perdeuterochlorobenzene and enzymatic hydroxylation makes

the task much simpler, as shown in Fig. 17. Thus the cis-

dihydrodiol 136 is converted to diol 137, which is subjected to

ozonolysis and reductive workup with NaBD4 to afford fully

deuterated protected D-mannose in only five steps.

The conversion of cis-dihydrodiols to various mono-

saccharides and their derivatives was developed into a fully

general methodology and applied also to the chemoenzymatic

synthesis of inositols.59 The design concept that connected

both groups evolved from the recognition that diols derived

from monocyclic compounds contain elements of inositol

structure and are easily converted to any of the nine inositols

by further oxygenation. On the other hand the oxidative

cleavage and reductive cyclization of vinyl halide in 140

provides the structural elements of hexoses, as depicted

in Fig. 18. All stereoisomers of either hexoses or inositols

are available by judicious planning of synthetic operations

originating from the cis-dihydrodiol obtained from the

enzymatic step.

An example of generating molecular complexity by iterative

coupling is shown in Fig. 19. Inositol oligomers, both O- and

N-linked are available by iterative coupling of epoxides

(or aziridines) derived from 144.60 Epoxide 145 (as well as

the corresponding aziridine) is subjected to opening with

an alkoxide to generate a nucleophilic partner for further

coupling with 145. This process generates dimer 147 and

may be repeated iteratively until a desired oligomer is attained.

Reduction of the vinyl halide and either hydroxylation or

epoxidation/hydrolysis generates the fully oxygenated inositol

units. The oligomers (both O- and N-linked) exhibited inter-

esting secondary structures and may find use in generating

chiral materials or templates for asymmetric synthesis.61 The

synthesis of a fully hydroxylated chiral polymer possessing the

D-chiro configuration has been achieved viaGrubbs metathesis

of 149.62

Fig. 15 Formal synthesis of oseltamivir from ethyl benzoate.
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The foregoing examples illustrate the power of combination
of biocatalytic methods with judicious design, frequently
based on symmetry concepts. It would be di�cult to imagine
the preparation of any of the featured compounds by employing
only traditional methods of synthesis. Thus the combination
of biological methods with traditional ones yields unprecedented
advantages both in complexity generation and overall e�ciency

of the synthetic pathway. Most of the examples featured up to
this point (with the possible exception of Wong•s synthesis of
oligosaccharides and glycoproteins) do not require extensive
knowledge of microbiology, molecular biology, or proteomics
and are therefore accessible to practitioner of organic synthesis.

Plasmid-engineered pathways to complex products

The ultimate achievement in generating molecular complexity
would be, of course, a one-step synthesis of any target, the
••ideal synthesis••. Although it may be an unrealistic goal, there
are some processes that approach this limit by reducing a
synthesis to just a few steps or by providing a fermentation
protocol for the product or its direct precursor in one container.
This is possible by fermentation performed with recombinant

Fig. 16 Aldolase mediated synthesis of aza-sugars.

Fig. 17 Chemoenzymatic synthesis ofD-mannose-d7.

Fig. 18 Design for hexoses and inositols from a common intermedi-
ate.

Fig. 19 Synthesis of oligomers of inositol (with con“guration of any
of the nine monomeric inositols).
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organisms in which the synthesis of the required protein

or multiple proteins, along with all necessary cofactors, is

‘‘programmed’’ on the plasmid that is inserted into a robust

bacterial carrier such as E. coli. An inexpensive carbon source

is then used to support the growth of the organism, whose only

mission is to manufacture the required protein(s). These types

of processes are ideal for large-scale industrial preparation

because they are performed in an aqueous medium and in a

single reactor. Several examples will illustrate the power of

fermentations that combine multi-step pathways into the

production of the desired target.

Gibson’s process for the biocatalytic synthesis of indigo,63

shown in Fig. 20, serves as an excellent example of a process

that combines ingenuity, creativity, and practicality in the

production of an important commodity chemical. The

conversion of tryptophan to indole is mediated by tryptophanase,

an indigenous enzyme in E. coli, and tryptophan itself is

biosynthesized via the aromatic amino acid pathway. In the

early 1980s Gibson noted the production of indigo when

cultures of recombinant E. coli strains that oxidize naphthalene

were grown in the presence of indole. It turns out that

naphthalene dioxygenase, which oxidizes naphthalene to the

corresponding cis-dihydrodiol, also produces cis-diol 154 from

indole. Spontaneous elimination of water leads to indoxyl

(155), which then dimerizes oxidatively to indigo. Genencor

later optimized this fermentation process to an industrial scale.

In the final fermentation, indigo is produced from glucose in a

sequence containing over 18 distinct chemical steps.64

The iron–peroxy species 153 was identified years later as an

intermediate in the enzymatic oxidation of indole.65 This

discovery contributed to the study of the mechanism by which

the bacterial dioxygenases introduce molecular oxygen onto

the aromatic core. The details of this process are not known at

this time.

Another example of protein engineering for a specific

purpose is the Abbott process for the production of erythro-

mycin derivatives.66 Modification of genes coding for the

expression of polyketide synthase allows the large-scale

production of several derivatives of erythromycin A (157),

Fig. 21, by further mutagenesis and directed evolution of the

organisms. The preparation of the ethyl analog, 6-desmethyl-

6-ethylerythromycin (159), was accomplished by directed

metabolic engineering and adjustments of the native

erythromycin-producing organism Saccharopolyspora erythraea.

For industrial scale preparation of pharmaceuticals, a one-

container fermentation process is clearly the method of choice

as it minimizes waste production and the use of solvents.

However, protein engineering relies on expertise in molecular

biology and, with a few exceptions and/or collaborative

efforts, remains outside the realm of usage by an ordinary

synthetic group.

Conclusions and future prospects

The syntheses presented in this survey illustrate the power

and utility of biological methods in manufacturing organic

compounds. The applications described range from the use of

simple hydrolytic enzymes to the more complex fermentations

involving oxidoreductase enzymes and finally to processes that

utilize protein engineering and directed evolution for specific

applications in industry. Most of the examples presented have

one aspect in common: the biocatalytic step is usually

performed at the beginning of the synthesis and the generation

of molecular complexity follows from the subsequent trans-

formations of functional groups generated in the enzymatic

step. In addition, the discussion highlights the importance of

symmetry elements in generating effective solutions to complex

problems. The tutorial was intended to illustrate—to the

uninitiated synthetic chemist—that the combination ofFig. 20 Biocatalytic synthesis of indigo.

Fig. 21 Erythromycins and cephalexin.
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biology and organic synthesis indeed leads to increased effi-

ciency in the overall process.

The future prospects in the field of biocatalysis are limitless.

Biocatalysis is used for the production of commodity chemicals

as well as pharmaceutical agents. In general, biocatalytic

methods impart ‘‘greener’’ character to the synthesis as well

as make the sequences shorter, as exemplified in the case of

industrial synthesis of cephalexin (160), Fig. 21, where the

incorporation of enzymatic steps shortened the synthesis from

ten to six steps.67 With the advances in molecular biology it is

possible to isolate, identify, and over-express any naturally

occurring enzyme in a specific carrier and use the recombinant

organism for a particular transformation. Protein engineering

and directed evolution then further expand the field of

applications for any given enzyme. Biocatalysis is firmly

established in the industrial domains as a method of choice

in manufacturing. In the academic circles it continues to be the

province of biologists more so than of chemists. It is our hope

that organic chemists—having read this survey—will be

convinced by the examples presented and will embrace these

techniques more frequently in their design of targets.
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