
catalyzed dissociation of water, the use 
of carbon dioxide as a source of carbon 
reactant, new methods of nitrogen fixa- 
tion, and the partial oxidation of meth- 
ane. The surface reactions of molecules 
in their excited states are also being 
studied. 

While most catalysis studies have fo- 
cused on reactions that occur at the 
solid-gas interface, because of the avail- 
able techniques, research is now being 
expanded to include catalysis at solid- 
liquid interfaces. Reactions of electrode 
surfaces, of colloid surfaces, and in bio- 
logical systems, all of which occur at 
these interfaces, will benefit greatly from 
scrutiny at the molecular level. Laser 
spectroscopies and solid-state NMR 
spectroscopy are among the techniques 
that appear most promising for these 
studies. 

A number of academic institutions 
now focus on surface science and cataly- 
sis research, and there is strong industri- 
al participation in the newly formed re- 
search centers intended to educate scien- 
tists and engineers in this subdiscipline 
of chemistry. As catalysis-based tech- 
nologies are converted to high technolo- 
gies, the design and development of new 
catalyst systems will occur with greater 
frequency and the development of sci- 
ence and technology will continue at an 
accelerated pace. The future is indeed 
bright for surface science and for cataly- 
sis science. 
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eas may be recognized: structures, reac- 
tions, techniques, and concepts. In high- 
lighting some of the specific advances in 
these areas in a field as broad as organic 
chemistry in a very brief overview, only 
a few of the many different exciting 
developments can be treated. There are 
undoubtedly developments not included 
that are as significant as the few illustra- 
tions presented here. 

Structures 

Historically, organic chemistry fo- 
cused on isolating compounds from na- 
ture. Structure determination became 
the first step in understanding. However, 
the methods available, which relied on 
systematic degradation and correlations, 
required relatively large amounts of ma- 
terial; thus only abundantly occurring 
natural products were accessible. With 

tal level, where do the challenges lie and Barry M. Trost is Vilas and Helfaer Professor of 
what methods are being developed to Chemistry, McElvain Laboratories of Organic 

Chemistry, Department of Chemistry, Univers~ty of 
meet these challenges? Four general ar- Wisconsm, Mad~son 53706. 
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the great advances that have been made 
in spectroscopy and separations science, 
a whole new world has begun to emerge. 
As it has become possible to detect, 
isolate, and characterize ever smaller 
components in nature, the importance of 
small organic molecules for a myriad of 
purposes has become evident. 

Understanding the control mecha- 
nisms for the maturation of insects and 
for their behavior has led to an entire 
area called insect chemistry. Probing the 
physiology of insects revealed the pres- 
ence of microgram amounts of hormones 
that regulate the maturation process. 
The availability of the new separations 
and spectroscopic techniques allowed 
the identification of two simple mole- 
cules-ecdysone, 1 (I), and juvenile hor- 
mone, 2 (2)-and led to the idea of using 
insect growth regulants as an approach 

to control of insect populations. Present 
in even smaller quankities are constitu- 
ents that control insect behavior. These 
organic molecules, called pheromones 
(3),  regulate behavior ranging from sex 
to defense and offer opportunities for 
defense against insect infestations rang- 
ing from early warning devices to termi- 
nating the populations. 

New directions continue to emerge. 
Studies of mammalian physiology have 
revealed the role in metabolism of the 
arachidonic acid cascade (see Fig. 1A) 
(4). The role of the leukotrienes in con- 
trol of human metabolism suggests phar- 
maceutical applications, such as in the 
control of inflammation. Another branch 
of the same metabolic cascade involves a 
family of human hormones, the prosta- 
glandins (5). The pervasive influence of 
these hormones on the action of cells 
remained undiscovered until recently be- 
cause of the limits of detection in analyti- 
cal instrumentation. As instruments be- 
come still more refined, new factors will 
be discovered. 

Our analytical tools allow precise defi- 
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nition of molecules of enormous com- 
plexity. In the life sciences, biomacro- 
molecules such as the enzymes and poly- 
nucleic acids come to mind. Their pri- 
mary structure is not a major problem 
today. However, other molecules from 
nature can constitute a major challenge. 
Palytoxin (see Fig. lB), a highly toxic 
metabolite from algae, is a molecule of 
this type that is now in the realm of 
approachable problems (6). This mole- 
cule, with its 64 asymmetric centers and 
7 double bonds, has so many possible 
geometric and stereoisomers that if a 
single molecule of each permutation 
were present in a flask, nearly 1 mole of 
compound would be present. In seeking 
to define the precise structure of this 
compound, we need to pick out a single 
molecule from the entire mole of mole- 
cules. The weaknesses of our current 

adamantane, amantidine, has proved to 
be one of the first effective antiviral 
agents and a beneficial treatment for 
parkinsonism (8). The platonic solids 
capture the imagination because of their 
beauty. Dodecahedrane (9) and tetrahe- 

Dodecahedrane 

drane (10) are the chemists' versions of 
these geometric figures which have re- 
cently yielded to synthesis. What prop- 
erties such beautiful lattices possess re- 
main to be discovered. 

Summary. Organic chemistry as a discipline derives from and impacts on the 
biological and abiological world in which we live. Its challenges lie in the areas of 
structure, reactivity, techniques, and concepts. Powerful structural tools reveal 
structures from biology that range from control of insect development and behavior to 
whole new metabolic pathways in humans. Unnatural products create beautiful new 
molecular shapes whose properties cannot be predicted as well as catalysts that 
function with enzyme-like control. From structure flows reactivity. Exploration of 
known reactions points to new directions, and development of new reactions offers 
the opportunity of streamlined synthetic design. Emerging new techniques offer new 
dimensions for performing and studying reactions as well as the hope for developing 
new ones. Merging disparate facts into unified concepts increases predictive capabili- 
ties. The extraordinary difficulty of finding the resultant of many small effects may 
obscure the presence of general theories, creates the art in the practice of the 
science, and challenges the practitioner. From these general themes derives the 
quest for selectivity-ehemo-, regio-, diastereo-, and enantio-. An examination of the 
fundamental underpinnings of the applications of organic chemistry reveals that, while 
impressive strides have been made, the science is best described as being between 
infancy and childhood. The cross-fertilization between organic chemistry and molecu- 
lar biology vividly illustrates a merging of chemistry and biology. 

tools are also highlighted by this com- 
pound. The secret of its structure was 
not revealed by any combination of spec- 
troscopic tools. It ultimately required 
chemical synthesis. Development of 
structural tools for noncrystalline, con- 
formationally mobile molecules is a chal- 
lenge. 

Organic chemistry is not restrained by 
the limits of nature. Only man's imagina- 
tion defines the limits of the structural 
varieties that can be created. What fac- 
tors influence the choice from among 
these almost unlimited possibilities? Es- 
thetics is clearly one. The beauty of the 
diamond led to the design of adaman- 
tane-a hydrocarbon model for a small 
unit of the diamond carbon lattice (7). 
Besides stimulating much fascinating 
fundamental understanding of bonding 
and reactivity, its design also had practi- 
cal consequences. A simple analog of 

Highly unsaturated compounds appeal 
to chemists because of their unusual 
electronic properties. The evolution of 
such compounds into organic conductors 
may have broad applications in the elec- 
tronics industry. Molecular switches, as 
well as having obvious weight advan- 
tages, promise to open up a new time 
domain. 

Even the world of enzymes may be 
simplified into small organic fragments. 
The active sites of enzymes may be 
viewed as surfaces or cavities that influ- 
ence a reacting substrate. While rate 
factors associated with enzymatic reac- 
tions capture a great deal of attention, 
perhaps more significant are the stereo- 
chemical consequences of enzymatic re- 
actions. Crown compounds (11) and cav- 
itands (12) are simple analogs of these 
surfaces and cavities in what is referred 
to as host-guest chemistry. Figure 2 de- 



picts a chiral crown compound which 
begins to approach the behavior of en- 
zymes (13). It is capable of selective 
recognition of (D)-amino acids to a suffi- 
cient extent that their preferential com- 
plexation allows a racemic mixture to be 
resolved. More significantly, it serves as 
a chiral surface for the formation of a 
carbon-carbon bond in a conjugate addi- 
tion (also depicted in Fig. 3) and led to a 
99 percent enantiomeric excess at -78OC 
in a partially catalytic reaction. Are we 
at the very early stages of designing 
"unnatural enzymes"? 

Reactions 

The availability of organic substances 
to serve our needs depends critically on 
the repertoire of reactions available for 

synthesis. The obvious interdependence 
of structure and reactivity determines 
the advances that are possible. The leg- 
endary Diels-Alder reaction illustrates 
the evolutionary aspect of reaction de- 
velopment. Although the reaction was 
extensively described in the early part of 
this century and its impact was recog- 
nized by a Nobel Prize in 1950, the 
1970's became the decade of recognition 
of its power in complex synthesis (see 
Fig. 3). Nevertheless, new faces of this 
classical reaction continue to be re- 
vealed. A most recent one is the reaction 
of heteroatom unsaturated molecules 
with certain dienes, especially in the 
presence of lanthanides as catalysts. 
This makes the designed synthesis of 
some carbohydrates, especially those 
which are attached to other molecules by 
C-C bonds, a simpler procedure. Practi- 

A =- H 
DOH 

- - - 

n 
Leukotf iene B 

Fig. 1. New structures: (A) biosynthesis of leukotrienes; (B) palytoxin. 
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cal targets of this approach are antibiot- 
ics and antitumor agents, exemplified by 
vineomycin B2 (see Fig. 3) (14) and, even 
more important, analogs of such mole- 
cules designed for improved therapeutic 
properties. 

The power of the Diels-Alder reaction 
is due to its chemo-, regio-, and diaster- 
eoselectivity and its rapid creation of 
molecular complexity. The development 
of cycloadditions to rings of other than 
six members may extend these benefits 
to the synthesis of other ring sizes. Five- 
membered rings are of particular interest 
from both a biological and a theoretical 
point of view. An attractive possibility is 
the cycloaddition of trimethylenemeth- 
ane (TMM), which conceptually is con- 
veniently designated as a 1,3-dipole as in 
Fig. 4 although it exists as a 1,Zdiradi- 
cal. The resultant methylenecyclopen- 
tanes possess a useful array of function- 
ality with which to mold the initial ad- 
ducts into the ultimate targets. Chemis- 
try involving such a reactive in- 
termediate appears feasible with the use 
of transition metal templates (15). This 
leads to a strategy for synthesis of the 
antitumor, antiviral, and antifungal com- 
pound brefeldin A which resolves the 
stereochemical problems (15b). 

Research on transition metal tem- 
plates in catalytic reactions has suggest- 
ed that these easily tailored templates 
may become the "chemists' enzymes." 
However, organotransition metal com- 
plexes are also useful stoichiometric 
templates. The "esoteric" carbene com- 
plexes of tungsten and chromium show 
remarkable behavior in joining an aro- 
matic ring, an acetylene, and carbon 
monoxide to form naphthoquinones (see 
Fig. 5) (16). The use of chromium com- 
plexes in this way allows facile elabora- 
tion of the therapeutically important 
antitumor compounds of the anthracy- 
clinone variety such as daunomycin (17). 

The wealth of unusual chemistry re- 
vealed by merging carbon with the other 
hundred or so elements has only recently 
begun to be appreciated. The maturing of 
this field is not even in sight. Neverthe- 
less, it will not be the only mechanism 
for discovering new reactions. The 
means by which nature creates complex 
molecules, discovered through studies of 
biosynthesis and metabolism, suggest 
new pathways which we refer to as bio- 
mimetic. One of the most dramatic illus- 
trations of this approach evolved from 
the discovery of squalene as the precur- 
sor of the tetracyclic steroids (18). The 
enzyme system responsible for squalene 
cyclization creates an electrophilic initia- 
tor, an epoxide, and then folds the linear 
chain to generate the beautiful steroid 
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framework. Figure 6 shows that, with a 
proper initiator and a suitable termina- 
tor, a simple proton successfully pro- 
motes the polyolefin cyclization and 
translates a biosynthetic notion into a 
practical synthesis of the anti-inflamma- 
tory corticosteroids (19). As our under- 
standing of how nature does things in- 
creases, new opportunities for reaction 
design will undoubtedly arise. 

Techniques 

Advances in a science closely parallel 
the development of new tools. Separa- 
tions science, specifically chromatogra- 
phy, has had a great effect on the prac- 
tice of organic chemistry and the types of 
problems that can be broached, such as 
the study of bioregulators present in very 
small amounts in complex mixtures. 
There will be further advances in design- 
ing selective absorbents and improved 
detection systems, and new concepts in 
separations science undoubtedly remain 
to be discovered which will make it 
possible to tackle problems that are now 
unapproachable. 

Related to separation techniques for 
stable molecules is the development of 
methodology for isolating reactive inter- 
mediates. Matrix isolation permits the 
encapsulation of an unstable species in a 
frozen matrix at temperatures approach- 
ing absolute zero (20). Species which 
have been postulated as intermediates on 
the basis of indirect methods cannot 
only be generated but also directly ob- 
served. Direct study of these interme- 
diates will lead to better control of their 
reactivity and thus to improved reac- 
tions and even new ones. The possibili- 
ty of detecting previously unknown 
types of reactive intermediates is par- 
ticularly exciting. 

Organic chemistry has largely relied 
on thermal reactions for synthesis. The 
electronically excited state offers anoth- 
er dimension of reactivity and another 
world of reactions. Thermally forbidden 
reactions are sometimes photochemical- 
ly allowed. Thus, while cycloaddition of 
two olefins to give a four-membered ring 
fails thermally, it succeeds photochemi- 
cally, and this is one of the few syntheti- 
cally important photochemical processes 
(21). Controlling photoreactions appears 
to constitute one of the difficulties. The 
therapeutically important vitamin D 
metabolites rely on photoconversion of 
the previtamin to the provitamin form, as 
shown in Fig. 7 for 1-a-hydroxy series. 
The use of lasers with precisely tuned 
wavelengths of incident radiation gener- 
ates the specific excited state to effect 
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Fig. 2. New struc- 
tures: chiral crown 
compounds. 
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Fig. 3. Diels-Alder reaction: new faces. 
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this transformation and minimizes unde- and forming one molecule from two. A 
sired side reactions (22). The enhanced decrease in the volume and normally a 
control doubled the efficiency of this negative volume of activation accompa- 
commercially important process. nies such a process. The simple mechan- 

At times, the obvious appears to have ical operation of high pressure should 
been overlooked. Much of synthesis in- and does facilitate such condensations, 
volves condensing two reacting species as shown in Fig. 8 in a projected synthe- 

Fig. 5. Stoichiometric metal reactions: chromium 
synthesis of naphthoquinones. 

F3CC02-H thesis. 

Fig. 7. Photolysis with lasers. 

TBDMS 0 

_____c. 
8-15 kbar  

9 5 % 
Fig. 8. Reaction under ultrahigh pressure, 

sis of the antitumor quassinoids (23). The 
absence of any additional reactants and 
the lower temperatures frequently possi- 
ble prevent decomposition pathways 
from superseding, as happens with acid 
or base catalysis. Greater accessibility of 
equipment for ultrahigh pressure and 
better reactor design will enhance the 
role of this technique in synthesis. 

Clearly, other techniques remain to be 
explored. Effects of magnetic fields (24), 
of solid states, of molten salts, and of 
weightlessness, to name a few, can only 
be speculated upon. Such unexplored 
techniques may open up new dimensions 
in performing and studying reactions. 

Concepts 

The correlation of a vast number of 
observations into unified concepts or 
theories not only provides a better basis 
for understanding the existing facts but 
also serves as a basis for making predic- 
tions. The concepts of aromaticity that 
evolved in the 1930's are still sources of 
animated debate and of inspiration for 
research directions. The concepts of or- 
bital symmetry and frontier orbital con- 
trol of reactions, enunciated less than 20 
years ago, almost immediately profound- 
ly changed the thinking of chemists. An 
avalanche of new ideas resulted and will 
continue to grow as further experimental 
data develop. Most important, our abili- 
ty to rationally propose and experimen- 
tally implement the synthesis of unusual 
unsaturated molecules or the generation 
of new reactions has moved large steps 
forward. 

Most areas in experimental organic 
chemistry have not enjoyed the benefits 
of such sweeping theories. In part, this 
may be due to the extremely small ef- 
fects that we attempt to correlate. In this 
sense, organic chemistry is an exercise 
in perturbation theory. We must concern 
ourselves with many small effects and 
deduce the ultimate resultant. Defining 
and quantifying these small effects is a 
major endeavor. 

A good illustration is provided by the 
idea of stereoelectronic effects as applied 
to saturated systems. The ability of satu- 
rated single bonds to transmit electronic 
information has usually been ignored. 
The "anomeric" effect, a propensity for 
an alkoxy group to prefer the normally 
less favorable axial position in a tetrahy- 
dropyran ring, appeared to be restricted 
to carbohydrates (Eq. A in Fig. 9 (25). 
The tendency to attribute its behavior to 
the special properties of the carbohy- 
drate system delayed the development of 
a fundamental understanding. An appre- 
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ciation of the general implications of this 
basic vhenomenon has arisen from the 
observation that a t-butyl group, long 
considered to be an immovable object, 
an anchor, in terms of its propensity to 
be equatorial in a six-membered ring, 
can be forced into an axial position (Eq. 
B in Fig. 9) (26). The transmission of the 
electronic effects of the lone pairs on the 
ring heteroatoms to the axial C-0 bond 
in Eq. A, a stabilizing effect, and the 
axial C-Li bond in Eq. B, a destabilizing 
effect, account for such observations. A 
growing understanding of this unusual 
effect and the uncovering of many relat- 
ed examples led to its predictable appli- 
cation in reaction design (25). It has 
already been applied in the preparation 
of important highly oxygenated natural 
(ionophores) and unnatural (crown and 
cryptand) products. 

Almost any reaction reveals additional 
areas of little or no understanding. This 
primitiveness is revealed by the fact that 
as central and widelv used (sometimes 
confused with understood) a reaction as 
the addition of nucleophiles to a carbon- 
yl group remains a mystery. The obser- 
vation that acetylide anions add prefer- 
entially in the normally "sterically more 
hindered" axial fashion (Fig. 10) (27) 
suggests the existence of unrevealed but 
significant concepts. 

One strategy for trying to evaluate the 
resultant of many small effects is exem- 
plified by the field of conformational 
analysis. The orientation of parts of mol- 
ecules to each other which vary by only 
simple bond rotations that form different 
isomers (conformers) frequently deter- 
mines the chemical or biological behav- 
ior of the molecules. In certain systems, 
such as six-membered rings, the mole- 
cules are relatively rigid and well under- 
stood. However, noncyclic systems and 
large ring molecules, of particular practi- 
cal importance, are conformationally 
mobile. 

Molecular mechanics, the empirical 
computation of conformational energy, 
combined with computer graphics con- 
stitutes molecular modeling (28). This 
technique has greatly enhanced our abili- 
ty to perceive the exact shapes of mole- 
cules. Nevertheless, it is not the pana- 
cea. Using such models in a synthesis of 
the polyether antibiotic lysocellin, as de- 
picted in Fig. l l ,  the prediction suggests 
formation of the cis alkylated product; 
experimentally, alkylation of 3, Fig. 11, 
produces 4 with one alkylation proceed- 
ing as predicted but the second one not 
(29). Obviously, refinements are re- 
quired before this approach becomes 
more generally useful. Nevertheless, the 
beginnings offer a great deal of anticipa- 

tion that an impasse in structural analy- 
ses may be removed by such computer- 
based techniques. 

Selectivity 

Underlying the major challenges in 
designing and creating more complex 
molecules for a multitude of uses is se- 
lectivity. In defining strategies and reac- 
tions to construct complex molecules we 
require synthetic methods that can (i) 
perform a wanted structural change and 

none other (that is, be chemoselective), 
(ii) orient the reacting partners in a cor- 
rect fashion (be regioselective), (iii) cre- 
ate the correct orientations of the vari- 
ous parts of the molecule with respect to 
each other (be diastereoselective), and 
(iv) enable the formation of a molecule of 
one-handedness or a mirror image iso- 
mer (be enantioselective). Such extraor- 
dinary demands are exciting challenges. 
Some recent examples demonstrate that 
such challenges can be met but also 
demonstrate how far we have to go. 

Chemoselectivity. If you have a target 

THF 
+ BrMgCEC-CH3 -------C 

-78 

Fig. 9 (left). Stereoelectronic factors. Fig. 10 (right). Stereoelectronics: axial selectivity. 

Fig. 1 1. Computer modeling- n 0 
conformational analysis. 

~ 6 - 3  O 

C i s  T r a n s  

Fig. 12. Chemoselec- 
tivity: radical inter- 
mediates. 

5 

't 3.3 
P d  I --2-"; 

KO catalyst  RO 

-----.)- Pyrenophorin 

Fig. 13. Chemoselectivity: transition metal catalysts. 
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consisting of a hundred moving parts of similar problem and defines the chal- 
similar size and shape, how can you hit a lenge of chemoselectivity. An approach 
single preselected part without harming involves rediscovery of existing knowl- 
any of the others? Trying to carry out a edge to offer new insight and applica- 
reaction involving a hundred atoms is a tions. A renaissance in radical chemistry 

Fig. 14. Regioselectivity: 0 versus C alkylation. 

Fig. 16. Regioselecti- 
vity control element: 
silicon. 

Catalyst 

Pd R = ti or alkyl ----- 

MO R = alkyl R = H  

W ----- R = n or alkyl 

Fig. 15. Regioselectivity: allylic alkylation. 

0 Me 

F i g  17. Diastereore- R~dNvh w 
R2CH0 

lectivity: aldol-type 
reaction. 

10 

beautifully illustrates this concept. Radi- 
cals, extremely important reactive inter- 
mediates because of their role in polymer 
synthesis, have the property of being 
compatible with most polar functional 
groups such as hydroxyl and carbonyl 
groups. In contrast, carbanion chemis- 
try, a more commonly employed syn- 
thetic technique for forming C-C bonds, 
is incompatible with such groups-a fact 
which has led to the idea of "protecting" 
these functional groups. Unfortunately, 
protection results in synthetic inefficien- 
cy. Consider the cyclization of 5 in Fig. 
12 (30). Any type of carbanion reaction 
would (i) lead to carbonyl rather than 
olefin addition or (ii) require protection 
of the carbonyl group. Quite the contrary 
is true for radical reactions. Indeed, di- 
rect cyclization with C-C bond forma- 
tion and, most important, without re- 
course to protecting groups occurs upon 
exposure of 5 to a radical-generating 
agent. A particularly efficient synthesis 
of the fragrance ingredient seychellene 
results. 

Transition metal complexes, which we 
referred to earlier as the chemists' en- 
zymes, represent a tremendous stride in 
our quest for chemoselectivity. An im- 
portant example is the catalyzed cross- 
coupling reaction, illustrated in Fig. 13 in 
a synthesis of the antifungal antibiotic 
pyrenophorin (31). Here, in contrast to 
the classical approaches, we adjust the 
reactivity of our carbanion chemistry to 
make it compatible with carbonyl 
groups. Clearly, we must avoid the use 
of "crutches" such as protecting and 
activating groups if we are to achieve full 
synthetic efficiency. Whether such a goal 
is practical remains to be determined. 

Regioselectivity. An ability to adjust 
the orientation in which two reacting 
partners approach one another can in- 
crease our synthetic flexibility, although 
sometimes it is not so important. For 
example, in 0 versus C alkylation of 
enolates (Fig. 14), C alkylation usually 
dominates but it is also normally the 
desired product. In contrast, directing 
allylic alkylation to give either of the two 
regioisomeric products at will is desir- 
able and important (Fig. 15). The transi- 
tion metal complexes reveal their versa- 
tility in allowing us to ritrate the reaction 
with full control by varying the electron- 
ic and steric nature of the catalyst tem- 
plate (32). 

At times, introduction of an easily 
removed substituent permits regiocon- 
trol. The discovery of the other elements 
of the periodic table by organic chemists 
has revealed a number of elements which 
are of value in such a task. Silicon, so 
far, appears to be a very powerful one. 
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We discussed the biomimetic polyolefin 
cyclization as a useful approach to form- 
ing complex molecules from simple ones 
(Fig. 6). Figure 16 discloses a limitation, 
the lack of regioselectivity in the termi- 
nation by proton loss, in which every 
possible olefin results (6-+7). The simple 
expedient of employing an allyl silane as 
the terminator gives a unique product 
(6+8), even though it is the thermody- 
namically unfavorable one (33). Our abil- 
ity to control regioselectivity remains 
highly limited. Nevertheless, the idea 
that we are powerless to do so must be 
put aside. 

Diastereoselectivity. Nature has 
evolved elaborate mechanisms for mold- 
ing the shape of its objects. Man does not 
share nature's success. Molding the 
shape of organic molecules, or stereo- 
control, remains a formidable challenge 
for the chemist. Our limited success is 
understandable if we realize that the 
delicate interplay of many opposing 
forces, few of which can be quantified at 
present, determines the experimental 
outcome. Even so, impressive studies 
have recently been made. 

The aldol reaction, one of the classical 
reactions in organic chemistry, reveals 
new faces in its ability to serve the 
chemist. As Fig. 17 discloses, with an 
appropriate choice of reaction condi- 
tions, such as metal reactant and sub- 
strate, syn-type products such as 9 and 
10 dominate over anti-type products 
such as 11 and 12 (34). Such diastereose- 
lectivity easily translates into enantiose- 
lectivity. In the examples of Fig. 17, Xv 
and XN are optically active and transfer 
their stereochemistry to the products 9 
and 10 in such a way that (ignoring the 
parts that correspond to Xv and XN) 
these two compounds are mirror image 
or optical isomers or enantiomers. By 
simple hydrolysis, we obtain enantio- 
merically pure products. We refer to Xv 
and XN as chiral auxiliaries. 

Another facet of this approach derives 
from the expanding world of organobor- 
anes. While the use of such compounds 
for formation of C-H and C-0 bonds is 
well recognized, their role in forming C- 
C bonds may ultimately be even more 
important, The conformational rigidity 
associated with the transition states for 
boron-mediated additions to carbonyl 
groups serves to enhance stereochemical 
control. 

The aldol reaction, already discussed, 
is one reaction that is susceptible to the 
use of boron chemistry for such a pur- 
pose (35). Replacement of the magne- 
sium of allyl Grignard reagents with bo- 
ron (Fig. 18) is another example (36). 
The fact that the two stereochemical 
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centers in the product 13 are not directly 
bonded to each other permits their sepa- 
ration by simple hydrolysis to the fra- 
grance ingredient artemesia alcohol, 14, 
in enantiomerically pure form. Thus, the 
diastereoselectivity of the carbonyl addi- 
tion translates into enantioselectivity in 
the final product. A great deal of prog- 

ress in diastereoselectivity still results 
from the empirical or "try and see" 
approach. The transition to rational de- 
sign will become possible only with bet- 
ter understanding. 

Enantioselectivity. If you take a glove 
from a box containing equal numbers of 
right-handed and left-handed gloves, you 

Fig. 18. Diastereoselectivity: allylboranes (de, diastereomeric excess). 

Allylic alcohol IdH 
Epoxidat ion e f fec ted  
by  left-handed 
catalyst 

Left -handed 
Right-handed 
epoxide 

Fig. 19. Enantioselec- 
tivity: abiological cat- P(-1-d~elhyl torlrofe (unnoturdl 

alysts. at&. 

Fig. 20. Enantioselec- 
tivity: phase transfer 
catalysis. 17 18 

Bakers' H? H 0 

OR 
19 20 2 1 

R = C ~ H S  2 3  7 7 

;-Can17 9 9  1 

Fig. 21. Enantioselectivity: microbial methods. 
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have a 50:50 chance of drawing a right- 
handed glove. Is there a way to increase 
that probability to 100 percent? This is 
the type of problem that the chemist 
confronts in trying to control enantiose- 
lectivity. 

Once again, transition metal templates 
come into use. Previously, control of 
stereochemistry appeared to be possible 
only in the realm of enzymes. Now, 
however, abiological catalysts for asym- 
metric induction are beginning to 
emerge. Figure 19 illustrates a benefit of 
wine other than the obvious physical 
one. The metal titanium, in an environ- 
ment of tartarates, constituents of wine, 
selectively delivers an oxygen atom to 
one of the enantiotopic faces of the olefin 
of an ally1 alcohol (37). Unfortunately, 
very few cases of asymmetric metal cata- 
lysts exist and only the formation of C-0 
or C-H bonds has so far succumbed to 
asymmetric induction. 

Transition metal catalysts need not be 
the only substances used for this pur- 
pose. Figure 20 depicts a sculpted host 
used for asymmetric induction. In exam- 
ining the source of chiral recognition at 
the active site of enzymes, we discuss 
many small effects such as hydrogen 
bonding and n stacking. By use of an 
optically active phase-transfer catalyst 
(17), a dramatic asymmetric alkylation is 
achievable (15-16 in Fig. 20) in a pro- 
cess directed toward the uricosuric agent 
indacrinone (38). In retrospect, enzyme- 
like interactions such as that depicted in 
18 may account for this extraordinary 
result. The simplicity of the catalyst but 
the enzyme-like experimental result be- 
gin to strip away some of the mysticism 
we associate with enzymes. 

Nevertheless, enzymes, modified en- 
zymes, or whole cells will undoubtedly 
play an increasing role in synthesis. The 
challenge of manipulating an enzyme by 
using biotechnology to modify enzyme 
selectivity or create new types of reac- 
tivity is exciting. However, potential pit- 
falls must be recognized. In a synthesis 
of L-carnitine. a compound with thera- 
peutic use as an antihyperlipoproteine- 
mic agent, the yeast reduction of the p- 
ketoester 19 was expected to give 20 but, 
surprisingly, gave a mixture of 20 and 21 
(see Fig. 21). Careful investigative work 
showed that this lack of enantioselectivi- 
ty was due to the presence of multiple 

oxidoreductases with opposing stereo- 
chemical effects (39). Substrate manipu- 
lation by changing the nature of an ester 
modifies the relative activity of the com- 
peting enzymes and restores high enanti- 
oselectivity. 

Enantiocontrol remains most primi- 
tive. The fact that the world we live in is 
chiral and nature is particularly sensitive 
to enantioisomerism stresses the impor- 
tance of the challenge. 

Conclusion 

At what stage of development does 
organic chemistry stand? Its successes 
of the past have led some to believe that 
it is mature. The idea persists that we 
can synthesize anything. The major flaw 
in this view is that it fails to recognize 
effectiveness and practicality. Clearly, 
we cannot synthesize with the directness 
with which nature manipulates polyfunc- 
tional molecules. In fact, there is consid- 
erable evidence that we are still in our 
infancy and only beginning to learn to 
walk. The advances that have been 
made, although they are impressive, re- 
veal how much further we need to go. 

The relationship between chemistry 
and biology must enter any discussion of 
the future. Almost by definition, molecu- 
lar problems of the life sciences are 
integral parts of organic chemistry. 
Some of the discussion in this article 
shows the prominent position such prob- 
lems have in contemporary organic re- 
search and surely will have in the future. 
With the development of molecular biol- 
ogy as a subdiscipline of biology, the 
boundaries between these sciences have 
begun to vanish. While some speak of 
interdisciplinary research between these 
areas, perhaps we should speak of co- or 
even unidisciplinary research as the ob- 
jectives of the researchers seem to 
merge. Regardless of tradition, the best 
definition of any science is what the 
individuals who call themselves practi- 
tioners of that science are doing. 
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