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Solutions for chemistry: synthesis of
experiment and calculation

By JONATHAN M. GOODMAN

Department of Chemistry, University of Cambridge,
Lensfield Road, Cambridge CB2 1IEW, UK

Making molecules is fundamental to the development of all new substances, including
new materials and health products. Organic synthesis is engineering on an atomic
scale, and requires techniques of mass production so that it is possible to make copies
of molecules not just in hundreds or thousands, but in billions of billions of billions.
As a result, organic synthesis is an extremely demanding discipline, requiring both
a wide knowledge of chemistry and also the ability to develop complete strategies
for the construction of molecules. If the last step of a synthesis does not work, then
§it may be necessary to begin again by altering the first step. Organic synthesis is
sometimes compared with a game of chess, where the effects of the opening moves
are felt right through to the end game, and where the number of possible situations
is greater than can be comprehensively analysed by any computer.

Chess, however, is succumbing to computers. Only the very best human chess
players can compete on a level with the best chess-playing computers, and every
year the computers become more powerful. It is unlikely that the chess champion
of the world will be human for any of the third millennium. The best designers of
organic syntheses are unquestionably human, at the end of the second millennium.
For how much longer will this pre-eminence continue?

Quantum mechanics gives a good understanding of how molecules behave, but the
calculations required are much too time consuming for Schrodinger’s equation to be
able to compete with the best organic synthetists. Information technology enables
computers to know the chemistry literature better than any person, but this, in
itself, is not sufficient to design syntheses of new compounds. The use of these two
| approaches together, however, may enable computers to design better syntheses. The
~L_ development of the World Wide Web has shown that it is possible for computers to

" communicate on a global scale, and this, coupled with developments in theoretical

chemistry, may lead to computers making useful contributions to synthetic strategies

in the near future.
y  This article gives a brief history of organic synthesis, highlighting the issues that
= make this such a demanding subject. It also sketches the development of quantum
O theory, as applied to chemistry, and information technology tools. These techniques
8 are just reaching the stage at which they may be able to interact constructively, and
so solutions for chemistry may be available early in the new millennium.
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Making molecules has been important to human society from prehistoric times.
The extraction of tin and lead from their ores has been possible for thousands of
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Figure 1. The transformation of an alcohol to a ketone. The stick drawings at the top show the
same molecules as the alternative representations below. In the lower version, hydrogen atoms
are white, carbon atoms are dark grey, and oxygen atoms are speckled. The hydrogen atoms
attached to carbon are omitted from the more concise representation at the top. Many reagents
are available that will transform an alcohol into a ketone.

years. Fermentation has also been controlled to produce alcohol for millennia. In the
last century, carbon-containing molecules have become increasingly important for the
development of new substances, including plastics, other new materials and health
products. Organic chemistry was originally the study of compounds connected with
life, but, more than a century and a half ago, Wohler showed it was possible to make
an organic compound (urea, which may be extracted from urine) from inorganic (that
is, non-living) compounds. What had seemed a precise distinction between living and
non-living compounds became hazy. The subject may now be defined as the study of
molecules that contain carbon atoms, although the precise boundaries of the area are
not clear: the overlap with biology, with materials science, with inorganic chemistry,
and with physics can all be debated and boundaries drawn and redrawn. However, it
is clear that the understanding of organic chemistry advanced tremendously in the
closing century of the second millennium.
, Increasing knowledge of the properties of molecules has made it possible to syn-
“1 thesize very complicated compounds. Organic synthesis is engineering on an atomic
"~ scale, and requires delicate operations to be performed on objects that are too small
to see. It also requires techniques of mass production, because single molecules are
P > usually not useful by themselves. A car factory may produce tens of thousands of
F= cars each year, but this is very small scale compared with the job of a synthetic
— chemist. A pint of beer contains approximately 10%® (ten million million million mil-
2 () lion) molecules. If you were to pour a pint of beer into the sea, wait for the waves to
mix it well all around the world, and then take a pint of seawater from any part of
any ocean, that pint would probably contain a thousand molecules from the original
pint. A successful synthesis of a new molecule would not make hundreds or thousands
of copies of the molecules, but millions of millions of millions. For this to be possible,
every step of the synthesis must work well.
In order to make a complex molecule, it is necessary to have methods that join
simpler molecules together, and also techniques to make small changes to different
bits of the molecule, once the framework has been constructed. There is an enormous
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Figure 2. PM-toxin A (Hayakawa et al. 1997). This molecule, which is produced by the fungal
pathogen Phyllosticta maydis, was the cause of major epidemics of leaf-blight disease in the
US. The molecule is toxic only to specific plants. The lower illustration shows a low-energy
conformation of the molecule.

variety of reagents that can be used to transform one arrangement of atoms into
another. A common transformation is to turn alcohols into ketones (figure 1). Every
reagent that is added will act on the whole molecule. This is not a problem for
) the structures illustrated in figure 1 because there is only one alcohol group in the
\:,111115 I starting material and so all of the alcohols are transformed into ketones. It is a
“~{ problem if the same transformation is used to make a more complicated molecule,
:é such as PM-toxin (figure 2). In this molecule there are several alcohols and several
> ketones. A synthesis could not finish by oxidizing just some of the alcohols to ketones,
= because the reagent would not know which alcohols should be oxidized and which
e f should not. This is a major problem for synthesis. How is it possible to selectively
() make ketones in the presence of alcohols? More generally, how can a transformation
T O be made to act on only a part of a molecule?
= v» Two general approaches can be used to find solutions to this problem. Selective
reagents could be developed, so that it is possible to change some alcohols into
ketones without affecting others in the same molecule. For example, the lower left-
hand ketone in PM-toxin is close to the end of the carbon chain. Might it be possible
to develop a reagent that only oxidizes alcohols that are close to the end of carbon
chains? An approach of this sort would require a very good knowledge of the prop-
erties of reagents. Alternatively, a strategic approach could be tried. The molecule
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could be joined together in such a way that the question does not arise, because the
alcohols and ketones are already in the right places as a result of the choice of joining
processes. In practice, a combination of these methods may be required in order to
make complex molecules.
As a result, organic synthesis is an extremely demanding discipline, requiring both
4 a wide knowledge of chemistry and also the ability to develop complete strategies
- ;‘ for the construction of molecules. If the last step of a synthesis does not work, then
" it may be necessary to begin again by altering the first step. Dr Who, the science
fiction character, has machines that can synthesize molecules just given the target
structure. Might it be possible to build such a machine? The physical manipulations
of mixing and purifying compounds can be automated to a large extent, and it is
possible to imagine building a machine that could do the mechanical tasks of a highly
trained synthetic chemist, although it would be far more expensive and probably
less effective than a skilled individual. The main difficulty in the construction of
such a machine would be to provide the machine with suitable instructions for the
synthesis.

Organic synthesis is sometimes compared with a game of chess, where the effects
of the opening moves are felt right through to the end game, and where the total
number of possible situations is greater than can be comprehensively analysed by any
computer. Chess games require an opponent, whose responses to the strategy chosen
by the opening moves determine the course of the game. Organic synthesis may be
regarded as a similar challenge. A good chess player may reasonably be expected
not to make a foolish response to any situation that is presented, but the details of
the response are not predictable. The same is true of organic synthesis, contending
with the properties of molecules. Organic reactions are well understood, but if a
reaction is performed in a completely new context, then the molecule’s response may
not be exactly as expected from the experience gained through earlier studies of
related systems. The variety of possible responses makes chess a demanding game,
and organic synthesis a challenging subject.

Chess, however, is succumbing to computers. Only the very best human chess
players can compete on a level with the best chess-playing computers, and every
year the computers become more powerful. It is unlikely that the chess champion of
the world will be human for any of the third millennium. At the end of the second
#| millennium, the best designers of organic syntheses are unquestionably human. For
~ how much longer will this pre-eminence continue?

A molecule-building computer would need to understand chemistry. This is pos-
sible. Quantum mechanics provides a method for calculating how molecules behave
with a high level of precision, using Schrodinger’s equation. Dirac (1929) wrote:
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The underlying physical laws necessary for the mathematical theory of
a large part of physics and the whole of chemistry are thus completely
known, and the difficulty is only that the exact application of these laws
leads to equations much too complicated to be soluble.
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Since that time, advances in computers have made some of these complicated equa-
tions not only soluble, but routinely used. However, the equations become more
complicated very rapidly as larger systems are considered, and so the exact appli-
cation of these laws remains out of reach, except for the smallest molecules. Many
useful approximations have been developed in order to extend the range of possible
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b Figure 3. Bryostatin 2. In this diagram, all of the hydrogen atoms are omitted in order to simplify
the structure. The lower diagram shows a low-energy conformation of bryostatin 2, but it may
only be a local minimum and not a global minimum. Many other conformations are accessible
at room temperature. Bryostatin (Css5 HesO16) is a biologically active marine natural product,
which may have useful anti-cancer properties. It has recently been synthesized at Harvard (Evans
et al. 1998).
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calculations, and the effects of these simplifications are now well known. The 1998
Nobel prize in chemistry was awarded to Pople and Kohn for the development of
methods for calculating chemistry.

Solving quantum mechanical problems is a conceptually straightforward way of
solving organic chemistry. The problem is simply one of computer power. In order
to calculate the energy of a molecule the size of PM-toxin (figure 2) or bryostatin
(figure 3), an extremely complex calculation must be done, but it is now possible to
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do this using advanced quantum chemistry programs. If lower accuracy is acceptable,
L then the calculation may even be made easy using the much greater approximations
= of force fields. Once the energy has been found, it is possible to calculate the preferred
E o shape of the molecule, by finding alterations to the shape of the molecule that lower

S the total energy. This process of altering the structure and recalculating the energy
is continued until all small changes to the structure lead to an increase in energy. The
shape that the molecule has now reached is called a minimum-energy conformation.
This requires many calculations of the energy of the structure.

This does not, however, solve the problem of synthesis. A minimum-energy con-
formation is the lowest energy point in the immediate vicinity, but it may not be the
lowest energy geometry available to the molecule. The lowest energy point of all is
called the global minimum. There can only be one global minimum for any molecule,
but there may be very many local minima. These are geometries for which any small
change will increase the energy of the structure, but for which larger changes may
lead to a decrease in energy, so they must be higher in energy than the global min-
imum. This can be compared with a mountainous landscape. Only one point can
be the lowest point of all, the global minimum, but there may be many points from
which every direction you choose to walk will be uphill.

For a molecule containing several alcohol groups, some conformations may have
particular alcohols tucked into the centre of the molecule. This may be helpful, if
it means that these alcohols will not react, and others in the molecule may do so.
But will each conformation be accessible? One way to assess this is to make a list of
all the minima on the surface, and to examine the properties of each. The higher-
_ energy minima will be less likely to be occupied than the lower-energy minima,
“1 and this difference can be quantified. This process, called conformation searching,
| requires many minimizations, each of which requires many energy calculations, and

so multiplies the total time required for the analysis. This leaves out all of the parts
> of the landscape between the minima, and this can be a problem. There are ways of
= taking these into account, but they are even more time consuming.

A simple molecule is illustrated in figure 4. This is pentane, a chain of five carbon
atoms, with hydrogen atoms ensuring that each carbon makes four connections to
its surroundings. Pentane has four minimum-energy conformations, as illustrated.
The conformation analysis is straightforward, but pentane is a simple molecule. It is
not easy to assess accurately the number of conformations accessible to PM-toxin,
but the answer is certainly well into four figures, for structures within a few tens
of kilojoules of the global minimum. For bryostatin, there are probably many more
accessible conformations. Simply being able to calculate the energy of one of these
molecules is a long way from understanding its structural properties, which will
require many energy calculations.
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In addition to finding the minima for each intermediate in a synthesis, it is also
necessary to be able to analyse reactivity. This is a more difficult problem than
conformation searching, because now it is possible for bonds to break. The range of
movements available to the molecule is far larger, and it is also necessary to consider
which bond will break most easily, and what factors are present that will drive the

~_ reaction forwards. If there are many competing reactions, then these calculations

_, may have to be very precise, in order to distinguish between them.

" This problem is made easier because the different reactions have similar starting
points, so the question of the most favourable reaction only requires the comparison
of similar systems, and this is a great advantage. It is easy to compare two pieces of
g string to find which is longer, but only if the strings have similar conformations. If
= one is straight, and the other tied in knots, it may be very hard. Even if both strings
are untangled, then it may still be hard to decide which is longer, if they have very
similar lengths. Comparing possible reaction pathways is usually like comparing two
pieces of string that are both untangled, or, at least, tangled in much the same
way. However, the energy differences between processes may be very small compared
with the total energy of the system, and so it may be hard to decide which will be
. preferred.

O Analysing structure, conformation and reactivity means that the molecules’ reac-
tions, or the opponent’s move, may reasonably be predicted for each possible reaction,
but such a calculation will be very difficult. Even if we assume that this problem is
solved, to a sufficient extent for useful answers to be obtained, then the problem of
designing a total synthesis is still not complete.

Molecules such as bryostatin are synthesized by joining together small fragments.
How many ways can the fragments be joined together? If we assume that we can
buy any molecule with four carbon atoms or fewer, which is a crude approxima-
tion, bryostatin (figure 3) will require about ten joins, which suggests that there
are ten factorial (three and a half million) strategies to consider. In practice, the
problem is not so straightforward, because many different starting molecules could
be considered, and the adjustments between alcohols and ketones, and similar trans-
formations, mean that it is necessary to consider many, many times this number
of steps. Two steps for each join might be a more realistic estimate of the number

| of steps expected, so the number of possible approaches is closer to 20 factorial,

“1which is more than a million million million. Each of these strategies will require the

~{ calculation of the outcome of many reactions, as outlined above, and each of these

::J calculations is demanding by the standards of the fastest computers available today.

> A complete solution would not be made possible by an increase in computer power

@) = of an order of magnitude, nor by many orders of magnitude.

e E Several orders of magnitude increase in computer power would be useful to make

B (O the calculation of an individual structure rapid, rather than a major project (for

T © molecules of this size). The conformation-searching problem then requires that many

= v»asuch calculations are performed. To analyse reactivity, many competing reaction

processes must be considered in order to determine the best conditions for a partic-
ular transformation. Many reagents should be considered for each transformation.

There are millions of potential transformations that need to be considered in order

to fully analyse competing strategies for synthesis. To complete these calculations

in a reasonable amount of time—which is to say, faster than a synthesis could be
accomplished by expert organic chemists without all of this computational help—will
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require much faster computers than are currently available. These calculations will
generate an extraordinary quantity of information, which will all need to be anal-
ysed. Computers are becoming more powerful very rapidly, but will they become
more powerful by a sufficient amount for this problem?

We can obtain a crude estimate of the time required for a precise quantum mechan-
__ ical calculation to analyse possible syntheses of bryostatin. First, the calculation of
<, the energy of a molecule of this size will take hours. Many such calculations will be
1 required to minimize the energy of a structure. A reasonable estimate may be that a
thousand energy calculations would be required. Conformation searching will require
many such minimizations, perhaps ten thousand. The reactivity of each intermedi-
v/ g ate will require a harder calculation, perhaps a hundred times harder. Each step will
= have many possible combinations of reagents, temperatures, times, and so on. This
may introduce another factor of a thousand. The number of possible strategies was
estimated before as about a million, million, million. In order to reduce the analysis
of the synthesis to something that could be done in a coffee break then, computers
would be required that are 103° times as powerful as those available now. This is

before the effects of solvents are introduced into the calculation.

Dr Gordon E. Moore (the co-founder of Intel, the computer-chip company) pre-
dicted that computers would double in power about every two years, without increas-
ing in price. ‘Moore’s Law’ has held good for almost 30 years. If Moore’s law continues
to hold true, it will be 200 years before it is possible to analyse a synthesis in a coffee
break, and then begin to think about solvents. Moore’s law is based on the idea
that it will be possible to double the density of components on computer chips every
two years. If this is to continue for the next two centuries, it will be necessary to
have circuits very much smaller than atoms! It is unlikely that Moore’s law will
continue to hold for so long. The estimate of the time required is a crude one, and
algorithmic advances will undoubtedly play a part in making the problem easier,
but it will certainly be a long time before computers can conquer synthesis by brute
force.

Can computers, therefore, have any hope of being competitive with people at syn-
thesis, or will people maintain supremacy over machines for the foreseeable future?
Fortunately for computers, there is another approach to solving the problem of chem-
, istry. In the introduction to his book, The nature of the chemical bond (Pauling 1945),
“1 Pauling gives his opinion that it should be possible to describe structural chemistry
~{ in a satisfactory manner without the use of advanced mathematics. Books such as
::J this have probably been more influential in the development of modern chemistry

> than the direct application of quantum mechanics. A computer may do better to

@) = read Pauling than to solve Schrodinger if it wishes to contribute to the development
(=4 E of chemistry.
B () A huge amount of information has been built up by chemists over the last cen-
T O tury that is directly useful for solving new problems in organic synthesis. The dif-
= un ficulty lies in retrieving the right information to help with a specific problem. This
may simply be finding one piece of information, for example, a particular reaction
that has already been done in a similar way, or it may be finding two or more
disparate pieces of information that add together to give a better knowledge of
what may happen in a new reaction. The advantage of having a large amount of
data at the disposal of chemists is also a problem. How can these data be handled
effectively?
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The textual content of chemistry papers can easily be held in a database, and
searched for key words. More sophisticated procedures may also be used, to search
for groups of words that tend to appear close to each other, so enabling relevant
papers to be discovered. However, chemistry papers are written in many languages
and even chemical names are not used consistently. The international language of

_ organic chemistry is structures, such as those drawn in the figures in this article,
. ‘\,‘and these contain more information than can easily be manipulated in words. In

1  the last few years, computers have become sufficiently powerful that an ordinary
<€ . desktop machine can draw chemical structures, and be used to search a database
of structures. This has revolutionized the way that the chemical literature is used.
g Instead of having to translate a structure to a name and then search a printed index
= of chemical names in order to find references to abstracts of papers, it is possible to
sketch the structure, or transformation, of interest and be presented with an abstract,
or a diagram, or even the full paper that uses the structure.

Such techniques mean that the chemical literature may be used more effectively,
and that its use can be partly automated. Might this lead to a way of automat-
ing organic synthesis? There are many strategies that may be successful in making
. most molecules. If each reaction of each strategy can be evaluated for similarity to
Oa reaction recorded in the literature, it should be possible to develop a route to

most molecules by mechanically searching the chemical literature, so that suitable
precedent is found for every transformation.

There are two difficulties with this approach. First, there is the problem of per-
forming all of the necessary searches. As discussed above, there may be billions of
possible strategies for making a new molecule. Each reaction in each strategy must
be compared with the literature in order to discover if similar reactions have been
done before, and if the possible side reactions that could occur are unlikely to do so.
This is an enormous task. So much information is available that each search would
take a significant length of time. The task is made easier, but less reliable, because
much information is not available in a computer-readable form, but, despite this,
the time for each search is significant, and there are a great many searches to do.
It is also possible that a key reaction has been performed in the past, but was not
included in the available online databases, or else that an erroneous result is recorded

,as if it were true.
1 Second, it is hard to define similarity in this context. A synthesis may require the

. ‘transformatlon of an alcohol to a ketone, and there is ample literature precedent
< for this. But if there are other alcohols in the molecule, or other groups of atoms

> that may be affected by the same conditions, it may not be possible to establish
@) F= this from the literature. If an alcohol is in an unusually crowded position, it may
e abe rather hard to change it into a ketone. Literature precedent may include some
2 () crowded alcohols, but nothing quite as crowded, or nothing quite as crowded in the
same way. This may be because nobody has tried a similar reaction, or it may be
= vn that similar reactions have been tried but found not to work. In the latter case, the
unsuccessful result may not have been recorded in the literature.

For both these reasons, a strategy based simply on literature searching is unlikely
to be competitive with the best synthetic chemists, who would, of course, use the
literature to aid their synthetic designs. It may seem, then, that organic synthesis will
remain a skill in which computers cannot compete with humans for some considerable
time to come. However, this is not necessarily so.
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Information technology enables computers to know the chemistry literature bet-
ter than any person, but this, in itself, is not sufficient to design syntheses of new
compounds. The use of information technology, coupled with methods for the compu-
tational analysis of novel reactions, may enable computers to design better syntheses.

The development of the World Wide Web has shown that it is possible for com-

_ puters to communicate on a global scale, and this, coupled with developments in
Y theoretical chemistry, may lead to computers making useful contributions to syn-
thetic strategies in the near future. The Internet has been growing very rapidly,
but it is unlikely to grow without limit. The Cambridge Chemistry Web server now
handles about 50 000 requests for information each week and has been running for
almost five years. After two years, the growth in use appeared to be approximately
exponential, and so it was possible to estimate how the load on the server would
increase. Based on just two years of data, the general shape of the following three
years of growth was predicted with surprising precision, despite the constant addition
of new material and new techniques. When the growth of the Internet levels off, the
access to this server is also likely to level off. A recent report (Kaiser 1999) suggests
that this may happen as early as 2003, with around 50 000 000 computers connected
together. This suggests that accessible computer power is growing at many times the
Moore’s law prediction, but it is unlikely to continue to do so for very much longer.
It will not give the thirty or so orders of magnitude that are required in order to
solve organic synthesis by a brute-force approach.

The Internet allows the linking of computers that are tuned for database searching
(and which may access a world-wide database of information, which is not limited by
the published literature but also includes research results that are available only on
the Internet) with computers that are capable of calculating chemical reactivity. It is
now easy for me, for example, to do different sorts of literature searches on computers
in Bath, Daresbury (Fletcher et al. 1996) and in Manchester, and to analyse the data
using computers in Cambridge, all without leaving my office.

The next step would be to allow computers that can calculate chemical properties
to interact automatically with computers that can search the chemical literature.
This would enable the literature results to be extended to the precise systems of
interest for a particular synthesis. If a new alcohol is being oxidized, then the effect
of the surroundings could be calculated, while the experimental protocol could be
taken from the paper. Thus, the literature results would guide the calculations. The
calculations would also guide the literature searching, because the calculation may
suggest a side reaction that could be checked in the literature. Literature precedent
may be a more reliable guide than calculation as to which of several possible reactions
is likely to work best.

It is only just becoming possible to use information technology to routinely search
Q) the chemical literature and to do chemical calculations that are directly useful to
O synthetic chemists. Each of these fields is likely to develop in a powerful way in
W1 its own right over the next decades. However, it is the interaction between these
fields that gives the best chance of computers becoming the world’s best synthetic
chemists.

Chess is not solved, in the way the simple game noughts and crosses is solved,
because the outcome of every game is not completely predictable. However, com-
puters will usually win. In the same way, it may not be necessary for computers to
analyse all possible routes to a molecule to be best at organic synthesis. It may be
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enough simply to be successful at finding good routes. This makes the problem much
easier, if it is assumed that there are many good routes. The computer would begin
by guessing a route, and if that did not work, partly retracing steps, and trying
again, thus reusing the information that had already been gathered or calculated
so far as possible. Thoroughly exploiting the information that was developed with
o each potential synthesis would be a crucial step. The time required for conformation
., searching is dramatically reduced if similar molecules have already been investigated.
1 For example, PM-toxin has a very complicated potential energy surface, which may
<€, be searched directly by traditional methods, or which may be mutated from the con-
formation search of an alkane, which is easier as it is particularly susceptible to a

2  genetic-algorithm-based approach (Nair & Goodman 1998).
= Will this allow syntheses to be automated? It depends how difficult syntheses
O are (and will provide a way of quantifying this). It may be that the best possible
T O synthesis is not required, provided that a good route is available, as assessed by total

- cost (including waste disposal and safety precautions), by time required, by certainty
<"<”£ of success, by ease of using robots to follow the procedure, and so on.

29 Organic synthesis is, and will remain, a very demanding discipline. Brute-force
Eb ! methods of calculating new synthetic routes will not be feasible for a very long time,
8< Oand pure literature-based methods will also be very time consuming and will be
9% restricted by the data available. A hybrid approach provides the best hope for design-
Eé ing a synthetic machine, and it is likely that such programs will become increasingly
& | useful in the new millennium. Most of the elements of these programs are available

now, but they are not sufficiently useful that they are an essential part of every
chemist’s work. An exhaustive solution may not be possible, so it is not certain that
computers will beat people. However, the odds are stacked in favour of the computer,
which will be able to develop and optimize many more routes than it is possible for
synthetic chemists to consider directly. How difficult is organic synthesis? We will be
taught the answer by the computers that extend the art beyond the heights reached
by human scientists.
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