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Empirical Explorations of

SYNCHEM

The methods of artificial intelligence are applied to

the problem of organic synthesis route discovery.

H. L. Gelernter, A. F. Sanders, D. L. Larsen, K. K. Agarwal,
R. H. Boivie, G. A. Spritzer, J. E. Searleman

Fewer than 8 years have elapsed since
the first report was published describing
a serious and substantial attempt to ex-
ploit the digital computer as a tool for the
design of complex organic syntheses (/).
At that time, while the traditional use of
the computer as a calculating machine
was taken for granted by chemists every-
where, the suggestion that programs in
the offing might be capable of assuming
some of the intellectual burdens of the
practice of organic chemistry was gener-
ally regarded with benign skepticism by
the intended beneficiaries of such a de-
velopment. The intervening years have
witnessed a remarkable change in the

way most organic chemists perceive the

role of the computer in their discipline.
Today, skepticism has in large part been
replaced by lively interest. Although
progress in the area of computer-direct-
ed organic synthesis route discovery is
not alone responsible for this change in
attitude (2), the surprising rapidity with
which initial exploratory efforts have
produced results that promise practical
application in the foreseeable future has
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attracted the attention and, in many
instances, the active participation of an
increasing number of organic chemists
©).

We describe here the current status of
one such exploration into the application
of the techniques and methodology of ar-
tificial intelligence in general, and of heu-
ristic programming in particular, to the
problem of organic synthesis route dis-
covery by computer. In progress at the
State University of New York at Stony
Brook since 1968, this research has pro-
duced a computer program called SYN-
CHEM, which is able to discover multi-
step routes for the synthesis of nontrivial
organic structures without on-line guid-
ance or intercession on the part of the
user. Among the target molecules with
which the program has dealt more or less
successfully are polycyclic bridged
structures and relatively complex hetero-
cycles of biochemical interest. For rea-
sons discussed below, work on SYN-
CHEM has been abandoned in favor of a
second version of the program, SYN-
CHEM2. In addition to a substantial
number of other improvements, SYN-
CHEM?2 will deal with stereochemistry,
an issue that we elected to sidestep in
our earlier efforts. Despite our current
disaffection with SYNCHEM, however,
it has provided results of considerable in-
terest and usefulness, as well as the
foundation for our present approach to
the problem of synthesis discovery by
computer.

SCIENCE

Artificial Intelligence and Chemistry

It was not quite 20 years ago that the
first reports of success in the new field of
artificial intelligence reached the scientif-
ic literature. The Logic Theorist of A.
Newell and H. A. Simon could prove
theorems in the Russell propositional
calculus without using a decision proce-
dure, Gelernter’s geometry theorem
proving machine had mastered a sub-
stantial part of high-school level Euclid-
ean plane geometry, and A. L. Samuel’s
checker program and A. Bernstein’s
chess program were beginning to puzzle
and delight serious students of board
games (4). It seemed as if so much had
been accomplished by so few in so little
time with relatively rudimentary com-
puting resources. Surely spectacular re-
sults awaited the application of a little
more effort by a few more people in a
somewhat more concentrated attack on
the problem, once the amount of high-
speed core storage available could be,
say, doubled.

None of the pioneers in artificial in-
telligence were innocent of excessive op-
timism, although Simon and Newell, per-
haps, bore the brunt of the attack from
those made wise by hindsight, because
their predictions were widely circulated
in print. The ensuing years, during which
artificial intelligence did not, for the most
part, fulfill its earlier promise, brought
much controversy and occasional dis-
repute to the discipline, with the result
that growth in research and scientific in-
terest in artificial intelligence has failed
to keep pace with the development of
computer science in general. The trouble
was that not only had we underestimated
the recalcitrance of the problems we
wished to solve by these new tech-
niques, but we had also overestimated
the difficulty and generality of the prob-
lems we had solved. Nevertheless, prog-
ress has been made, mostly by attacking
and clarifying small pieces of the larger
problems still beyond reach or by direct
extension of some of the earlier work,
but occasionally by producing major and
important results that vindicate some of
the early optimism (5). .

The work described here has been
motivated by our conviction that, while
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Fig. 1. Synthesis pathways discovered by
SYNCHEM that could lead to twistanone (1)
from available starting materials. Reaction

X\/\/Br
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types used: alkylation alpha to a ketone (1 <~ 2,1 < 10,8 < A + A); oxidation of a secondary
alcohol (2 « 3, 12 « 13); hydration of an alkene (3 « 4, 3 < 6, 11 « 12, 13 «<A); Diels-Alder
reaction (4 <5+ A, 6 < 7,9 < A + A, 14 «— A +A); Wittig reaction (7 < 8 + A); and re-
placement of an alcohol by a better leaving group (10 < 11, 4 <~ 9, 5 «— A). All compounds
labeled A were found by SYNCHEM on its list of available compounds.

the theoretical underpinnings of artificial
intelligence as a scientific discipline are
far from satisfactory, the techniques and
methodology of heuristic programming
have matured to the point where prob-
lems that are of substantial interest in
themselves rather than mere vehicles for
artificial intelligence research ought to be
selected in pursuit of further progress.
The work of the Stanford group on mo-
lecular structure determination from
mass spectrometry data (6) indicates a
growing trend in this direction.

Nine years ago, a small group at Stony
Brook began to investigate the feasibility
of applying computer-simulated in-
telligence to the problem of discovering
valid and efficient synthesis routes for
complex organic chemical structures.
Our initial goal was a system that would
perform about as well as a first year grad-
uate student of organic chemistry in
most respects. In particular, unlike much
of the earlier work in problem-solving
exemplified by Gelernter’s theorem
proving program (7) or Newell, Simon,
and Ernst’s general problem solver (8),
where any formally valid sequence of
transformations from premises to goal
provided an acceptable solution, we
were not to be satisfied by an indicated
synthesis route of very low yield, or one
requiring difficult or inefficient separa-
tions of goal molecules from by-products
along the way, at least not before the ma-
chine had tried and failed to find a more
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efficient procedure of higher yield. Nor
would the machine be permitted to ig-
nore the technical constraints on a prob-
lem. The cost and availability of starting
materials and the ease of carrying out a
particular step of the synthesis would be
weighted in importance according to
whether the problem was designated an
exploratory laboratory synthesis, an in-
dustrial production synthesis, or some-
thing between these extremes. It is this
question of relative merit of proposed so-
lutions under the constraints of the prob-
lem that represents a substantial depar-
ture from most of the work reported in
the literature of artificial intelligence.

SYNCHEM

Early in 1971, the first version of SYN-
CHEM began to produce multilevel syn-
thesis-search trees for modest linear or-
ganic structures, some of which carried
functionality in nontrivial variety. By
midyear, the program’s domain of com-
petence had expanded to include simple
carbocyclic compounds, and during the
ensuing 2 years polycyclic structures
containing heterocycles became manage-
able. Among the problems presented to
SYNCHEM toward the end of that peri-
od were a number of compounds of con-
siderable interest, both intrinsically and
because of their relation to biology and
medicine. The most exciting and also the

most frustrating of the results obtained
was the program’s proposed synthesis
for a naturally occurring antibiotic then
under investigation by Rinehart’s group
at the University of Illinois (9). The route
discovered by SYNCHEM suggested an
approach to the synthesis that was dif-
ferent from those under consideration at
the time, one that was deemed suffi-
ciently original and promising to be
worth a laboratory investigation of its
validity. The procedure in question is
discussed later. We must regretfully re-
port here, however, that the synthesis
failed to work in the laboratory, hence
the frustration mentioned above.

The design of SYNCHEM is described
in considerable detail in Gelernter et al.
(10); the following is a brief synopsis of
that report. Input to SYNCHEM of the
target molecule to be synthesized is most
often in the form of Wiswesser linear no-
tation (WLN), although a connection
matrix representation, or TSD (for topo-
logical structural description), is also ac-
cepted by the program. The target com-
pound is analyzed for synthesis-relevant
functional groups and structural features
(‘“‘synthemes’’), and some of these are
selected for development. Correspond-
ing to each syntheme is a chapter of the
reaction library, each chapter com-
prising an arbitrary number of reaction
schemata for the synthesis of that partic-
ular syntheme. A syntheme having been
selected, the appropriate chapter of the
reaction library is brought into the com-
puter. Each schema of the chapter is pro-
vided with a set of tests to be performed
on the goal molecule. These tests em-
body many of the chemistry heuristics
that guide the program. On the basis of
the results of these tests, the program
may reject the schema, adjust the ad hoc
merit rating for the reaction, modify the
reaction procedure, or specify protection
procedures for sensitive groups. As an
example of merit adjustment, the reac-
tion merit might be raised if a conjugated
activating group is present, or lowered if
steric hindrance is detected. The specifi-
cation of a different reagent in the pres-
ence of groups sensitive to the usual re-
agent is an example of procedure modifi-
cation.

Programmed by the adjusted set of re-
action schemata selected for the goal
molecule, SYNCHEM generates a set of
subgoals for that molecule. For each of
these, an ad hoc overall merit is comput-
ed, based on both the adjusted reaction
merit and an estimate of the complexity
of the subgoal molecule. If a synthesis-
search terminating condition has not
been signaled, the ‘‘best” subgoal
among all of those generated to that
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point in the search is selected for further
development, and the procedure is re-
cursively continued. A synthesis-search
tree is thereby generated, the structure
of which depends on the currently active
algorithms for subgoal merit computa-
tion and the policies adopted for deter-
mining how these ratings will be used to
designate the best subgoal for further
consideration. A synthesis has been
completed when a path has been gener-
ated linking the target molecule with the
catalog of available compounds.

SYNCHEM’s reaction library con-
tained, in varying stages of complete-
ness, chapters for the synthesis of alde-
hydes, ketones, alcohols, organic acids,
esters, halides, acid halides, Grignard
and other organometallic reagents, ni-
triles, the olefin bond, ethers, and a limit-
ed selection of structural and multi-
functional synthemes. The list of avail-
able compounds was a 3000-item subset
of the catalog of organic materials ob-
tainable from the Aldrich Chemical
Company (/1), to which several dozen
commonly available materials that Al-
drich does not list were added (ethylene,
for example). The Aldrich catalog was
selected because it could be provided on
punched cards in WLN representation
for direct computer input.

The system was programmed in PL/1
augmented by an extensive library of
specially written subroutines to facilitate
manipulation of the list-like data struc-
tures SYNCHEM uses to represent or-
ganic molecules, the search tree, reac-
tion schemata, and much of the pro-
gram’s working storage. We selected
PL/1 as the programming language be-
cause it provides a number of features
designed to make the kind of symbol
manipulation that is fundamental to arti-
ficial intelligence programming appli-
cations relatively convenient—pointer
operations, based and offset variables,
dynamic storage allocation, and so on.
The program ran at Stony Brook on an
IBM 370/155, requiring a minimum parti-
tion size of 360 kbytes for a multilevel
synthesis search.

SYNCHEM'’s Syntheses

By the time SYNCHEM was retired in
1974, the program had dealt with about a
hundred different molecules. Many of
these were routine problems designed to
check out the behavior of one or another
of the complex algorithms and heuristics
comprising the program, but among
them were also a number of structures of
substantial interest in themselves. An
early result in the latter category for
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the molecule twistanone (tricyclo{4.4.0.0]
decan-2-one) is discussed in detail in
(10). The synthesis routes developed by
SYNCHEM for twistanone after about
20 minutes of search time are exhibited
in Fig. 1. They are of interest because
the two major approaches to the problem
that may be seen in the search tree, one
by way of a decalin structure (10 in Fig.
1) and the other through a bicy-
clo[2.2.2]octane (2), are essentially simi-
lar to those in the published syntheses
for the twistane ring system (/2). Techni-
cal weaknesses are evident in many of
the individual steps proposed by the pro-
gram, but it is not difficult to accept the
claim that realizable improvements in
the synthesis-search algorithm and in the
design and scope of the set of chemistry
heuristics that guide the search can be
expected to provide better pathways.
Our early results attracted the atten-
tion of a number of synthetic organic
chemists, who would often challenge the
program with problems of special inter-
est to themselves. These were usually
structures for which a total synthesis
was being sought, or for which they had
recently published a synthesis. An ex-
ample of the first kind is tirandamycic
acid, a degradation product of the natu-
rally occurring antibiotic tirandamycin.
Figure 2 shows the route developed by
SYNCHEM for tirandamycic acid after
approximately 15 minutes of computa-
tion. The innovative aspects of the pro-
cedure reside in the last stages of the
synthesis (that is, the first few retro-
synthetic steps), wherein the furan ring,
which remains relatively inert to the
chemistry necessary to build up the side
chain, undergoes oxidative cleavage to

# 7" "~COOH

OH OH
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0 CHO 5
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provide an unsaturated diketone, which
can in turn undergo intramolecular ketal
formation in a cyclization reaction that
results in the required heterocyclic ring
formation. The proposed synthesis
created a certain amount of interest and
curiosity in the Rinehart group, where
the problem had originated, and an at-
tempt was made to synthesize the antibi-
otic by that route in the laboratory. A
model study based on an analog of the
furan structure (4 in Fig. 2) indicated,
however, that the conditions necessary
to open the furan ring could not be toler-
ated by the remainder of the molecule,
and the approach was reluctantly dis-
carded (I3). To our knowledge, a total
synthesis for tirandamycic acid has not
yet been reported in the literature.

As a consequence of the interest in
SYNCHEM generated by the latter re-
sult, V. Lee of the Rinehart group spent
a fortnight at Stony Brook during the
summer of 1973, where, while learning
the details of the program, he contrib-
uted a good deal of new chemistry to the
reaction library, especially with respect
to nitrogen heterocycle transformations.
The expanded system was able to pro-
duce the synthesis route displayed in
Fig. 3 for the compound slafradiol
(monomethyl ether), which had been
synthesized several months earlier at the
University of Illinois by a route similar
to that suggested by the program (/4).

The results discussed thus far all have
the following characteristic in common:
the input structures were developmental
test problems designed to provide infor-
mation about SYNCHEM'’s behavior
rather than syntheses for the target mole-
cules. Since we wished to learn whether
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SYNCHEM possessed the problem-
solving ability to generate a reasonable
search tree in an acceptable amount of
time, given the required level of ‘‘knowl-
edge’’ of synthetic organic chemistry, it
was our practice to provide the program
with as complete a library of relevant re-
action schemata as we could manage be-
fore attacking the problem, and to aug-
ment and modify the reaction library in
response to what we had learned when
SYNCHEM’s efforts faltered. In the
case of tirandamycic acid, for example,
the synthesis-search tree was quité pe-
destrian until F. W. Fowler, of Stony
Brook, noticed that the unsaturated
diketone intermediate that SYNCHEM
had generated by retrosynthetically
opening the cyclic ketal could be pro-
duced by oxidative cleavage of a furan.
The latter reaction was added to the li-
brary, whereupon the route displayed in
Fig. 2 was produced.

The skeptical reader may question
whether such a program is, in fact, be-
having intelligently, and not merely re-
gurgitating those mild insights that we
might have slyly managed to sneak in be-
forehand. We offer the doubter a two-
fold response. On one level, without
conceding the validity of his objection,
we point out that SYNCHEM can be-
come an extremely useful tool for the or-
ganic chemist while serving merely as a
massive organic synthesis information
system. Returning to the example of ti-
randamycic acid, one may adopt the
point of view that SYNCHEM, through
the medium of its reaction library, made
it possible for Fowler of Stony Brook to
contribute from the base of his particular
background and experience to the delib-
erations of Lee of Illinois. More general-
ly, all who contribute to SYNCHEM’s
chemical data base become, in a very
strong sense, consulting synthetic chem-
ists to all who draw upon it. By this, we
mean that information extracted from
the reaction library has been highly se-
lected, refined, and tested for relevance
to the query by the processes of subgoal
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Fig. 3. Pathway proposed by SYN-
CHEM for the monomethyl ether of

0
” slafradiol. Reaction types used: re-
CHzX duction of a ketone (1 < 2); internal
alkylation of a secondary amine
(2 < 3); hydrogenation of a pyridine
(3 < 4); anaive reaction (4 < 5) that
could be accomplished by a variety of
20 multistep sequences; esterification of
- an acyl halide (5§ « 6); formation of

an acyl halide from a carboxylic acid
(6 < 7); and another naive multistep
reaction (7 « 8)—for example, oxi-
dation, displacement with cyanide,
reduction, and hydrolysis to carbox-
ylic acid.

generation, synthesis tree pruning, and
subgoal evaluation before being offered
to the user.

On a second, rather higher plane, we
contend that the ability to apply informa-
tion selectively in a context wholly dif-
ferent from that in which it was gathered
is a well-recognized characteristic of in-
telligent behavior, and that SYNCHEM
has this ability. The synthesis developed
for the quinuclidine derivative 5-ethe-
nyl-1-azabicyclo[2.2.2]octane-2-carbox-
ylic acid (a cinchona alkaloid precursor),
shown in Fig. 4, provides evidence
for this assertion. Except for the last
few retrosynthetic steps of the route
(which we will discuss in some detail
below), SYNCHEM produced the result
displayed with its then current data base;
no external guidance or additional chem-
istry was provided. In effect, the pro-
gram was able to use what it had learned
in dealing with the slafradiol problem to
solve the related quinuclidine problem.
Although the quinuclidine result differs
from the published total synthesis for
that molecule (15), we feel that SYN-
CHEM'’s proposal, at least in its struc-
ture-building aspects, is a good one, with
reasonable prospects for realization in
the laboratory.

As additional evidence that SYN-
CHEM is something more than just a
very large information retrieval system,
we report briefly on the outcome of an
exercise completed during the last year
of its regular use. The staff of a well-
known pharmaceutical company, wish-
ing to evaluate SYNCHEM’s potential
as an aid to its research and development
program, devised the following test. The
program was run for approximately 30
minutes on a relatively simple but com-
mercially important compound. At the
same time, a number of the company’s
staff of synthetic chemists spent a few
hours writing down every reasonable
synthesis route they could think of for
the same molecule. SYNCHEM devel-
oped about eight different routes; the
chemists produced about a dozen. Of

special interest, however, is the fact that
not only were all of the chemist-gener-
ated routes for which the chemistry was
available in its reaction library also dis-
covered by the program, but SYN-
CHEM proposed one additional route
which was new and different, and was
considered to be of potential value to the
company (/6).

Before concluding the discussion of
results obtained with the first version of
our synthesis-discovery system, how-
ever, it is well to reiterate that even in its
final, most highly developed form, SYN-
CHEM'’s chemical data base was in-
complete at best for some classes of re-
action schemata, and rudimentary for
most of the rest. From the beginning,
SYNCHEM always performed above
our reasonable expectations at each
stage in its development. Detailed ste-
reochemical transformations, for ex-
ample, were not included in our initial
program design simply because we never
expected to be able to deal with struc-
tures complex enough to require such
considerations. Although we are pleased
with the results obtained with SYN-
CHEM, they are insufficient grounds for
jubilation. Extraordinarily rapid prog-
ress during the early stages of an attack
on a new problem area is a rather com-
mon occurrence in artificial intelligence
research; it merely signifies that the test
cases with which the system has been
challenged are below the level of diffi-
culty where combinatorial explosion of
the number of pathways in the problem
state space sets in. What is of signifi-
cance, however, is the inference that a
great many synthesis problems of practi-
cal interest lie below the ‘‘natural”
threshold for combinatorial explosion. It
is the goal of artificial intelligence re-
search to move that threshold higher and
higher on the scale of problem com-
plexity through the introduction of heu-
ristics—heuristics to reduce the rate of
growth of the solution tree, heuristics to
guide the development of the tree so that
it will be rich in pathways leading to sat-
isfactory problem solutions, and heuris-
tics to direct the search to the “‘best’” of
these pathways.

SYNCHEM'’s Deficiencies

Our first attempt at a synthesis-discov-
ery program provided substantial evi-
dence that our research objectives were
feasible and enabled us to make gratify-
ing progress toward those objectives.
Nevertheless, we come to bury SYN-
CHEM, not to praise it. Paradoxically,
most of SYNCHEM’s greatest weak-
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nesses derived from its surprising early
show of strength. It was difficult to resist
the urge to push forward the program’s
capability to deal with more complex and
structurally diverse classes of organic
species after an unexpected success with
a problem thought to be beyond its
reach. In doing so, our tendency was to
make patchwork corrections.of program
deficiencies that interfered with our
progress, and to neglect those that did
not. Also, because we are primarily an
entity of a computer science department
engaged in exploratory research in com-
puter science, we tended to pay in-
adequate attention to both detail and
breadth in considering questions of or-
ganic chemistry as opposed to questions
of computer science. Building bridges in-
to new terrain leaves little time or energy
for filling potholes in the road behind.
The upshot was that the system we had
to work with soon became unreliable to
the extent that, with increasing fre-
quency, SYNCHEM began to strangle
on new synthesis problems, which would
unearth program bugs that had been
glossed over earlier, when they had pre-
sented no obstacle to our progress.

A decent burial, however, demands a
eulogy. There are some things to be said
for SYNCHEM beyond a recitation of
interesting multistep synthesis routes for
interesting target structures discovered
without the help of on-line guidance. We
enumerate the features that distinguish
our program from others described in the
literature. The reader is referred to our
earlier report (/0) for elaboration.

First, SYNCHEM had at its disposal a
large library (the augmented Aldrich
catalog mentioned above) of compounds
generally regarded as reasonable starting
materials for a total synthesis. This list-
ing provided more than the pathway-
search-terminating criterion necessary
for a noninteractive program. Because
every newly generated precursor was
checked against this list of compounds
before being entered onto the search
tree, unusual or complex but com-
mercially available starting materials
with which the chemist using the system
might not be acquainted were often dis-
covered by the program. This would
sometimes lead to an unexpected turn in
the search strategy, and thence to a set
of proposed routes using chemistry
unanticipated by the chemist.

Second, a reaction compiler was sup-
plied which made it quite easy to in-
troduce new chemistry into the reaction
library. To add a new transformation or
to modify an old one, programming was
not necessary. Instead, the reaction
would be described in tabular format, to
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Fig. 4. Pathway proposed by SYN-
CHEM for a cinchona alkaloid pre-
cursor. Reaction types used: alkyla-
tion of a secondary amine (1 « 2);
replacement of an alcohol by a better
leaving group (2 < 3); hydrolysis of a
nitrile (3 < 4); cyanohydrin forma-
tion (4 < 5); oxidation (Moffat) of a
primary alcohol (5 < 6); Wittig reac-
tion (6 < 7); hydrogenation of a pyri-
dine (7 <« 8); partial reduction of an
acyl halide (8 < 9); formation of an
acyl halide from a carboxylic acid
(9 < 10); and hydration of an alkene
(10 < 11). The remaining steps in the
sequence are discussed in the text.

be converted into an internal data struc-
ture by the compiler. The transformation
itself was specified in the same schemat-
ic format customarily used by the chem-
ist in communicating such information to
other chemists. SYNCHEM’s subgoal
generator interpreted the data structure
to create a set of possible precursors,
and then pruned that set according to the
qualifying information provided in that
same data structure (/7).

Third, SYNCHEM’s search strategy
was directed by an algorithm which, for
each subgoal precursor that was a can-
didate for further development, took into
account both the ‘“‘cost” of reaching the
target from that intermediate and the es-
timated difficulty of synthesizing the in-
termediate from available starting mate-
rials. That is, the subgoal selection crite-
rion was a function of the accumulated
heuristic estimates of reaction merit and
yield along the path from subgoal to goal,
and of a prediction of the probable reac-
tion merit and yield along the best path
from starting materials to the subgoal.
The predictor was based on a heuristic
evaluation of the complexity of the inter-
mediate with respect to the standard ma-
nipulations of synthetic organic chem-
istry.

Finally, SYNCHEM contained a quite
sophisticated heuristic device for contin-
uously updating the problem-solving tree
throughout the search phase of program
execution. Information about the prob-
lem state space provided by the reaction
path merit and compound complexity
evaluation functions after each cycle of
subgoal generation was backed up and
distributed throughout the search tree.
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The selection of a new subgoal for devel-
opment after the completion of a gener-
ating cycle always began with a scan of
the tree from the goal down. If, as was
often the case, newly acquired informa-
tion had modified heuristic merit ratings
for subgoals off the path last pursued by
the search algorithm, the next subgoal
selected for development might lie on a
completely different branch of the tree.
Thus, the program was not constrained
to follow an initially poorly chosen
branch to the bitter end before exploring
possible alternatives.

Having paid all due respect to SYN-
CHEM, we return to our reasons for dis-
carding it. We have already mentioned
that an accumulation of bugs and patches
made the program painfully unreliable.
Compounding the problem, its eclectic
construction made parts of the program
inefficient and obscure. Because we neg-
lected to keep our documentation com-
plete and up to date, all serious attempts
to repair the spreading decay ended in
failure. Even our successful effort to im-
prove execution efficiency by replacing
most of the PL/1-programmed data-ma-
nipulation primitives with subroutines
written in IBM System/360 assembly lan-
guage proved, on balance, to be unwise,
because it severely limited the portabili-
ty of the program to other computer in-
stallations.

In addition to the general problems
described above, SYNCHEM suffered
from a number of specific weaknesses.
One was a consequence of our selection
of WLN to provide a canonical and in-
dexable name for each organic structure
accessed and manipulated by the sys-
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Fig. 5 (left). Abstract representation of the schema validation test problem.
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Fig. 6 (right).

Abstract representation of the generalized form of the schema validation test problem.

tem. The conversion programs that were
necessary to translate freely between lin-
ear and graphical representations of the
same compound often bogged down in
the complex morass of the WLN rules.
Despite a number of attractive features
of WLN (relative readability by chem-
ists, for example), we have since deter-
mined that it was a poor choice for use in
a program that must continually convert
between graphical and canonical linear
formats for compounds of arbitrary and
unpredictable complexity throughout ex-
ecution (I8, p. 148); not only do the
WLN rules contain pockets of ambi-
guity, but they are so structured as to
frustrate any attempt to design a reason-
ably efficient algorithm to realize them.

The fixed input format that made it so
convenient for chemists to modify and
expand the reaction library also placed
restrictions on the kinds of modifications
that could be made and on the variety of
transformations and heuristic tests that
could be specified. It was not difficult to
enlarge the scope of the reaction library
compiler to accommodate new require-
ments as we became aware of them, and
we often did this, but we found it impos-
sible to keep up with the aspirations of
our chemist colleagues, which always
managed to remain one step:ahead of the
compiler then operational. It soon be-
came clear that a fixed format language
was not a suitable medium for expressing
the wide range of information that chem-
ists wished to communicate to the pro-
gram.

Finally, as we accumulated experience
in using SYNCHEM, evidence began to
mount that there were defects in the or-
ganization of the subgoal-generating al-
gorithm that would require major rede-
signing to correct, and, as we mentioned
above, the program was too shaky to
sustain substantial reworking. The last
few retrosynthetic steps of the qui-
nuclidine synthesis provide an example
of the kind of situation that SYNCHEM
could not manage (although in this spe-
cific case, heuristic tests to identify the
difference in reactivity at the carbon
atoms beta and gamma to the nitrogen in
the pyridine ring would have enabled
SYNCHEM to complete the pathway
unaided). In general terms, the problem
is a consequence of the recursive struc-
ture of the subgoal generator. Each time
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a new compound is selected for devel-
opment, it is treated as if it were the tar-
get molecule for a new synthesis prob-
lem until that phase of the algorithm is
reached where newly created precursors
are to be entered onto the search tree.
Only then are relationships between new
precursors and the previously explored
problem space examined. At the particu-
lar point of the subgoal-generating cycle
where the construction and heuristic
screening of new precursors takes place
under the control of the reaction sche-
mata, the retrosynthetic history of the
molecule undergoing development is not
readily accessible to the heuristic test
procedures. This restriction on freedom
of internal communication affected
SYNCHEM'’s tactics in two ways.
First, the program was unable to take
advantage of the fact that the first two
steps of the synthesis (from —COOH to
—CHO at the beta position) were identi-
cal to the fifth and sixth steps (from
—COOH to —CHO at the gamma posi-
tion), and could therefore be performed
simultaneously. (The question of the
suitability of the chemistry is another
matter, which is not at issue here.) More
generally, SYNCHEM had no way of
knowing when a series of reactions per-
formed sequentially could not better be
executed simultaneously because, say,
each was an oxidation of a functional
group (not necessarily identical for each
step) with the same category of oxidizing
reagent. Second, SYNCHEM was un-
able to carry the retrosynthesis beyond
compound 11 (Fig. 4) because the valida-
tion tests for the Wittig reaction ex-
cluded precursors carrying a carboxylic
acid functionality. This is an example of
a more general effect that would some-
times occur when the goal carried more
than one instance of an unprotectable
functional group for which no multi-in-
stance synthetic schemata were avail-
able in the library. Referring to Fig. §, if
functional group A may be derived from
functional group B by, say, oxidation,
then unless a procedure is known where-
by B may be protected from the reagent,
a second instance of B in the goal pre-
cludes the use of that transformation, for
that second B would occur in the subgoal
as well and would be oxidized to A along
with the B under development. Thus, de-
spite the fact that, in the case under con-

sideration, oxidation of both B’s is the
desired result, the retrosynthetic step
from b to c in Fig. 5 will be excluded by
the validation tests.

An even more general and less trac-
table form of the same problem is illus-
trated in Fig. 6, where A and B are as
above, and C is a functional group dif-
ferent from A which may be derived by
the oxidation of functional group D,
which is different from B. Again we as-
sume that neither B nor D is protectable,
and that suitable multifunctional sche-
mata are not available. And again the ret-
rosynthetic step from b to ¢ will be ex-
cluded by the validation tests which dis-
card precursors carrying unprotectable
functionalities (in this case, B) that
would be attacked by the oxidizing
agent, even though that might be exactly
what we seek.

SYNCHEM?2 was designed to deal
with these problems and with the repre-
sentation and manipulation of stereo-
isomers. The program was written to rig-
idly controlled and maintained standards
of debugability and reliability, while re-
taining the features of its predecessor
that established the. feasibility of nonin-
teractive synthetic route discovery by
computer.

SYNCHEM’S Successor

SYNCHEM2 first reached the stage in
its development where interesting chem-
istry could be produced during the sum-
mer of 1976. Since that time, our contin-
ued progress has been seriously impeded
by the replacement of the computer at
Stony Brook with a new system lacking a
satisfactory PL/1 compiler, so that much
of our recent effort has been directed to-
ward the nonproductive activity of mov-
ing our operations elsewhere. Never-
theless, by running OS/360, the IBM
System/360 operating system, on a tem-
porarily available Spectra 70 emulating
IBM architecture, we were able to
achieve some results with SYNCHEM?2
before the hiatus forced on us by the loss
of our computer.

A full description of SYNCHEM’s
successor is beyond the scope of this ar-

" ticle and, in any event, should await the

accumulation of a larger body of experi-
ence with the new system. For one thing,
many of SYNCHEM2’s important new
procedures that have been fully tested in
isolation cannot be integrated into the
complete system until it is once again
running in a satisfactory environment.
We can, however, provide some idea of
the current state of the program by ex-
hibiting one of its most recent results.
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The target molecule, a 5,7 carbocyclic
ketone unsaturated at the fusion junc-
tion, was introduced as a discussion ex-
ercise in a graduate organic synthesis
class at Stony Brook. Because we were
running in a highly inefficient emulation
mode on a computer with inadequate
fast-access storage, four cumulative
runs, each about 45 minutes long, were
required to collect the search tree dis-
played in Fig. 7. It is difficult to make a
reliable estimate of what the running
time would have been on the IBM Sys-
tem 370/155 for which the program was
designed and on which our earlier SYN-
CHEM data had been gathered, but a
reasonable guess is that performance
degradation approached an order of mag-
nitude. If this is the case, the result ex-
hibited represents about 20 minutes of
time on the IBM 370/155, an interval
roughly equivalent to that required for
the results in Figs. | through 4.

The routes developed by SYNCHEM?2

//\@i\NO[

<>®

WITH MULTIPLE
MATCH IN SUBGOAL

Fig. 7. A partial synthesis tree developed by SYNCHEM2. The more extensive reaction librar
transformations evident in this search tree. The current lack of a list of available com

for 2,3-cyclopentenocyclophept-2-enone
have the following points of interest.
First, the branches explored in depth by
the program are different from that pur-
sued by the class in committee. The
class’s selection, compound 3, would
soon have been pursued by SYN-
CHEM?2 had the run continued a while
longer, and might in fact have been cho-
sen earlier had the search strategy cur-
rently in effect been operational at the
time of the run. Second, the branch de-
veloped by the program through com-
pound 2 contains an alpha-bromination
step of questionable yield. Below that
point, however, are a number of novel
and quite reasonable synthetic steps—
namely, the synthesis of 1,2-cyclo-
pentenocycloheptene through Wagner-
Meerwein rearrangement of 5,6 and 4,7
spiro systems, and the synthesis of the
4,7 spiro system by 2+2 cycloaddition.
Third, the retrosynthetic step to com-
pound 4, a favorable gamma alkylation

MgCl

of an «,B-unsaturated ketone, is not im-
mediately obvious on casual consid-
eration, and wotild be expected to lead to
another simple synthesis route. Finally,
we mention that -the double alkylation
synthesis of the 5,6 spiro system could
not be found by the program, because at
that time SYNCHEM?2’s multiple-trans-
form algorithm was not yet available.
The procedure has since been written
and checked out; there is no doubt that
when it has been incorporated into the
program that path on the tree will be
completed without intervention.

We have already indicated that the
reprogramming of SYNCHEM was un-
dertaken to correct at the outset a num-
ber of serious problems that had devel-
oped with our original design. In so
doing, several features, some quite in-
novative, were introduced into the sys-
tem which we expect will provide a long-
er useful life for SYNCHEM2 than was
enjoyed by its predecessor. For ex-
ample, we found it almost impossible to
modify the data structures representing
organic molecules in SYNCHEM to in-
clude the additional information neces-
sary to represent stereochemistry be-
cause these same structures were ac-
cessed at so many different points in so
many distinct program modules. Each
small change in the data structure neces-

NC~ NN (CH3) 2 +— Ne- SN (G,

CHpBr
NC/\/

\ N

PN

CHO ¢+— NCC=CH #— NCCH=CHCI|

Ne ‘\\\\\
NCCH2C =CH 4——0:::—BrCHzCN4b—-HOCHch

CHaN (CH3),

Cf

COOH

(/\/COOH

GENERATION PROCEDURE

also evident in the program’s persistence in expanding very simple subgoals.
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y may be inferred from the greater variety of
pounds comparable to that of SYNCHEM2’s predecessor is
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sitated reworking of every module that
accessed it, even if the reference had
nothing to do with that particular
change. In SYNCHEM?2, all such glo-
bally accessed data are isolated from the
program in an entity which we called a
metastructure (I8, p. 154), but which has
since appeared in the computer science
literature under the name ‘‘encapsulated
data structure’” (/9). Information in the
metastructure is accessible only through
an interface of primitives that are con-
ceptually part of the data structure itself.
Modifications of information content or
format within the capsule require modifi-
cation only of the primitives that service
the capsule; program modules that refer
to the metastructure need no alteration
to remain valid.

Wiswesser linear notation has been
discarded as the internal canonical linear
representation for organic molecules in
favor of a new nomenclature system
called canonical SLING (for SYN-
CHEM linear input graph) (20). Because
its transformation rules are relatively
simple, canonical SLING is far more
suitable for computer manipulation than
WLN, which we retain only for the final
output listing. Our new notation, unlike
WLN, can express the stereochemistry
as well as the connectivity of a chemical
structure. The algorithm produces the
canonical name in two parts, the first
representing the constitution of the
molecule and the second its stereo-
chemistry. Diastereomers have identical
constitutional parts but different stereo-
chemical descriptors. In generating the
name, constitutionally equivalent atoms
are labeled, as are those that are stereo-
chemically equivalent. Generalized
Hiickel and resonant substructures of
the molecule are recognized, so that dif-
ferent resonant forms of the same mole-

1048

cule may be given the same name. A
good deal of useful stereochemical infor-
mation is readily extracted from the de-
scriptors. For example, diastereomers
are easily identified, and a trivial compu-
tation yields the smallest number of
asymmetric carbons at which two dia-
stereomers differ. Although canonical
SLING was developed to provide a com-
plete and independent canonical stereo-
chemical description of a molecular
structure for SYNCHEM?2, the stereo-
chemical descriptors alone may be used
in conjunction with other standard sys-
tems of nomenclature (WLN, for ex-
ample) to extend their range to include
stereochemistry.

As might be expected, the graph trans-
formation procedures used by SYN-
CHEM2 in its subgoal generator routine-
ly manipulate the stereochemistry of a
molecule along with its structural con-
nectivity (I8, p. 113; 21, p. 118). The al-
gorithms are sufficiently general to per-
mit a given transformation schema to be
applied in either direction. Thus, the re-
action schemata in SYNCHEM?2’s li-
brary may be used not only to generate
all precursor stereoisomers for a target
stereoisomer but, applied inversely (that
is, synthetically, rather than retro-
synthetically), also to generate all stereo-
isomer products for a given set of react-
ants (27, p. 150). This feature of the sys-
tem will be used in the path evaluation
phase of the synthesis search procedure
to enable SYNCHEM?2 to predict pos-
sible by-products and estimate yields for
each proposed step of the synthesis.

Strategies and tactics for guiding the
development and traversal of the search
tree have undergone substantial modifi-
cation and expansion in being rewritten
for SYNCHEM2. This topic in particular
requires a good deal more experience

with the fully integrated program before
it can be usefully discussed. One tactical
device, however, is worth mentioning
here. The problem of generating pre-
cursors for target molecules that carry
multiple instances of the same function-
ality (illustrated schematically in Fig. 5)
is dealt with by a procedure called
MULTIPLE MATCH, which incorpo-
rates the graph transformation algorithm
in a heuristic control program. The heu-
ristic enables MULTIPLE MATCH to
generate with some degree of efficiency
every possible precursor for every com-
binatorially possible set of multiple
matches of the goal pattern to the multi-
plicity of instances of the target function-
ality 21, p. 167). Not only does this de-
vice solve the problem above, but it also
makes it possible for SYNCHEM?2 to
execute an important class of retro-
synthetic transformations that was
beyond the capability of SYNCHEM's
subgoal generator. An example of this
kind of precursor, one of a series of test
cases for MULTIPLE MATCH, is ex-
hibited in Fig. 8. Together with the bidi-
rectional graph transform capability,
MULTIPLE MATCH makes SYN-
CHEM2 a potentially valuable tool for
the investigation of biosynthesis in gen-
eral, and metabolic processes in particu-
lar—the former because biosynthesis of-
ten involves simultaneous transforma-
tion of many chemically equivalent sites
on large molecules, and the latter be-
cause of the important role of degrada-
tive processes in metabolic chemistry.

SYNCHEM’s fixed format reaction
compiler has been replaced in SYN-
CHEM2 by a PL/l-based reaction input
language. While we have thus sacrificed
a measure of simplicity and convenience
in modifying and updating the reaction li-
brary, we have gained substantially in
range, versatility, and ease in maintain-
ing the language. In an attempt to recov-
er some of those lost virtues that make a
complex system such as ours accessible
to the nonprogrammer chemists for
whom it was intended, a conversational
monitor is being prepared to guide the
user who wishes to interact with the re-
action library.

Compared with its predecessor, SYN-
CHEM?2 has been relatively easy to
maintain and expand. This was no acci-
dent; the entire system is designed with-
in the discipline of structured program-
ming insofar as this is possible in PL/I.
In addition, debugging trace and central
processor unit (CPU) clock access rou-
tines are built into each program module.
An input parameter array enables the
programmer to specify for each run
which internal procedure blocks, if any,
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he wishes to time, for which program
modules, if any, he wishes to have de-
bugging output produced, and the level
of detail required for that output. The
easy availability of CPU clock informa-
tion enabled us to determine that the
single most time-consuming process in
the subgoal-generating cycle was that of
computing canonical names for the en-
semble of possible precursors created
during that cycle. Our response to this
finding has been to delay the naming of
generated subgoals until the last possible
moment in the hope that unsuitable pre-
cursors may be rejected by a heuristic
test before naming is necessary. For ex-
ample, many of the subgoal validation
tests that had originally operated on the
canonical name of a proposed precursor
were modified to take the structure graph
as input instead. Since a substantial frac-
tion of the validation tests result in dis-
carded subgoals, the change produced a
noticeable improvement in the efficiency
of the subgoal generator.

Conclusion

We conclude this article with some ob-
servations concerning the prospects for
continued progress in extending and ex-
panding applications of artificial in-
telligence to the practical solution of real
problems of interest to people in the real
world. Years of experience with the pro-
grams described here and with others
similar in scope and intent make us re-
luctant to predict that routinely useful
programs of this kind lie just one step
beyond the current state of the art. From
the beginning, the computing resources
demanded by this research effort have
taxed the limits of the facilities available
to us. Each increase in the problem-solv-
ing power, search-guidance sophisti-
cation, and domain of applicability of our
synthesis-discovery system has in-
creased our requirements for computing
power, operating software sophisti-
cation, and running time. Problem-solv-
ing heuristics, some quite clever, others
rather pedestrian, have enabled us to ex-
tract more and more useful computing
from our limited resources, but heuris-
tics, too, demand their share of those re-
sources and levy their toll in computing
time.

So much for the bad news. The good
news is that as our computing resource
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requirements have increased over the
years, the performance/price ratio for
contemporary computer systems has in-
creased more or less in pace. The upshot
has been that we have always been able
to meet our needs, if occasionally just
barely, within the confines of available
facilities. It is an interesting although
quite useless fact that the computing
time required by the antique vacuum
tube IBM 704 to prove a theorem of av-
erage difficulty in Euclidean plane geom-
etry in 1959—20 minutes or so—was
about the same as that required by SYN-
CHEM for a synthesis of average diffi-
culty, although the latter problem is or-
ders of magnitude more complex than
the former. It would be surprising indeed
if progress by the manufacturers of com-
puter hardware and software systems
failed to continue to keep pace with
progress in the design of intelligent pro-
grams. In any event, complex devel-
opmental programs running on systems
intended for the development of complex
developmental programs always require
more in the way of computing resources
and execution time than the same pro-
grams running in production on a dedi-
cated system. If SYNCHEM2 were
shorn of the many debugging and pro-
gram development aids built into it, and
running on a facility supplied with just
the internal and peripheral features nec-
essary to support the program, its com-
puting costs would drop to a small frac-
tion of what they are now. On balance,
we would predict that if routine use of
computer programs like SYNCHEM?2 is
not just around the corner, rewarding in-
vestigational applications certainly are.

Summary

During the past several years, a sub-
stantial body of experience has accumu-
lated in the use of SYNCHEM, a large-
scale program which is able to discover
synthesis routes for relatively complex
organic structures without on-line guid-
ance on the part of its chemist user.
These results indicate that the approach
to computer-directed organic synthesis
route discovery embodied in the pro-
gram has been valid and reasonable, and
that SYNCHEM is likely to be fruitful
from the point of view of its intended
users as well as for our research objec-
tives in artificial intelligence. The experi-

ments have revealed a number of in-
sufficiencies in the program as well.
Most of these are rectified in SYN-
CHEM2, a revised version of the pro-
gram which includes, among other im-
provements, a more highly developed
synthesis search algorithm and the rou-
tine consideration of stereochemistry.
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