June, 1972]

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, voL. 45, 1897—1903 (1972)

1897

Automatic Problem Solving Applied to Synthetic Chemistry

Malcolm BERSOHN
Department of Chemistry, University of Toronto, Toronto 181, Ontario, Canada
(Received September 24, 1970)

The first computer program that plans multi-step organic syntheses has been written.

In the course of its

operation the program generates partially complete synthetic pathways and ranks them as to efficiency. At each
stage the program develops that partially complete route which it judges to be the most efficient, and extends it
by one step. Partially complete routes which lose too much material are discarded. After each tolerably efficient
pathway from available starting materials to the goal molecule is completed, the entire pathway is printed, together

with the yield of each step and the overall yield.

The Information Structure of a
Synthesis Problem

The various alternative methods of synthesizing a
substance can be represented by a diagram like that of
Fig. 1. Note that the figure is by no means a complete
statement of all of the possible ways of making benzene
from cheaper or simpler substances. For clarity, small
molecules like CO,, O,, H,, H,O etc. are omitted from

the diagram.
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Fig. 1.

Such a two dimensional diagram can become very
difficult to decipher because the more pathways that
are included the more intersecting lines are possible.
In addition, we will have more and more cases like
X2, which is both four steps and two steps removed
from the goal molecule. Hence there is no well defined
level structure or generation structure. Also, evidently,
we cannot describe the structure as a tree since there
are cycles in it, such as X, X1, X2, X3, X4, and X10.
A tree in a forest has no such rings and the tree of
graph theory is also acyclic. Nonetheless, despite the
unsuitability of two dimensional diagrams for represent-
ing it and the absence of a familiar name, the structure
does have definite properties, as follows:

(1) Every molecule except the goal molecule has at

least one successor molecule.

(2) Every molecule except the starting molecules has

at least one parent molecule.

(3) Some molecules have coreactants with which

they react to form their common successor mole-

cule. For example, acetylene is the coreactant
of butadiene and butadiene is the coreactant of
acetylene in the problem of Fig. 1.
These three kinds of relationships link all the mole-
cules of the problem together and these links must be
suitably represented in the memory of a computer.

The Strategy Used by Chemists for
Finding Good Synthetic Routes

Suppose that we wish to synthesize a molecule named
M, starting from readily available molecules. The usual
way of attacking this problem is to consider all possible
synthetic reactions which could directly produce M.
Suppose, for example that 1.1 and L2 react to form
M, L3 can be rearranged to give M, L4 and L5 also
react to produce M, all with satisfactory yield. Then
we must next consider ways to make the set of mole-
cules {L1, L2, L3, L4, L5}. For example, L1 can be
made from K1 and K2; it can also be prepared by
isomerization of K3 or K4 etc. We keep on moving
backwards in this fashion until available substances are
reached, e.g. the set {Cl1, C2, C3, Bl, B3, Al, ---, A12}.
Some of the pathways found from available substances
to M have higher yield and consequently are cheaper to
execute than others; we select the most efficient syn-
thetic route(s) for experimental trial.

There are two major difficulties in the carrying out
of the above method for planning a synthesis. The first
difficulty is that our memory may fail us when con-
sidering how to make an intermediate substance, e.g.
K3; we may not recall a particularly good reaction
that could produce K3 from, let us say, J27.

The second difficulty is much greater. Even when
and if we remember all relevant synthetic reactions,
the complete set of possible pathways is too enormous
for human consideration. Suppose, for example, that
we have a molecule as complicated as the anti-biotic
aureomycin, and assume there exists at least “some”
possible synthetic routes which can produce aureomycin
in 20 steps. If we assume that at each step there are
five possible ways to produce a given intermediate in
one step, then there are not only “some” possible routes
but actually there are something like 5% possible routes
capable of being carried out experimentally. Some of
these routes are grossly inefficient; neglecting then is no
loss. But some that we do not consider may be much
more efficient than the route that we choose to test
experimentally.
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Elimination of Bad Pathways

We can improve our performance with the following
trick. Let us decide on a cutoff overall yield, i.e. an
overall yield such that if a given incomplete pathway
has a lower overall yield than this cutoff value, then
we are no longer interested in further developing this
pathway. For example, if the series of reactions that
convert K3 to M has an overall yield less than the
cutoff overall yield, then we will not concern ourselves
with the problem of how to synthesize K3. In other
words, we will neglect all pathways through K3. A
realistic value for the cutoff overall value yield depends
on the difficulty of synthesizing the molecule M, and
the selection of this value must utilize the experience
of the pharmaceutical companies. 0.29, is perhaps the
right order of magnitude for a difficult molecule.

This one trick will eliminate most of the possible
pathways. But considering that we are dealing with
numbers like 529, we must neglect still more of the
pathways. Let us reluctantly decide that we have only
time to consider the most promising pathways. Those
incomplete pathways have the maximum promise which
have demonstrated the greatest simplification in the mole-
cule at lowest cost in some monetary unit. The units
of simplification depend on the increase, in going from
the given intermediate to M, in the number of rings,
number of functional groups and number of non-hydro-
genic atoms. Based on this criterion, simplification/
cost, we give each intermediate molecule a score. Using
this score, at any given time we can confine our efforts
to the intermediate substance which at the moment has
the highest score. If K3 has the highest score, i.e. the
route from K3 to M is more efficient than any other
route from an intermediate substance to M so far dis-
covered, then we will obtain all possible parents of K3.
Suppose the possible parents of K3 are called J1, J2,
J3, and J4, and suppose also that J1, J2, J3, and J4
are all less promising (have a lower score) than K6,
which is now the most promising of all the intermediate
molecules for which we do not have parent molecules.
In this case the next thing to do is to look for all possible
parents of K6. In this scheme some molecules will be
generated and then never considered again because the
routes through them never look as promising as other
routes. Finally one must terminate the synthesis plan-
ning when a pre-decided number of apparently useful
synthetic routes have been produced and/or a pre-de-
cided number of man days have been consumed in the
search.

Implementation of the Strategy by
a Computer Program

The essence of the foregoing scheme has been pro-
grammed and run for a number of cases on a computer.
For convenierice the program was written in the LISP
language. A sample problem solved by the program
is shown in Fig. 2.

Cost. The cost of doing the problem of Fig. 2
on an IBM 360/65 Computer in 1971 is the equivalent
of about 1800 yen. The actual computer time is about

Malcolm BERSOHN

[Vol. 45, No. 6

(oD C%D

ua =CHCN

(0] n,o

i

\_CH:
O/ + CHiC(N —03s O\/ CILONCH. O
!

GVCN-—»—-—-)
Ty OM O
Q\m

i
J

Fig. 2. A sample problem solved by a computer.

six seconds. This relatively high cost suggests that in
the future the program must be translated into the most
economical type of computer language, assembly lan-
guage.

Representation of Molecular
Structure in a Computer

Three dimensional molecular structures can be repre-
sented in the one dimensional memories of computers in
a variety of ways. In this section I describe the repre-
sentation used in this program. Each non-hydrogenic
atom is given a name. The name given makes no dif-
ference whatsoever provided that no two atoms have the
same name. For example, the non-hydrogenic atoms
of 1-propanal could be named as follows:

CH,—CH,— CH=0
Cl C2 C3 C4

The structure of a molecule is representable as a list
of sublists. To take the case of 1-propanal, the list is:

(C1 carbon 3 ((C2 1) )
(G2 carbon 2 ((C3 1)(C1 1)))
(G3 carbon 1 ((C2 1)(042)))
(O4 oxygen 0 ((C32) ))

We use parentheses here to mark the beginning and
end of lists and sublists. A program in assembly lan-
guage does not need this parenthesis notation.

Let us consider the first sublist: (Cl carbon 3 ((C2
1))). The first symbol, CI, is the name of an atom.
It is convenient, but certainly not necessary to refer to
carbon atoms with a name that begins with C. The
second symbol, carbon, is the name of the element of
which the atom C1 is an example. The third symbol,
3, is the number of hydrogen atoms bonded to Cl.
The last item in the sublist is a list of pairs. In this
case there is only one such pair, (C2 1). This means
that C2 is singly bonded to Cl. The pair (C2 3)
would mean that C2 is triply bonded to C1. An aro-



June, 1972]

matic bond between Cl and C2 would be shown as
(C2 0).

The reader will note various redundancies in this
representation. It is obvious that since Cl is bonded to
only one non-hydrogenic atom, and by a single bond,
then Cl must have three attached hydrogen atoms.
Hence, if we neglect stable radicals, the number of
hydrogen atoms need not be entered. The program
could compute this number when needed. I have tem-
porarily taken the view that time is more important
than space so the present program stores this redundant
number for quick retrieval. Another redundancy may
be noted: the sublist for Cl contains the pair (C1 1)
which tells us that C2 is singly bonded to Cl. The
sublist for C2 contains the pair (Cl 1), which conveys
the same information. In fact all such bonding infor-
mation is stored in two places. For another example,
(O4 2) in the C3 sublist conveys the same information
as (C3 2) in the O4 list. Here again, speed of retrieval
has been the dominant consideration. Similarly, in a
machine or assembly language program it would be
simple to recognize the C in C2 and infer that it is a
carbon atom. In a higher level language such as LISP,
breaking off the alphabetic part of a name from the
numerical part consumes computer time. ‘

Let us call this kind of list of sublists a molecular
structure list. Since each sublist refers to a particular
non-hydrogenic atom, we can call the sublists atomic
property lists. We mention in passing that cis-trans,
chirality, and isotopic labelling information can be add-
ed to an atomic property list when necessary.

The reader will find it instructive to write down the
Kekule structure, with appropriate labels, corresponding
to the following molecular structure list:

((G1 carbon 0 ((G2 0)(C6 0)(C7 1)))

(G2 carbon 1 ((CG10)(C30) ))
(G3 carbon 1 ((C20)(C40) ))
(G4 carbon 1 ((C3 0)(C5 0) ))
(C5 carbon 1 ((C4 0)(C60) ))
(G6 carbon 1 ((C50)(C10) ))
(G 7 carbon 0 ((C1 1)(082)(09 1)))
(O8 oxygen 0 ((C7 2) ))
(O9 oxygen 1 ((C71) M)

Representation of Chemical
Reactions in a Computer

From the above discussion it is apparent that a molec-
ular structure list, which is conveniently one dimen-
sional, can be put into a computer to represent molec-
ular structure unambiguously. Chemical reactions can
then be represented in a computer as transformations
of these molecular structure lists. The four basic trans-
formations of the program are called ADDH (add a
hydrogen atom), REMOVEH (remove a hydrogen
atom), MAKEBOND, and BREAKBOND. In addi-
tion, changes of chirality or of cis-frans arrangement
of allylic atoms or of ring junctions are made on the
atomic property lists of the parent molecules whenever
the reaction concerned requires this.

We define the programming term subroutine. A sub-
routine is a set of instructions inside a program which
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form a unit and carry out a particular function. The
subroutine is given one or more.symbols, numbers or
structures as input. It produces one or more symbols,
numbers or structures as results. These results are then
used by the section of the program which called upon
the subroutine for answer(s). Typically a subroutine is
called upon to produce an answer at several places in
a program; hence, it is executed several or many times
in the course of running the program, each time with
different input. An example from this program is a
subroutine called RINGCOUNT which, given the struc-
ture list of a molecule as input, returns an integer as
answer, telling how many rings the molecule has. An-
other example is a subroutine CARBON which given
the name of an atom as input, states as output (after
searching the atomic property list for the second item,
the element name) whether it is true or false that the
given atom is a carbon atom.

Subroutines that represent chemical reactions always
have as one of their inputs the name of a molecule.
These subroutines usually begin by making a copy of
the molecular structure list of the input molecule. The
transformations are then performed on this copy. In
this way the structure of the input molecule is always
preserved in memory.

The subroutine HYDROGENATE is supplied with
the names of two non-hydrogenic atoms as well as the
name of the molecule to which the two atoms belong.
For each of the two atoms the subroutine calls upon
ADDH to increase the number of bonded hydrogens by
one. It also changes the number 2 in the atomic pro-
perty lists into the number 1, unless the two atoms are
triply bonded to each other in which case it changes
the number 3 to 2 in both of the atomic property lists.
(Complete hydrogenation of a triple bond requires the
use of this subroutine twice). If the two atoms are
aromatically bonded to each other the subroutine
HYDROGENATE makes them singly bonded to each
other and changes the bonding of the other atoms in
the same ring, which are not part of another aromatic
ring, from aromatic to double bonding. If the two
atoms are not bonded to each other the subroutine
sends an error message.

Suppose the program’s internal name for 1-propanal
is X51. Then the command “HYDROGENATE C3
O4 X517 results in the following new molecular struc-
ture list:

(C1 carbon 3 ((C2 1) )
(G2 carbon 2 ((C3 1)(C1 1)))
(C3 carbon 2 (G2 1)(04 1))
(O4 oxygen1 ((C3 1) ))

The program gives this new structure a unique but
arbitrary name. DEHYDROGENATE is also given
the names of two non-hydrogenic atoms and the name
of the molecule to which they belong as input. Thus,
if X51 is l-propanal as before, then the command
“DEHYDROGENATE Cl1 C2 X51” results in the
acrolein molecular structure list:
(C1 carbon 2 ((C2 2) ))
(G2 carbon 1 ((C3 1)(C1 2)))
(C3 carbon 1 ((C2 1)(04 2)))
- (O4 oxygen 0 ((C32) ))
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This new substance is similarly given some temporary
internal name by the program, not any chemical name.

To illustrate the operations MAKEBOND and
BREAKBOND, let us consider the case of benzoic
acid, whose molecular structure list was given above.
We examine the reaction

1 MgorLi
C.H,Br C,H,CO,H

The program allows this type of reaction only when the
product is a monocarboxylic acid. Let us call benzoic
acid Bl. Let us further introduce a variable Q , which
will exist only inside of this subroutine. Initially we
will set Q equal to Bl, that is QQ will initially have the
same structure as benzoic acid. The structure list of
Q will be successively modified by four commands of
the subroutine for this type of carboxylation. The end
result will be to re-organize the final structure list of
Q into the structure lists of the parents of Bl.

The first of the four commands is “BREAKBOND C1
C7 Q.” The reslut of this first operation is to produce
the following modified structure list for Q:

(C1 carbon 0 ((C2 0)(C6 0)))
(G2 carbon 1 ((C1 0)(C3 0)))
(C3 carbon 1 ((CG2 0)(C4 0)))
(C4 carbon 1 ((C3 0)(C5 0)))
(C5 carbon 1 ((C4 0)(C6 0)))
(G6 carbon 1 ((C5 0)(C1 0)))
(C7 carbon 0 ((O8 2)(09 1)))
(O8 oxygen 0 ((C7 2) ))
(O9 oxygen 1 ((C7 1) ))

In the atomic property list of C7 the subroutine has
removed any reference to Cl; in the atomic property
list of Cl the reference to C7 has also been removed.
In the structure list of Q the bond has now been
broken. At the next command in the subroutine
“MAKEBOND C1 BR10 Q” the structure list of Q
is modified again. The name BRI10 is chosen by the
program for convenience. After execution of this
MAKEBOND command the structure list of Q is:

(C1 carbon 0 ((BR10 1)(C2 0)(C6 0)))
(G2 carbon 1 ((C10)(C30)))
(C3 carbon 1 ((C2 0)(C4 0)))
(C4 carbon 1 ((C3 0)(C5 0)))
(C5 carbon 1 ((C4 0)(C6 0)))
(C6 carbon 1 ((C50)(C10)))
(C 7 carbon 0 ((O8 2)(09 1)))
(O8 oxygen 0 ((C72) ))
(O9 oxygen 1 ((C71) ))
(BR10 bromine 0 ((C71) ))

We remark in passing that the input to the BREAK-
BOND subroutine is the names of two atoms followed
by the name of the molecule to which they belong;
the arguments of the MAKEBOND subroutine, how-
ever, are the names of two atoms followed by the name
of the molecule to which the first mentioned atom
belongs. Thus, in the command just discussed, MAKE-
BOND C1 BRI10 Q is correct but MAKEBOND BR10
Cl Q is syntactically incorrect.

For the third command we introduce the variable
K which refers to the hydroxyl oxygen of the carboxyl
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group in question, namely O9, in this case. The
execution of the command MAKEBOND C7 K Q
results in the following structure list for Q:

(C1 carbon 0 ((BR10 1)(C2 0)(C6 0)))
(G2 carbon 1 ((C10)(C30)))
(G3carbon 1 ((C20)(C40)))
(G4 carbon 1 ((G3 0)(C5 0)))
(G5 carbon 1 ((G4 0)(C6 0)))
(C6 carbon 1 ((G5 0)(C 1 0)))
(G 7 carbon 0 ((O8 2)(09 2)))
(O8 oxygen 0 ((C72) ))
(09 oxygen 1 ((C7 2) )
(BR10 bromine 0 ((C11) )

If the inputs to MAKEBOND are atoms which are
singly bonded to each other, MAKEBOND adds one
more bond, making then doubly bonded.
The last command is “REMOVEH K.”
mand results in the final structure list for Q :

(C1 carbon 0 ((BR10 1)(C2 0)(C6 0)))
(C2 carbon 1 ((C10)(C30)))
(C3 carbon 1 ((C2 0)(C4 0)))
(G4 carbon 1 ((C3 0)(C5 0)))
(C5 carbon 1 ((C4 0)(C6 0)))
(C6 carbon 1 ((C50)(C10)))
(C7 carbon 0 ((O8 2)(09 2)))
(O8 carbon 0 ((C72) ))
(O9 carbon 0 ((C7 2) )
(BR10 bromine 0 ((C11) )

The generation is now complete. After each genera-
tion is complete, a subroutine called REORGANIZE
is called in to form, out of the changed copy of the
original structure list (¢.e. out of the final structure list
for Q), one or more parent structure lists consisting of
connected atoms. (In some reactions, like the esterifica-
tion of a dicarboxylic acid, there are more than two
“parent” molecules.) Here the subroutine REOR-
GANIZE finds one group of three connected atoms
and another group of seven connected atoms. REOR-
GANIZE then forms two new structure lists, as follows:

1 (G7 carbon 0 ((O8 2)(09 2)))
(O8 oxygen 0 ((C7 2) ))
(09 oxygen 0 ((C7 2) ))

The program does not know that this molecule is called
carbon dioxide; it gives it an arbitrary name such as
B2. The program does know, as we shall see, that a
molecule this small can be considered to be available.

II  (C1 carbon 0 ((BR10 1)(C2 0)(C6 0)))
(G2 carbon 1 ((C10)(C30)))
(C3 carbon 1 ((C2 0)(C40)))
(C4 carbon 1 ((C3 0)(C5 0)))
(C5 carbon 1 ((C40)(C6 0)))
(C6 carbon 1 ((C50)(C10)))
(BR10 bromine I (C11) ))

This parent, bromobenzene, is given an arbitrary name,
such as B3. The names Q and K and L and their
associated information are discarded as we exit from
the reaction subroutine. REORGANIZE also attaches
to the name B3 the names Bl as successor and B2 as
coreactant. To the name Bl is attached the name B3
as parent. B2 is formally also a parent but it is not

This com-
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marked as such by the program, because it is the
smaller parent. B2 has attached to it the name B3 as
coreactant. To the largest parent, B3, is also attached
the name of the reaction, BROMIDECARBOXYLA-
TION, which causes the relationships. Yield informa-
tion is also inserted at this point. In the present pro-
gram all the yields supplied by the reaction subroutines
are average values from the literature. In future ver-
sions of the program subroutines like STERICHIND-
RANCE (which calculates degree of branching near a
site) will be called in to calculate the estimated devia-
tion of the yield from the average yield, so that chemi-
cal experience can be fully utilized.

A Generalized Form for Writing the
Chemical Transformations of a
Reaction Subroutine

In the previous discussion of the reaction BRO-
MIDECARBOXYLATION, the first command given
was BREAKBOND C1 C7 Q. Actually this is the
content of the command at a comparatively low level.
The initial, i.e. the highest level version of this com-
mand merely says something like BREAKBOND
CARBON-NEXT-TO CARBOXYL-CARBON CAR-
BOXYL-CARBON Q. It is left to the detailed opera-
tion of the subroutine as it calls in other subroutines
to find that C7 is a carboxyl carbon and that Cl is
its neighbouring carbon atom. Similarly “MAKE-
BOND C1 BRI10 Q” is originally something equiva-
lent to “MAKEBOND CARBON-NEXT-TO-CAR-
BOXYL-CARBON INVENTED-NAME-FOR-BRO-
MINE-ATOM Q.” The command MAKEBOND
C7 O9 Q is at the higher level also essentially MAKE-
BOND CARBOXYL-CARBON HYDROXYL-OXY-
GEN-NEXT-TO-CARBOXYL-CARBON Q. It is
apparent from this that if we just provide a subroutine
with the simple —C-CO,H structure and give direc-
tions for converting it to -C-Br and CO, then the
reaction subroutine can be made more compact. The
useful procedure GENREACTION takes as its argu-
ments (inputs) a general “structure,” such as ~C~CO,H
Br, in the form of a structure list, a list of pairs of
atoms in the general structure between which we should
break a bond, a list of pairs of atoms of the general
structure between which we should make a bond, a
list of the atoms of the general structure to which we
should add a hydrogen atom and a list of atoms of the
general structure from which we should remove a hy-
drogen atom. Some of these lists may be empty. The
output of GENREACTION will be the required pre-
decessor(s).

Thus in the latest version of the program, inside of
the BROMIDECARBOXYLATION subroutine is the
command

GENREACTION (El CO0 ((E2.1)))
(E2 CO ((E1.1)(E3.2)(E4.1)))
(E3 OO0 ((E2.2)))
(E4 O1 ((E2.1)))
(E5 Br 0 nil))
((E1.E2)) ((E2.E4) (E1.E5)) nil (E4).

In the future the program will be modified to “‘learn”

Automatic Problem Solving Applied to Synthetic Chemistry

1901

synthetic reactions at a rapid rate. All this means is
that the program will accept input data in the form
of: name of the reaction, model structure list, lists of atom
pairs from the model structure list for BREAKBOND and
MAKEBOND, [lists of atoms of the model structure for
ADDH and REMOVEH, yield, structural conditions which
decrease the yield, presence of acid, base, oxidizers or re-
ducing agents among reagents of the reaction. The pro-
gram will then convert this input data into appropriately
named subroutines and add the subroutines to itself
permanently. (The new expanded program will be
written onto a disk file or punched out onto cards.)
The program must also insert the name of the new
subroutine into the proper list, e.g. carbonyl reactions,
so that it will be called when appropriate. It is evi-
dent that compact procedures like GENREACTION
will be required for this “learning” of chemistry by the
program.

Minimizing of Repetition

Hydrogenation and dehydrogenation subroutines are
available in the program. In order to prevent a long
series consisting of useless alternate addition and removal
of hydrogen the dehydrogenation subroutine is defined
so that it cannot be used to cancel the effect of an
immediately adjacent hydrogenation. At least one other
chemical reaction must intervene between a hydrogena-
tion and a dehydrogenation. Similarly hydrolysis may
not immediately follow or precede ketal formation or
esterification. Also, wherever possible, the temporary
attachment and subsequent removal of a blocking, pro-
tective, activating or solubilizing group is treated to-
gether with the reaction that requires this as a single
reaction.

The program indeed performs much useless hydro-
genation and dehydrogenation but pathways along
which this occurs automatically get a lower score than
otherwise identical pathways along which the useless
reactions did not occur.

The Operation of the Program

The general operation of the program can be sum-
marized in the following three steps.

1. Put goal molecule on NEWLIST.

goal molecule.

2. GENERATEPREDECESSORS of the first mole-

cule on NEWLIST.

3. If NEWLIST is empty then STOP. Otherwise

go to Step 2.

Newlist and Oldlist. A list named NEWLIST is
maintained which consists of the names of all of the
molecules whose predecessors we do not know. There.
is a corresponding list called OLDLIST which consists
of the names of all of the molecules which are not
available but for which we have found all possible
immediate predecessors.

Beginning of the Program. The program begins by
establishing NEWLIST, with a single item on it, i.e.
the name of the goal molecule M. It then calls in the
subroutine EXAMINE to survey the goal molecule,

Examine
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noting all structural features and combinations of struc-
tural feature, i.e. relations of functional groups to one
another and to rings, etc. A list of these features is
attached to the name of the molecule.

Main Part of the Program. In the next step of
the program the first item on NEWLIST is subjected
to the action of a subroutine called GENERATEPRE-
DECESSORS. This subroutine will be repeatedly
called and does the main work of the program. Ini-
tially, of course, the first item on NEWLIST is the
only item on NEWLIST, i.e. the name of the goal
molecule. For generality let us call the input molecule
to GENERATEPREDECESSORS by the name X.
GENERATEPREDECESSORS first decides whether
or not it has previously seen this molecule in the solu-
tion of this problem. It searches for an isomer of X
on OLDLIST. If there are no such isomers we pro-
ceed to the next phase. All isomers of X on OLDLIST
are subjected to a detailed examination to see if they
have exactly the same structure as X. If there is a
molecule, e.g. by the name of Y, which is on OLDLIST
but which has the same structure as X then there must
exist two separate pathways from this structure to the
goal molecule. The pathway of higher score, i.e.
greater efficiency, is chosen. The other one is erased
from memory. If X is erased we go back to get the
first item on NEWLIST and subject it in turn to
GENERATEPREDECESSORS etc. If Y is erased
we continue with the next phase of GENERATEPRE-
DECESSORS.

Generation Stage. GENERATEPREDECESSORS
now collects the list of reactions associated with each
structural feature of X. (For example if X has the
amide functional group, there are associated with this
functional group the list of two reactions: aminolysis
of methyl ester and aminolysis of acyl chloride.) For
each reaction there is a reaction subroutine which is
immediately used to generate the appropriate prede-
cessor(s). An example is the generation of bromoben-
zene as a predecsssor of benzoic acid by the reaction
subroutine BROMIDECARBOXYLATION. To take
another example, if a certain diene and a dienophile
can react in a Diels-Alder reaction to give X then the
DIELSALDER reaction subroutine generates the diene
and a dienophile structures in response to the input of
X. For this to happen the procedure EXAMINE must
have found a cyclohexenyl group in X with a -M group
just outside of the ring, three atoms away from the
nearer of the two vinyl carbons in the ring.

Case Where the Program is Baffled. If no prede-
cessor of X can be generated, i.e. the EXAMINE
subroutine has failed to detect a feature familiar to it
and the program is therefore unable to find an applic-
able reaction subroutine, then the structure and the
arbitrary name of X are printed out together with the
question, “How do you make this?”’

Disposition of the Predecessors. As soon as each
predecessor is generated it is disposed of in some way.
Let us call the predecessor Z. There are four cases.

A. 1If the overall yield from Z to the goal molecule
is less than the cutoff value discussed previously then
the pathway and yield are printed out together with
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the comment that the overall yield is inadequate to
justify further development of this pathway. Then the
pathway is removed from the computer memory,
“erased,” an absolutely necessary step to preserve
unfilled memory space.

B. If Z is available and all necessary coreactants
on the path to the goal molecule are also either available
or can be synthesized by a method now known to the
program, then the entire pathway from the available
predecessor to the goal molecule is printed out together
with the yield of each step, the name of each reaction
and the overall yield. The program recognizes as
available any molecule which satisfies any one of the
following three criteria:

1. It has no more than eight non-hydrogenic atoms.

2. It is an ester or a carboxylic acid, or it has only

one heteroatom, and it has nine non-hydrogenic
atoms.

3. A molecule with identical structure appears on a

list called AVAILABLELIST.
The last criterion is important in practice because very
often we have a large number of byproducts of other
processes available to us. If the program knows about
them much computer time will be saved.

C. If Z is available but on the pathway to the goal
molecule there are necessary coreactants which are
neither available nor does the program yet have a
synthesis for them, then no action is taken in regard
to Z. The information that Z is a predecessor of X
is permanently attached to the name of X. In this
way information about Z can be easily retrieved when
and if the entire synthetic route has been generated.

D. If Z is not available and the yield from Z to
M is not less than the cutoff value, then Z is put onto
NEWLIST. This is the most usual case.

Scoring. Just before being put on NEWLIST the
predecessor Z must be scored. In the program at pre-
sent the cost part of the scoring procedure has not yet
been reduced to specific monetary units. It is assumed
for the present that cost depends on the overall yield,
the number of steps required and the amount of material
carried through the route. To illustrate the last point
we note that a reaction with a 50%, yield followed by a
reaction with a 1009, yield is cheaper, other things
being equal, than a two step sequence consisting of a
reaction with a 1009, yield followed by a reaction with
a 509, yield. The overall yield is the same in both
cases but in the first case there is less material carried
into the second reaction.

A procedure called SCORE considers all these aspects
in calculating a somewhat arbitrary cost. The program
knows a yield for each reaction; in some cases this yield
depends on the structure of the molecules involved. A
monetary cost could also be easily inserted if the neces-
sary chemical engineering data were available.

When there are two or more coreactants generated
as predecessors SCORE gives all of them the same score
which is that calculated for the largest of the molecules.
SCORE calculates the cost expended for the amount
of simplification achieved in the largest of the coreac-
tants. The cost is the cost of going from Z to M and
the “simplification” is really the number of atoms and
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functional groups added in going from Z to M.

Hierarchy of NEWLIST. Each predecessor of X
is placed on NEWLIST in a definite position which
depends upon its score. All molecules closer to the front
of the list than Z must have a score greater or equal to
that of Z.  All molecules which follow Z on NEWLIST
must have a lower score than Z or the same score that
Z has. In this way when the program takes the first
molecule on NEWLIST for processing by GENERATE-
PREDECESSORS it is really considering the most pro-
mising incomplete pathway.

End of GENERATEPREDECESSORS. When,
within the limits of the repertory of reactions of the
program, all possible predecessors of X have been gener-
ated and suitably placed, the name of X is taken off
NEWLIST and placed on OLDLIST.

Table 1.
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Example of the Operation of the
Program

In the example of Fig. 2 GENERATEPREDECES-
SORS was called five times. The result of each applica-
tion of this subroutine is shown in Table 1. In this
case EXAMINE found that M is an amide and hence
GENERATEPREDECESSORS calls in the subroutines
for acylating an amine with a methyl ester and with
an acyl chloride and generates the corresponding amine
and methyl ester and acyl chloride. In the next cycle
the methyl ester stands at the head of NEWLIST.
EXAMINE has found out that it is an ester, hence
the reaction subroutine for esterification is called in,
and it generates the carboxylic acid and methanol.
The carboxylic acid is available hence it is not put
on OLDLIST. The CH,NH, functional group is re-
lated to the reaction subroutine called HYDRO-
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GENATENITRILE. This latter subroutine generates
the corresponding nitrile, but recognizes the simulta-
neous presence of an active carbonyl group that needs
to be protected, the ketone group, and a note is included
for the final printout that the ketone group must be
protected from hydrogenation by a ketal before the
reaction is done and that this ketal is to be removed
after the reaction is finished. EXAMINE has seen that
in the nitrile there are exactly three saturated carbons
between two -M groups and hence an alpha-beta addi-
tion is suggested. The corresponding subroutine is
quite complicated since it generates cyclohexanone and
acrylonitrile which can react via the Stork enamine
reaction!) to obtain the nitrile. The subroutine also
generates acetonitrile and «-methylenecyclohexanone.
In one case a ketone adds across the double bond
of an unsaturated nitrile; in the other case a nitrile
adds across the double bond of an unsaturated ketone.
A note is added in the case of the enamine reac-
tion that the enamine must be prepared first. The
yield is also different in the two similar reactions.
Since all of the predecessors are available the synthesis
of M can be effected in an overall yield of 58%, or
519, depending on the pathway. The successful path-
ways are printed out.

In the fifth and final cycle of GENERATEPREDE-
CESSORS, cyclohexane carboxylic acid is generated,
as the predecessor of the corresponding acyl chloride.

The reader will note that there was no attempt to
generate a secondary alcohol, i.e. to synthesize the
ketone from a secondary alcohol. The reason is that
since we do not wish to oxidize alcohols indiscriminately,
the exact conditions under which we want to do this
should be specified in the routine. At the time of
running of this example I had not yet thought out
the matter to completion, hence the alcohol oxidation
reaction subroutine had not yet been written. (The
conclusion now reached is that it is perfectly satisfactory
to oxidize any alcohol to the corresponding aldehyde or
ketone, provided that the next reaction step is not hydro-
genation of the aldehyde or ketone.)

Conslusion

Computing synthetic pathways is now possible with-
out human intervention at any intermediate stage. The
process is expensive, however, and only when it is made
cheap will a computer program become indispensable to
the synthetic chemist.
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