between these two views; both are useful
for discovering parts of the whole. I hope
that students today are being trained
with equal emphasis on analytic and nu-
merical methodologies.

Prospectus

In summary, the prodigious growth in
computing power is ushering in new ap-
proaches to complexity in many areas of
science. Although the shift of method-
ology and aesthetics was foreseen by
von Neumann over 30 years ago, the
fulfillment of his vision is only beginning.
For his vision to be realized, there are
two major requirements. First, comput-
ers must continue their rapid rate of
increase in speed so that more and more
complex problems can be attacked on
human time scales. Second, there must
be much greater accessibility to the full
range of computational tools that are
needed so that a ‘‘critical mass’’ of sci-
entists can work in each field of interest.
Both of these requirements are likely to
be met.
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certain ring-forming reactions that could
be used to build an atomic framework.
Among the best examples of these are
the syntheses of a-terpineol (W. H. Per-
kin, 1904), camphor (G. Komppa, 1903,
W. H. Perkin, 1904), tropinone (R. Rob-
inson, 1917), and equilinin (W. Bach-
mann, 1939) ().

In the post-World War II period, syn-
thesis attained a different level of sophis-
tication partly as a result of the conflu-
ence of five stimuli: (i) the formulation of
detailed electronic mechanisms for the
fundamental organic reactions, (ii) the
introduction of conformational analysis
of organic structures and transition
states based on stereochemical princi-
ples, (iii) the development of spectro-
scopic and other physical methods for
structural analysis, (iv) the use of chro-
matographic methods of analysis and
separation, and (v) the discovery and
application of selective chemical re-
agents. As a result, the years 1945 to
1960 saw the accomplishment of a num-
ber of highly sophisticated syntheses of
complex molecules, including vitamin A
(0. Isler, 1949), cortisone (R. Wood-
ward, R. Robinson, 1951), strychnine (R.
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Woodward, 1954), cedrol (G. Stork,
1955), morphine (M. Gates, 1956), reser-
pine (R. Woodward, 1956), penicillin V
(J. Sheehan, 1957), colchicine (A. Es-
chenmoser, 1959), and chlorophyll (R.
Woodward, 1960) (2).

These achievements provided the im-
petus for further developments, which
led to a great improvement in the power
and elegance of synthetic planning. In
the 1960’s, general problem-solving
strategies and methods that could be
applied to the analysis of any complex
synthetic problem were explicitly formu-
lated, and the underlying principles of
synthesis were defined in a way that
made synthetic planning more logical,
more systematic, and easier. The in-
sights so gained had an impact on the
teaching of organic synthesis as well as
its practice. Even in the 1950’s, synthe-
sis was taught by the presentation of a
series of illustrative (and generally unre-
lated) examples of actual syntheses.
Chemists who learned synthesis in this
inductive manner approached each prob-
lem in an ad hoc way. The intuitive
search for clues to the solution of the
problem at hand was not guided by effec-
tive and consciously applied general
problem-solving techniques.

General Approach to the Analysis of
Complex Synthetic Problems

Defining a methodology that assists
the chemist in the solution of any prob-
lem in organic synthesis is a more chal-
lenging task than developing a synthesis
of a particular target structure. Such a
methodology must be capable of, first,
guiding the search for an effective strate-
gy for initial simplification of a problem
and, second, generating a large number
of specific pathways of synthetic inter-
mediates (or synthetic steps) that con-
nect chemical starting materials with a
target structure. A separate issue, which
will not be addressed here, is the highly
demanding task of reducing a synthetic
plan to practice and demonstrating its
validity and merit by experiment.

The importance of distinguishing be-
tween the two possible directions of a
synthetic analysis was recognized about
20 years ago (3-6). The direction termed
‘‘synthetic’’ corresponds to the direction
of execution of a chemical synthesis,
and the direction referred to as
“retrosynthetic’’ or ‘‘antithetic’’ is that
in which a target structure can be trans-
formed in a succession of steps through
simpler structures into a starting point
for a synthesis. The former direction of
analysis lends itself to the design of
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“building-block”’ syntheses from easily
definable or obvious starting materials.
The latter, retrosynthetic analysis, is not
only more powerful but is also suitable
for complex problem solving (5, 6).
Retrosynthetic analysis depends on
perception of the structural features of
the reaction products (as opposed to
those of the starting materials) and con-
sideration of molecular changes in the

great richness of information in organic
chemistry, there is a danger of generat-
ing retrosynthetic trees which are too
large to be manageable and which in-
clude numerous dead ends. Prevention
of this combinatorial explosion requires
the use of simplification techniques,
search strategies, screening procedures,
and logical analysis.

One way that synthetic problems can

Summary. The planning of alternative routes for the synthesis of complex organic
molecules has been facilitated by the formulation of guiding strategies that can be
applied to a broad range of problems. Analysis of organic synthesis can be carried out
in the retrosynthetic direction, opposite to the actual process of chemical synthesis, or
bidirectionally, that is, as a combined retrosynthetic and synthetic search. An
interactive computer program is described which utilizes the general strategies of
retrosynthetic analysis and an appropriate database to generate pathways of
chemical intermediates for chemical synthesis of a particular target structure.
Computer graphics and standard chemical structures are used for man-machine

communication.

retrosynthetic sense. To avoid confu-
sion, special terms and a special graphic
device are used to provide a distinction
between the nomenclature appropriate
to these analyses and that which is con-
ventionally applied to synthesis in the
direction of laboratory execution (Table
1) (6).

Basic retrons for the Carbo Diels-Al-
der, Claisen rearrangement, Robinson
annulation, and Mannich transforms are
represented as A, B, C, and D, respec-

O~ 0O A

tively. All the structural elements in the
retron for a transform must be present
before the transform can be logically
applied. The presence of part of a retron
(‘“‘subretron” or ‘‘part-retron’’) within a
target structure can, however, signal the
possible application of a transform pro-
viding other transforms can be invoked
to generate, by one or more steps, a
precursor containing the full retron.
Structures E, F, and G, for example,
contain valid part-retrons for the Robin-
son annulation transform.

Lo L0

E F G

The purpose of retrosynthetic analysis
is to generate a tree of synthetic interme-
diates that terminates with a number of
alternative simple starting materials. The
manner in which the retrosynthetic tree
is generated will be a function of the
strategies, search techniques, and chem-
ical information used. Because of the

be simplified involves a type of substruc-
ture matching in which subunits of a
target molecule are recognized as poten-
tial ‘‘synthons,”” or building blocks.
Such identification not only provides a
strong control over tree branching but
also permits the use of a bidirectional
search, in which trees of chemical inter-
mediates are simultaneously grown in
the retrosynthetic and synthetic direc-
tions (6). The elaboration of one tree is
guided and facilitated by the develop-
ment of the other. Reiterative cycles of
perception and analysis are applied to
the structures being examined and to the
body of relevant chemical information,
as they are in all phases of synthetic
analysis.

A number of other key elements for
the initial simplification of complex syn-
thetic problems can be clearly identified,
including: (i) identification of especially
appropriate strategies for retrosynthetic
analysis, (ii) use of available information
on the chemistry of the target molecule,
(iii) analysis of the target molecule in
terms of its relation to other molecules or
structures, either previously synthesized
or not, (iv) characterization of the prob-
lem in terms of unusual features in the
target structure, and (v) discovery of two
or more high level strategies that can be
used concurrently.

Strategies in Retrosynthetic Analysis

Since the success of retrosynthetic
analysis depends on the selection and
application of key transforms, it is neces-
sary that the large body of knowledge
of organic chemistry be appropriately
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Table 1. Terminology of synthetic and retrosynthetic analysis.

Synthetic analysis Retrosynthetic analysis

Direction of laboratory execution is
‘‘synthetic.”’

Represented with a single arrow (—).

Process is a ‘‘reaction.”

Direction of logical analysis is ‘‘retrosynthetic’’
or ‘‘antithetic.”’

Represented with a double arrow ().

Process is a ‘‘transform,’’ given the name of the
corresponding reaction.

Transform is keyed by the presence of critical
subunit, or ‘‘retron,”’ that ‘‘actuates’’ the ap-
plication of the transform to that target struc-
ture.

Reaction is keyed by the presence of
specific reactive groups in the
starting material(s) that ‘‘activate’
the substance to undergo a syn-

thetic step.

structured and made accessible. For
each transform it is essential to know not
only the keying features (full retrons,
part-retrons, and so on) but also the
factors that affect application of the
transform in the context of the structural
situation. Two of the most important of
these factors are the power of the trans-
form to simplify the structure in the
retrosynthetic direction and the function
of the transform, that is, its effect on the
molecular skeleton, functional groups,
or stereocenters. The most powerful
synthetic reactions are those that reli-
ably increase molecular complexity. The
corresponding simplifying transforms,
for example the Diels-Alder transform,
are so powerful that their application to a
particular target structure may be taken
as a strategic goal of retrosynthetic anal-
ysis (‘‘transform goal’’ or ‘‘T-goal’’). A
list of powerful simplifying transforms is
shown in Table 2.

Transforms may decrease or increase
molecular complexity and for this reason
may play quite different roles in retro-
synthetic analysis. The change effected
by a transform may involve connection,
disconnection, rearrangement, inter-
change, transposition, removal, addi-
tion, inversion, or other modifications.
Transforms must be multiclassified ac-
cording to these functions so that they
may be made accessible for a variety of
strategic reasons. Most transforms are
much less powerful than those in Table
2, but they may be indispensable as
‘“‘subgoals’ to set up retrons for the
more powerful transforms. Knowledge
of the power and functions of the trans-
forms in the database is important for the
selection and execution of retrosynthetic
strategies.

Five Types of Strategies for
Retrosynthetic Analysis

Transform-based strategies. The iden-
tification of a powerful simplifying trans-
form that is well suited to a particular
target molecule can produce a line of
analysis resulting in an excellent solu-

tion. Normally, the retron required for
direct application of that transform will
not be present, and a multistep search or
look-ahead will be needed for the suc-
cessful application of such a transform.
In most cases there are several potential
locations for the retron, and all possible
mappings need to be explored. For ex-
ample, six [4 + 2] disconnections must
be examined in rigorous attempts to ap-
ply the Diels-Alder transform to a partic-
ular six-membered ring (6, 7). Some-
times two or three powerful simplifying
transforms can be applied successively
to a target structure. In such situations
quite elegant solutions can result. The
recognition of such cases, though obvi-
ously not simple, is greatly facilitated by
the purposeful attempt to apply this type
of strategy. Another strategy is to re-
peatedly apply the same simplifying
transform (8).

The key transforms for which a long-
range search is worthwhile, as men-
tioned above, correspond to powerful
synthetic reactions—those in which
rings or ring pairs are formed, those
which are stereocontrolled and position
selective, those which bring together two
or three major subunits, or those which
can be used efficiently and economically
on a large scale. There are effective

Table 2. Some powerful simplifying trans-
forms.

Carbo Diels-Alder

Quinone Diels-Alder

Hetero Diels-Alder

Robinson annulation

Position-selective partial aromatic reduction

Cation m-cyclization

Radical m-cyclization

Aldol cyclization

Sila-acyloin cyclization

Internal SN2 cyclization

Internal nucleophilic acylation

Internal ene reaction

Internal cycloaddition:
[4+2],B3+2],[4+3,[2+2],[2+1]

Pericyclic cation or anion closure

Sigmatropic rearrangements

Photocyclizations

Enantioselective m-addition

Diastereoselective m-addition

Fischer indole, Knorr pyrrole, and so on

techniques for selecting such transforms
and for systematically and exhaustively
carrying out the necessary long-range
search processes. One such technique is
to generate a structure in which the
necessary retron (or part-retron) has
been mapped onto the target in a particu-
lar way and then to proceed with a
bidirectional search. This procedure
would be repeated for all possible map-
pings.

‘“Mechanistic transforms’’ are another
category of transform-based strategies.
They are simply the retrosynthetic ver-
sion of step-by-step electronic mecha-
nisms. In applications of a mechanistic
transform some structural objective is
required for guidance (for example, the
breaking of a certain bond or the removal
of a certain obstacle to T-goal realiza-
tion). The target is converted to a reac-
tive intermediate or a synthetic equiva-
lent from which the target would result
synthetically, and then other reactive
intermediates are generated mechanisti-
cally until a stable precursor is pro-
duced. An example of molecular simpli-
fication by mechanistic transform appli-
cation is illustrated below (9).

T
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Transform-based (T-goal) strategies
are used effectively in the design of al-
most all complex contemporary synthe-
ses (10).

Structure-goal (S-goal) strategies.
The identification of a potential starting
material, building block, retron-contain-
ing subunit, or initiating chiral element
(6, 11) can lead to an S-goal from which a
coordinated, bidirectional search would
generate a synthetic sequence. An illus-
tration is provided by the retrosyntheti-
cally designed synthesis of thrombox-
ane B, from glucose (12).

Topological strateéies. These strate-
gies are used to identify one or more
bonds whose disconnection can lead to
major molecular simplification. These
bonds may be in bridged- or fused-ring
cyclic systems, or they may appear as
connectors to appendages at rings, func-
tional groups, or stereocenters (/3). The
recognition of such strategic disconnec-
tions is made possible by the application



of heuristic criteria derived from previ-
ous synthetic success. In the same way,
it is possible to recognize one particular
ring out of several in a polycyclic struc-
ture as a critical or strategic ring for early
retrosynthetic disassembly. Conversely,
it is possible to identify one or more rings
which should be preserved intact during
retrosynthetic simplification. Such topo-
logical strategies have been formulated
in explicit terms (/3) and applied to syn-
thetic design (/14-16).

Stereochemical strategies. These are
heuristically derived procedures for re-
ducing stereochemical complexity in the
retrosynthetic direction. These proce-
dures are used to remove stereocenters
by applying stereospecific transforms or
by taking advantage of steric screening
or proximity between functional groups
in the target structure. Stereocenters
may be removed one at a time, in pairs,
or in groups. In addition, stereochemical
strategies can be used for directing the
search toward enantio- or diastereose-
lective transforms (/7). Stereoselective
strategies may also guide the application
of connective (ring-forming) transforms
as subgoals that allow more effective
retrosynthetic removal of stereocenters.
A proximity between functional groups
may allow simplification of the target by
the application of functional group re-
moval (FGR) transforms (/8).

Functional group—oriented strategies.
Many such strategies have been derived
from synthetic experience. For example,
one or more functional groups together
with an interconnecting ‘‘atom path’
(and possibly a stereochemical relation-
ship) can often be used to key the appli-
cation of a simplifying transform either
directly or through a sequernice of sub-
goals (19, 20). The same approach can be
used to select tactical combinations of
transforms that are frequently used in
tandem in synthesis. The systematic in-
terconversion, addition, or removal of
functionality can pave the way for fur-
ther retrosynthetic molecular simplifica-
tion. Functional group modification may
also be used to reduce the reactivity of
the target or an intermediate toward one
or more reagents in a synthetic se-
quence. One strategy to accomplish this
is the use of internal protection; another
is the replacement of a highly reactive
unit by a less reactive synthetic equiva-
lent (21).

The use of two or more strategies
concurrently constitutes a powerful ap-
proach to the development of especially
simple and elegant synthetic routes. The
topological and stereochemical strate-
gies lend themselves particularly well to
concurrent application with other strate-
gies (15).

Objectives of Computer-Assisted
Synthetic Analysis

During the last 15 years, the concepts
of retrosynthetic analysis have been
used at Harvard as guidelines for the
construction of a series of computer pro-
grams designed to help chemists plan
synthetic routes. All of these programs
have incorporated strategies that emu-
late the most effective problem-solving
approaches of synthetic chemists, and
the emphasis has been on assisting
chemists with complex, rather than rou-
tine, synthetic problems. Since the num-
ber of possible approaches to the synthe-

sis of a complicated molecule is extreme-
ly large, computer assistance would per-
mit a more exhaustive analysis of any
problem than an individual chemist
would be likely to attempt. Further, be-
cause of the enormous body of chemical
information needed in synthetic analysis,
a large computerized database seemed
highly advantageous. We have demon-
strated that a machine can produce non-
obvious, provocative, and useful solu-
tions to synthetic problems. However,
the task of developing a powerful prob-
lem-solving program that would be indis-
pensable to the practicing chemist has
proved to be both large and challenging.
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LHASA: Graphics and Flow of Control

The interactive program for computer-
assisted synthetic analysis currently un-
der development at Harvard is LHASA-
11, a program written mainly in Fortran
and implemented on Digital Equipment
Corporation’s VAX-11 computers. Like
its predecessor programs OCSS (5),
LHASA-1 (6, 19, 22-24), and LHASA-10
(25), LHASA-11 (26) (or just LHASA) is
designed to communicate with a chemist

entirely through the use of interactive
computer graphics. The chemist ‘‘draws
in”’ a synthetic target with a magnetic
tablet and stylus, a mouse, a light pen, or
some other graphical input device. As
the chemist draws, LHASA displays a
picture of the target structure on a CRT
(cathode-ray tube) screen (Fig. 1a). The
chemist then selects a synthetic strategy
and one or more substrategies, or tac-
tics, from a menu of processing options
(Fig. 1b). LHASA suggests synthetic
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target at the upper left and the precursor at lower right. (b) LHASA retrosynthetic-tree display.
The target structure drawn in by the chemist appears as node 1, with the various retrosynthetic
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routes to the target that satisfy the goals
of the selected strategy, displaying the
resulting precursor structures on the
CRT screen (Fig. 2a). When all the pre-
cursors have been generated and dis-
played, the analysis is summarized in a
retrosynthetic tree (Fig. 2b), from which
the chemist can choose any structure for
further simplification.

In this interactive retrosynthetic anal-
ysis, the chemist takes responsibility for
choosing the strategies and tactics and
for deciding which precursors should be
submitted to LHASA for further simpli-
fication. LHASA is responsible for se-
lecting the actual transforms to be used,
within the scope of the tactic chosen by
the chemist, for evaluating these trans-
forms in the context of the target struc-
ture, and for displaying the precursors
that result from these transforms.

The process of deciding which trans-
forms to display is central to the opera-
tion of the LHASA program. LHASA is
not designed to invent chemistry that has
never been performed in the laboratory.
Instead, it relies on a database of known
reactions (about 1100 at present). For
LHASA to be able to decide which
transforms are appropriate for a given
synthetic target, the database must con-
tain detailed chemical information about
the corresponding reactions. In addition,
the program must have a way of reading
this chemical information and of evaluat-
ing it in the framework of what it knows
about the target structure.

Perception

As the chemist draws in the target
structure, LHASA stores information
about the position, type, and connec-
tivity of each atom and bond in the
molecule. Before any strategies are exe-
cuted, the program uses this basic infor-
mation about atoms and bonds to assem-
ble a body of chemical knowledge about
the target. This process is similar to a
chemist’s perception of a structure and is
likewise called ‘‘perception.’”” The pro-
gram first looks at the various atom and
bond types and checks the valency for
each atom. Next, LHASA perceives
functional groups (23, 27) and syntheti-
cally significant rings (23, 24, 28). The
program then proceeds with higher level
perception, looking for unstable and
highly reactive arrangements of func-
tionality, mutually incompatible func-
tional groups, aromatic rings, and unsta-
ble tautomers. Fused and bridged rings
are identified, and situations involving a
very high degree of angle strain are
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pointed out to the chemist. Carbon-car-
bon double bonds are classified accord-
ing to their substitution pattern and
stereochemistry. Absolute stereochem-
istry at sp® centers is evaluated, and ring-
fusion stereochemistry is assigned.
Structural appendages attached to rings
and appendages emanating from func-
tional group origins and other branch
points are identified (29), and sets of
appendage atoms on the two faces of
each ring and ring-fusion composite are
filled. All of this information is stored by
LHASA to be used for reference during
the process of transform evaluation. In
addition, the target structure is assigned
a numerical ‘‘name’’ by means of a ca-
nonicalization method similar to the
Morgan algorithm (30). Each precursor
structure generated by the program is
similarly named for comparison.

Transform Evaluation

LHASA uses this stored perception
information to answer chemical ques-
tions about the target structure in order
to decide which transforms in the data-
base are appropriate. In fact, a transform
entry in the database consists of a series
of questions about a generalized target
structure. These questions reflect the
scope and limitations of the reaction
corresponding to that transform.

The entire transform database is writ-
ten in a chemical English computer lan-
guage called CHMTRN (for chemistry
translator), which is designed especially
for LHASA. CHMTRN can be easily
understood by a synthetic chemist but is
also readily compiled (translated) into a
form that can be read by the LHASA
Fortran modules. Use of CHMTRN
makes it easy for chemists to under-
stand, modify, and expand the informa-
tion about reactions and serves to sepa-
rate the chemical information from the
Fortran executive CODE.

The process of transform evaluation,
in which LHASA decides which trans-
forms to disregard and which ones to
show to the chemist, consists of a line-
by-line interpretation by the program of
the CHMTRN questions in the database.
A sample transform entry is shown in
Fig. 3. Preliminary, or ‘‘header,’’ infor-
mation in the transform entry gives the
number and name of the transform, a
descriptive diagram of the retrosynthetic
step, some literature references, the
length of the atom path joining the two
“‘keying’’ functional groups, a utility rat-
ing for the transform, the names of the
keying groups, and some labels used for
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cross-referencing and  prescreening.
Next come the scope and limitations
questions, or ‘‘qualifiers,”” which either
eliminate the transform or modify the
initial rating, and the ‘‘conditions’’ state-
ments, which define prototypical reac-
tion conditions so that LHASA can as-
sess the possibility of functional-group
interference during the transform. Final-
ly, the transform has a ‘‘mechanism’
section that contains the actual com-
mands for converting the target to the
precursor structure. Lines preceded by
three dots (...) are comment lines,
included for the benefit of the chemist
and not read by LHASA.

Retrosynthetic Strategies

As mentioned above, LHASA has
been designed to emulate the thinking of
a synthetic chemist. Nowhere is this
more evident than in the strategies that
the program uses to narrow the scope of
the search for transforms. Several of the
important retrosynthetic strategies we
described above have been implemented
in LHASA. The first of these is the
simple functional-group strategy, in
which the program searches in the target
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structure for the functional group (or pair
of functional groups) that would result
from the performance of the reactions
corresponding to the transforms in the
database. The functional group (or pair
of groups connected by a path of bonds)
for each transform is the retron for that
transform. Approximately 25 percent of
the transforms in the database are cross-
referenced in such a way as to make
them accessible to the functional-group
strategy.

Possible synthetic routes suggested by
LHASA for the synthesis of poranther-
ine (15) (1) are shown in Fig. 4. These
sequences illustrate the considerable ret-
rosynthetic simplification that can often
be realized by the application of the
functional-group strategy. In processing
porantherine, LHASA found that the
exact retron for the Mannich transform
(a carbonyl and an amine whose carbon
origins are separated by a path of two
carbon-carbon bonds) did not exist in the
target structure. Accordingly, when the
Mannich transform was requested, the
program performed a nonsimplifying,
functional group interchange (FGI) step
as a ‘‘subgoal” to the goal disconnec-
tion, generating structure 2. As with the
Mannich transform leading to structure

NAME MICHAEL ADDITION OF HETERO NUCLEOPHILE

...HET-C-C-W => HET-H + C=C-W

...MARCH 585; HOUSE 596; B+P 468

...ORG.

...BULL. SOC. CHEM. FR.
..PATH 2 BONDS

RATING 50

RXNS. VOL.5, 79-135 (1949)
254,325 (1962)

...01d rating 40

GROUP*1 MUST BE KETONE OR CYANO OR ESTER OR ACID
OR LACTONE OR AMIDE*3 OR AMIDE*2 OR AMIDE*1
OR LACTAM OR VINYLW OR ALDEHYDE
GROUP*2 MUST BE ETHER OR AMINE*1 OR AMINE*2 OR AMINE*3

OR SULFIDE OR THIOL
STUDENT

REMOVES*STEREO CARBON2*1 ATOM*2

BROKEN*BONDS BOND2*1

KILL IF NO HYDROGEN ON ATOM*2
.. .REQUIRED FOR REACTION

KILL IF MULTIPLE BOND ON ATOM*2 OFFPATH OR: ON ATOM*3 OFFPATH
...WOULD PRODUCE ALLENIC PRECURSOR

IF BOND2*1 IS NOT IN A RING OF SIZE 5 THROUGH 7 &

THEN KILL IF BOND2*1 IS IN A RING

SUBTRACT 15 IF LEAVING GROUP ON ATOM*3
...POSSIBLE ELIMINATION

ADD 15 IF ANOTHER WITHDRAWING BOND ON ATOM*2

...EASIER ADDITION

SUBTRACT 15 FOR EACH WITHDRAWING BOND ON ATOM*3
...UNDESIRED MICHAEL POSSIBLE

SUBTRACT 10 IF ATOM*3 IS A TERTIARY*CENTER

IF NOT OLEFIN ON BOND*2 THEN KILL IF ATOM*2 IS NOT ENOLIZABLE
...STABLE ENOL PROVIDES DRIVING FORCE

IF SECOND GROUP IS ETHER THEN CONDITIONS NaOR

IF SECOND GROUP IS AMINE THEN CONDITIONS RNH2

IF SECOND GROUP IS SULFIDE OR: THIOL THEN &

CONDITIONS NaSR

""BREAK BOND2*1
JOIN ATOM*2 AND ATOM*3

.o

Fig. 3. A sample transform entry from the LHASA database. The ‘‘header’’ information

appears above the isolated set of three dots ( . .

. ), and the transform ‘‘mechanism’’ is enclosed

between the two sets of four dots (. . . . ) at the end.

413



3, LHASA evaluated this FGI transform

by reading the CHMTRN qualifiers asso-

ciated with its entry in the database. A
second invocation of the functional-
group strategy, with structure 3 as the
target, produced another Mannich dis-
connection, this time without the need
for preliminary subgoals. The aldehyde
in precursor structure 4 is displayed en-
closed in a solid box to alert the chemist
to a problem with interfering functiona-
lity. LHASA not only can identify these
situations (27) but also can suggest pro-
tective groups for the interfering func-
tional groups (37). Invocation of the
same strategy on structure 4 led, by way
of another FGI, to a number of interest-
ing precursors, among them structures 6
to 9.

Often, the retron that a chemist recog-
nizes when performing a retrosynthetic

analysis is too complex to be described
by simple functional groups and the link-
ages between them. Since most of the
retrons for a wide range of heterocyclic
and aromatic chemistry fall into this cat-
egory, modules have been added to
LHASA (32) that key transforms on the
basis of arbitrary patterns of atoms and
bonds. This keying method has allowed
the addition of many multicenter trans-
forms, which now constitute approxi-
mately 50 percent of the database. These
multicenter transforms include, for ex-
ample, those which disconnect heteroar-
omatic rings (pyrrole, triazole, indole,
and so on) into precursor fragments.
Several examples of the transform-
based strategy have also been imple-
mented in LHASA. The CHMTRN
search tables corresponding to reactions
like the Carbo Diels-Alder (7), Robinson

= Hal =
Q,
3 4

annulation (33), Birch reduction, Qui-
none Diels-Alder, and Halolactonization
(34) have been endowed with consider-
able power to request subgoal trans-
forms to rectify differences between the
target structure and the goal retrons.
Retrosynthetic sequences of up to 25
steps can be generated by these aptly
named ‘‘long-range’’ searches, which
now constitute the remaining 25 percent
of the CHMTRN database. Although
several hundred such powerful trans-
forms will eventually be included in the
database, this inclusion will follow cur-
rent work on the simplification of long-
range search procedures.

Three of the 15 sequences suggested
by the Robinson annulation search in
LHASA (33) for the synthesis of valera-
none (10) (35, 36) are shown in Fig. 5.
The first route suggested is an excellent

FGI

Sh i Lk
5 : ¥ 8 g

Fig. 4. Retrosynthetic pathways generated for porantherine (15) by the functional group-based search in LHASA. Boxed bonds indicate
interfering functionality (21, 29). Functional group—intérchange subgoal steps are marked FGI.
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Fig. 5. Three sample sequences suggested by the Robinson annulation module in LHASA for the synthesis of valeranone (33, 34). Boxed bonds
indicate interfering functionality (21, 29). Functional group-addition and functional group—interchange subgoal steps are marked FGA and FGI,
respectively.
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illustration of the power of the Robinson
annulation search. By considering both
six-membered rings in the target and all
the possible orientations of each ring,
LHASA has found a short, stereocon-
trolled route from readily available start-
ing materials. A single, easily solved
problem of functional group interference
has also been pointed out. The second
route suggested by the program shows
that intramolecular possibilities should
not be overlooked. The third sequence
provides an insight into some of the
stereochemical capabilities in LHASA.
In the first FGI step (interchange of
ketone for hydroxyl), the program auto-
matically generates both epimeric alco-
hols. For the second step, however, the
conformational-analysis module (37) pre-
dicts that only the B-epimer could result
from diaxial opening of the desired epox-
ide. Hence, the a-alcohol is discarded
and only the B-epoxide is displayed to
the chemist.

Topological strategies are well repre-
sented in LHASA as well (13). LHASA
has special perception modules that can
recognize strategic bonds in bridged and
fused cyclic systems, and the program
can be asked to concentrate only on
transforms that will disconnect one or
more of these bonds. A chemist can also
manually designate one or more bonds as
strategic or, conversely, preserve a bond
(or bonds) from disconnection. A recent-
ly implemented variation on the strate-
gic-bond search in LHASA uses an algo-
rithm that identifies pairs of ring bonds
that can be disconnected by intramolecu-
lar cycloaddition transforms (38). Some
examples of the bonds that LHASA
finds strategic in a few sample targets are
shown in Fig. 6.

Recent developments in the synthetic
methodology for acyclic diastereoselec-
tion (17) have prompted the addition of a
considerable amount of new chemistry
to the LHASA database. Transforms for
stereoselective aldol condensation (39),
asymmetric epoxidation (40), various
chelation-controlled carbonyl additions
(41), and a number of other reactions are
the foundation for the various stereo-
chemical strategies in LHASA (42). Se-
lection of transforms based on the rela-
tionships between stereocenters often
leads to particularly effective synthetic
plans. The stereoselective strategy in
LHASA restricts the search for trans-
forms to those designated as stereospe-
cific or highly stereoselective. Converse-
ly, when stereosimplification is not de-
sired, the ‘‘stereoconserving’’ mode may
be used to prevent the retrosynthetic
removal of stereochemical information
from a target. By analogy with strategic
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bonds, it is also possible for the user to
designate stereocenters in the target for
preservation or removal. Use of this last
option will become less important as
heuristic procedures are developed for
identification of stereochemically critical
target substructures. Results from the
new stereochemical strategy are promis-
ing, particularly for acyclic target struc-
tures. A sample sequence generated by
LHASA for the synthesis of erythrono-
lide B seco acid (11) is shown in Fig. 7.

New Methodology for Transform

Selection

In LHASA'’s initial stages, the pro-
gram benefited from the rigid separation
of transforms into categories based on
their functions and the methods used to
key them. This separation allowed
straightforward implementation of pro-
gram modules for each category of trans-
form. However, one limitation of this
scheme quickly became apparent. Some-
times, for example, a goal transform
required a subgoal that was not a simple
functional group interchange, addition,
or removal. A temporary solution for
this limitation was used in the long-
range, transform-based search tables.
The three types of functional group-
oriented subgoals were used where pos-
sible, but other transforms, called ‘‘com-
posite subgoals,’”’ were included as nec-
essary. These composite subgoals fre-
quently duplicated chemistry already
present as goal transforms in other parts
of the database.

A new method for describing trans-
forms is being implemented to avoid this
duplication and to increase the subgoal
power of all the goal transforms in LHA-

Fig. 6. (a) Bridged stra-
tegic bonds (13) identi-
fied by LHASA for
some sample ring sys-
tems. Retrosynthetic
disconnection of any of
the boxed bonds will re-
duce the complex poly-
cyclic bridged struc-
tures to simple fused or
monocyclic  systems.
(b) Fusion strategic
bonds identified by
LHASA for some sam-
ple ring systems. Retro-
synthetic disconnection
of any of the boxed
bonds will result in stra-
tegic simplifications of
the polycyclic fused
structures shown. (c¢)
Strategic bond pairs for
intramolecular cycload-
ditions in a sample ring
system.

SA. For a transform to be used as a
subgoal as well as a goal, the transform
entry in the database must specify both
the retron in the target and the resultant
substructure in the precursor. In such a
system, hypothetical sequences of sub-
goal steps can be grown before any
transforms are actually tried by the pro-
gram. Accordingly, the LHASA data-
base is being modified to include pictori-
al representations of each transform
(compare Fig. 8 with Fig. 3). These tar-
get and precursor patterns are perceived
by a parsing algorithm that extracts key-
ing information (for example, functional
groups, broken bonds) as well as subgoal
information (changes in bond orders, at-
tachment of new atoms, and so on) and
stores it for later use. The parsing algo-
rithm is relatively slow, but can be run
off-line (outside of LHASA) and is only
executed once each time a transform is
written or modified.

New Methods for the Generation of

Subgoal Sequences

In practice, there is rarely an exact
match between the target structure and
the retron for a transform. Occasionally,
a single subgoal will rectify the mismatch
and allow the transform to be performed
as a goal. More often, however, several
subgoals are required at different sites in
the target to correct the mismatch. With
the diversity of chemistry available,
many subgoal sequences can be devised
to convert the target to the retron for the
goal transform. A general method for
locating the best subgoal sequences
would increase the power of any high-
level strategy.

The new methodology for generating
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subgoal sequences with LHASA draws
heavily upon techniques more familiar to
the computer scientist than the chemist.
The overall process is based on the prin-
ciples of ‘‘heuristic search’’ (43), its ob-
jective being to select the best subgoal
sequence from many possibilities with-
out generating dll of the sequences.
First, all applicable mappings between
the target structure and the retron for the
desired goal transform are obtained. An
‘‘estimation function’’ is then applied to
each hypothetical mapping to assess the
difficulty of converting the target sub-
structure to the goal retron. This estima-
tion function yields a number that ap-
proximates the ‘‘chemical distance’’ (44,
45) between target and goal retron for
each mapping (the chemical distance is a
function of the number and the individ-
ual utility ratings of the interconnecting
transforms). Next, transforms for the
first synthetic subgoal step are chosen
for the best of these mappings; this
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9 FORMATION OF R2B ENOLATE
\/lk/ Final Rating: 55

choice is aided by a database format in
which both target and precursor patterns
are specified for each transform. Each of
the resulting partial sequences is as-
signed a merit value, which is based on
the initial estimation function for the
mapping modified by the utility of the
particular transform chosen and by the
degree to which the transform succeeds
in fulfilling the subgoal request. The best
partial sequence is then elaborated one
step further in the synthetic direction.
This evaluation and elaboration process
is repeated until a complete sequence is
hypothesized.

The program then performs the first
retrosynthetic step from the target. At
this stage, the program further evaluates
the merit of the sequence by taking into
account the applicability of the subgoal
transform to the target, as evaluated by
the CHMTRN scope and limitations
qualifiers, and the degree of functional
group interference encountered. If the

900
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sequence is still found to be better than
any other partial sequence, the next ret-
rosynthetic step is performed. The se-
quence is evaluated in this manner until
either a. step fails or the sequence is
completed. If the estimate of the merit of
the partial sequences is reasonably accu-
rate, the first sequence completed will be
the best one possible.

Applications of the New Subgoal
Methodology

Currently, a LHASA executive rou-
tine chooses a set of transforms based on
the requirements of the selected strategy
and on the restrictions imposed by the
chemist (Fig. 1b). For each of these
transforms, the routine attempts to
match the retron for the transform with a

‘corresponding substructure in the target.

Mismatches in functionality can be recti-
fied by invoking one or more subgoal

STEREOSELECTIVE ALDOL VIA

Final Rating: §5

Proto Conds: LiN(i—Pr), Proto Conds: pH 9-10
480 900
HO H LAH/TSCL OR RADICAL ci 0~ STEREOSELECTIVE ALDOL VIA
/ DEHYDROXYLATION % R2B ENOLATE
Final Rating: 30 H B Oaﬁo Final Rating: 35
Proto Conds: Acz0 at 25C Proto Conds: Enolate
then LiAlH,
992
a HYDROLYSIS OF o 0 616
(1R,2S)—NOREPHEDRINE IMIER ACID HALIDE FORMATION
H | &&Q Final Rating: 40 | Final Rating: 40
Proto Conds: pH 9-—10 ! Proto Conds: PXg
900
0 [o} 887 0 o STEREOSELECTIVE ALDOL VIA
ROSENMUND REDUCTION R2B ENOLATE
[&] -
I Final Rating: 50 Ho L Final Rating: 30
Proto Conds: H,/Lindlar Proto Conds: Enolate
992
OH 0 HYDROLYSIS OF o] OH O 896
; (1R,2S)~NOREPHEDRINE lMI{ ! FORMATION OF R2B ENOLATK
H
H I I Final Rating: 40 H o i Final Rating: 75
Proto Conds: pH 9-10 ! ' Proto Conds: LN(i—Pr),
800
OH OH STEREOSELECTIVE ALDOL VIA
H o R2B ENOLATE
H
H Ho | Final Rating: 75

Proto Conds: pH 8-10

11

Fig. 7. Sample route for the synthesis of erythronolide B seco acid generated by the stereochemical strategy in LHASA. Boxed bonds indicate in-
terfering functionality (21, 29). The sequence is presented in the synthetic direction, exactly as output by the off-line TREEPLOT program on a

Hewlett-Packard 7470A Pen Plotter.
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executive routines [FGI, FGA, FGR,
sequential FGI (20), and so forth], but
more complicated mismatches can only
be handled by the few transforms for
which long-range search tables have
been written. The implementation of a
new strategy requires considerable ef-
fort, either in Fortran or CHMTRN or
both. ‘

With the new methodology, the full
range of functional group-keyed LHA-
SA transforms can be used to rectify a
mismatch between target and retron.
The goal executive routine invokes a
subgoal executive routine for which the
inputs are the retron for the goal trans-
form and a mapping between that sub-
structure and the target molecule. Every
strategy in LHASA can make use of this
general subgoal algorithm. All that is
required is that the strategy be able to
identify an S-goal, to generate that S-
goal from the target structure by calling
the subgoal executive routine, and, if
appropriate, to perform the transforms
to convert the S-goal to the goal precur-
sor.

One application of the new subgoal
methodology is in transform-based strat-
egies. In these strategies, a search can be
constructed around a small set of S-
goals, each of which can be readily con-
verted retrosynthetically to the goal pre-
cursor. For example, ten such S-goals
have been identified for halolactoniza-
tion (33). Currently, the subgoal se-
quences to convert the target to such S-
goals are rated by a process known as
“‘prior procedure evaluation,”” or PPE
(33, 34). This process is quite complex
and must be reimplemented for each key
reaction. With the new methodology, the
algorithm to rank the subgoals will obvi-
ate the need for PPE and make it much
easier to design long-range searches.

Another strategy in which the new
subgoal methodology will see immediate
application is the ‘‘starting material-ori-
ented’’ search (46). In this newest of
LHASA strategies, a starting material
may be drawn in by the chemist or
selected by the program from a pool of
commercially available compounds. The
objective is simply generation of the S-
goal—no T-goal exists. The first step in
such a search is the generation of an
atom-by-atom mapping between target
and starting material (45). When a map-
ping has been established, the problem
of converting target to S-goal becomes
similar to that encountered in a long-
range search; the only difference is that
the number of mismatches is usually
greater owing to the necessity of match-
ing an entire structure rather than a
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.++.MARCH 585; HOUSE 596; B+P 468
.+«.ORG. RXNS. VOL.5, 79-135 (1949)
...BULL. S0C. CHEM. FR. 254,325 (1962)
. .RATING 40
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Fig. 8. A sample transform header from the
new, unified LHASA database. All keying
and subgoal information is extracted from the
descriptive picture of the transform.

smaller substructure. Considerable prog-
ress has been made in this area, especial-
ly for aromatic compounds (47), and the
methodology is currently being expand-
ed (48).

Problems for the Future

The new techniques for the generation
of subgoals have opened up a number of
promising areas for further work. One of
these areas is the automatic evaluation of
the various tactics possible within a se-
lected strategy. The same heuristic crite-
ria that are being developed for guiding
the search for subgoal sequences may
also be applied to the initial subgoal
requests for different tactics.

For example, several ring-forming
transforms might be considered for con-
structing a cyclic target structure. In
turn, each transform might be consid-
ered in several orientations with respect
to the target ring system. A rating could
be assigned to each orientation of each
transform on the basis of the inherent
usefulness and reliability of the trans-
form and on the simplification to be
expected from its application. The final
rating for a sequence leading to the goal
transform would also depend on the sub-
goal transforms chosen for the sequence.
Inclusion of the estimated ratings for the
projected subgoal steps in the final rating
would allow the best sequences, and
thus the best tactics, to be found rapidly.

In fact, subgoal searches for several S-
goals may be carried out in parallel.
Since the rating of a partial sequence
becomes more accurate as the program
fills in the details of the sequence, by
considering several requests in parallel,
the best combination of an S-goal and a
sequence may be obtained. For example,
several starting materials may be cho-
sen, either by the chemist or by a data-
base screening program, and subgoal re-

quests may be made for each of them.
The subgoal search would begin by
choosing subgoal steps for the best of
these. However, if a good sequence were
not found quickly, the program would
proceed to evaluate a starting material
that was initially rated as less promising.
In this way, the program would find the
best sequences for any of a group of
starting materials. Currently, the algo-
rithm is being implemented on a single
processor; however, it is designed to be
implemented on a network of parallel
processors as well.

A number of long-term goals have
developed in this research. One is to
increase the involvement of the LHASA
program in the strategy selection pro-
cess. At present, strategy selection is left
up to the chemist. Machine selection of
strategies would involve identification of
substructures that suggest particular
synthetic approaches, ordering the cho-
sen strategies according to various heu-
ristic criteria, presentation of these stra-
tegic choices to the chemist for verifica-
tion, and, finally, execution of the best
strategy. New perceptual capabilities
would have to be added to the program
for it to be able to perform these tasks,
but the heuristic method developed for
choosing and ordering strategies would
also find applications in other areas of
organic synthesis.

A logical extension of automated strat-
egy selection would be the concurrent
use of two or more strategies. This ap-
proach could lead to particularly elegant
plans for syntheses, depending of course
on the range of strategies available and
on the heuristic method developed to
guide the selection process. Again, the
heuristic method for this type of search
would be useful outside the field of com-
puter-assisted synthetic analysis.

The detailed stereochemical and
mechanistic evaluation of transforms
provides another area for further work.
LHASA is already capable of sophisti-
cated stereochemical analyses (7, 8, 33,
36), but the ability to make accurate
predictions about molecular shape and
reactivity in an interactive environment
could stimulate development of new
techniques (37). For example, the stereo-
chemical course of certain reactions can
be described by a *‘steric-approach-con-
trol”’ model. The stereochemistry of
each transform could be calculated from
such a model (48, 49), but in an interac-
tive environment it would be more effi-
ciently arrived at by ‘‘table look-up”’
procedures (50). To this end, LHASA
transforms are to be categorized by
mechanism to allow for greater standard-
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ization of the database and to assist
transform writers in deciding what struc-
tural features would help or hinder each
reaction. The coordinated use of LHA-
SA with programs that can perform de-
tailed mechanistic evaluation of reac-
tions in the synthetic direction [for ex-
ample, CAMEO (5/)] may prove useful
in this effort.

Until recently, the database for LHA-
SA has been kept quite small but, as the
usefulness of the program has increased,
so has the demand for a broader selec-
tion of transforms. The task of expand-
ing the database is monumental, not only
because of the number of organic reac-
tions in the literature but also because
the LHASA database contains more
than just simple descriptions of reac-
tants, products, and reaction conditions.
For LHASA to assess correctly the ap-
plicability of its transforms to an arbi-
trary target structure, each transform
entry must include information about
yields, negative results, reaction mecha-
nisms, alternative reaction pathways,
adverse structural features, rate-enhanc-
ing properties, and so on. As shown in
Fig. 3, this information must be input not
in tabular form but rather in the form of
scope and limitations queries about the
target structure. Since designing and de-
bugging these queries requires consider-
able time and effort, any method for
streamlining the transform-writing pro-
cess would represent a significant ad-
vance. In particular, a separate graphi-
cally driven program to assist the chem-
ist in writing transforms is in the plan-
ning stages. This program would prompt
the user for all the important features of
a transfort entry and would also suggest
questions that might be appropriate for
LHASA to ask about a target structure
on the basis of the reaction mechanisms
designated by the chemist. Like LHA-
SA, this program would be interactive,
processing the chemist’s input and coun-
tering with suggestions of its own.

LHASA is only one of many computer
tools that are starting to be used routine-
ly by organic chemists. Another type of
program that is rapidly gaining populari-
ty is the reaction retrieval database sys-
tem (for example, REACCS, SYNLIB,
or ORAC) (52). Although one cannot
write a LHASA transform with only the
information in one of these databases,
this type of system could prove useful
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for identifying new reactions to add to
LHASA and for checking LHASA trans-
forms for generality.

The task of expanding the LHASA
database is of such magnitude that exten-
sive collaboration among groups of
chemists worldwide will be necessary. In
fact, two consortia of chemical and phar-
maceutical companies are already in-
volved, LHASA UK in the United King-
dom and CASAG (the Computer-Assist-
ed Synthetic Analysis Group) in the
United States. Since this article has dealt
primarily with developments in comput-
er-assisted synthetic analysis at Harvard
and the University of Leeds, it is impor-
tant to mention the programs written by
some of the other groups in the field. The
SECS (53), CASP (54), and SYNCHEM
II (55) programs are similar to LHASA in
that they rely on databases of known
reactions, whereas the EROS (56) and
SYNGEN (44) programs base their syn-
thetic suggestions on more simple bond-
making and bond-breaking processes. As
mentioned above, the CAMEO (51) pro-
gram works in the synthetic direction
and will be a useful adjunct to retro-
synthetic analysis programs.
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