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Abstract-The background for synthesis design logic is presented, followed by the development of a 
procedure aimed at assessing all and locating the best synthetic routes. The procedure has two stages, first a 
dissection of skeleton, then a generation of necessary functionality on it to afford successive construction 
reactions. The implementation of this plan with computer programs is described, with some results. 
Reduction to computer has in turn served to clarify the overall logic, which is accordingly somewhat different 
from previous descriptions. 

Synthesis of organic molecules has a long history but 
the conceptual act of design, of selecting a synthetic 
route or sequence of reactions, remains undefined, an 
art in the midst of a science. Before 1967 it was not even 
addressed in the literature.* Our minds, our 
knowledge, our literature, even our starting material 
catalogs are not organized for it. We speak of a 
synthesis as “elegant” but no one can define this 
elegance or say whether another routemight have been 
shorter or simpler. 

Size of the problem 
Synthesis design is difficult because there are a vast 

number of synthetic routes possible to any given target 
from tens of thousands of available starting materials. 
This results from a combinatorial monster of what 
pieces to use, what order to take them in, and what 
reactions to link them with, and because the scope of 
~ssibilities is so vast it is probably not generally 
appreciated. In order to see this, we may consider just 
the possibilities of putting the target skeleton together 
from starting material pieces, ignoring the choice of 
reactions necessary to do it. This skeleton is a graph 
and there are a number of ways to dissect it.4 If it has b 
bonds or links and we decide to make i, of them in the 
synthesis there are @) combinations possible of bonds 
to make, or sets of starting material pieces to use. The 
simplest steroid synthesis is that of estrone (1) in which 
5 out of 21 skeletal bonds are made (dotted in l).5 

(1) (2) 

There are 20,349 combinations of five bonds possible, 
of which this is only one. Since the average starting 
material piece used in synthesis has three skeletal 

carbons,’ a dissection of the C,, cortical steroid 
skeleton (2) should yield seven pieces and so i = 10; 10 
of 24 bonds to make offers almost two million possible 
combinations of skeletal dissection alone. Then the 
order in which any one of these combinations of pieces 
is put together is still unspecified, and there are I.! 
possible orders for any starting material set. The five 
dotted bonds in 1 were made in the numbered order 
shown.5 The combinations of pieces and orders must 
be multiplied, giving 2.5 x lo6 routes for assembling 
estrone by making five skeletal bonds, or 7 x 10” 
routes to the C,, steroid,7 still irrespective of the 
chemistry, i.e. the functional groups and the reactions 
involved. The number of routes to create the C,, 
steroid skeleton from one-carbon units, i.e. total 
synthesis, is 6.2 x 1023, more than Avogadro’s 
number ! If we made each molecule of 2 a different way 
we would make a mole of steroid. 

The idea of routes to the target is often expressed 
graphically as a synthesis tree (Fig. 1) with lines 
indicating the reactions and points the intermediates;’ 
the circled points are starting materials and two 
synthetic routes are marked as heavy lines from 
starting material to target (T). The tree shown is very 
deceptive in being so very small a part of the whole. 
The problem then is to find a systematic way to assess 
all the routes and locate the best ones through this 
enormous tree, within clearly defined constraints. 

The original computer procedure, used first by 
Corey and Wipke’” and since by others,“*” was to 
follow systematically the presumptive reasoning of 
chemists, back from the target functionality stepwise, 
using a built-in library to find all last reactions and 
their substrates and then repeating this for each 
intermediate so derived. This procedure immediately 
generates a large number of intermediates at the first 
level and, as each intermediate becomes target in turn, 
an almost exponential increase in numbers thereafter. 
The need to prune the tree here is met by prediction of 
reaction yields at each step and, in the interactive 
programs, by allowing the chemist to select favorites. 
There are several intrinsic weaknesses in this 
approach. 
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Fig. 1. The synthesis tree. 

(a) The prediction of yields is notoriously imprecise 
and so a poor basis for comparison among thousands 
of routes assessed. 

(b) The procedure has no direction: it ignores the 
available starting materials until found at the end 
instead of actively forcing the search to converge on 
them. Similarly the process is not actively directed to 
seek economy. 

(c) Directed by functionality and reactions dictated 
by it, the procedure cannot synthesize unfunc- 
tionalized targets without incorporating dummy 
functional groups and there is no heuristic to indicate 
where to locate these.xh Furthermore, such dummy 
functional groups, removed before the target is 
reached and so leaving no trace in its structure, are not 
uncommon in real syntheses of functionalized targets 
as well. 

(d) At the mercy of a library of known reactions 
there is no opportunity to generate new synthetic 
reactions. 

Finally, however, while synthetic chemists rarely 
describe the conceptual basis for a route chosen, it 
seems unlikely that they have employed such a 
mechanical procedure. A broader grasp of the whole 
structure is implicit in their work and some relation to 
a special starting material or key assembly reaction is 
often apparent. 

We can approach the synthesis design problem as a 
huge tree search, comparable to such searches in other 
fields. The size of the tree demands a reduction and 
four vvays of doing this are common. 

(a) S_~srctn~~ri~. It is common in tree searches in 
other fields to define the units in the search space 
numerically since digital expression allows all 
possibilities to be simply mathematical combinations. 
This provides both rigorous definition and also the 
confidence that all combinations can be found 
mathematically. Also there is the advantage in digital 
description that it affords easy and rapid compute1 
manipulation. 

(b) Sir~p/$r. Here we define the material in the tree 
more broadly, in effect coalescing trivial distinctions so 
as to manipulate fewer items. Then aflcr selection of a 
few optimal choices. roughly defined. these may then 
be refined back to normal detail. Simplilication is 
analogous to map-making: the larger the area 
mapped, the fewer- the distinctions made, the greater 
the level ofabstraction in representation. Our common 
representation of molecules used in synthesis is a 
pictorial one, a graph of connected atoms. and at a 
level of abstraction that omits much information 
(interatomic distances and angles. congestion, charge 
distribution, CC). ELCII this level of abstraction is too 
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(1) CH,COCH, + CH,O + HN(CH,), 3 CH,COCH,CH,N(CH,), 

0 0 
II II 

(2) A + CH,O + HNR,- M NR, 

0 0 0 
II I II II I I 

(3) -C-CH + C- + HN- --C-C-C-N- 
I I I 

(4) 20 + 2---+20*1 

detailed to map all possible involved molecules in a 
synthesis tree. A next level of abstraction, with more 
severe generalization, would reduce molecular 
description to a simple, linear digital one, capable of 
encompassing a much larger search space practically. 
Such a description is offered below and may be 
illustrated here with four levels of increasing 
abstraction for the Mannich reaction, each with more 
severe generalization than the last, each increasingly 
omitting more detail that is left implicit for the chemist 
to fill in from his general knowledge. 

(c) Subdivide. If the tree is still too large to handle, it 
is reasonable to subdivide it into subtrees and so to 
operate on them one at a time sequentially. In order to 
do this the subtrees must be independent ofeach other, 
with no crossovers between them. Such a subtree is 
shown shaded in Fig. 1. 

(d) Select. The crucial operation, of course, is to 
select a few optimal routes from so many in the tree. 
This requires criteria to direct the search, to reject 
some solutions and to assign priorities to the rest. 
Furthermore, the criteria must bevery stringent ones if 
only a few routes are to be selected as optimal. The 
basic criterion is one of economy of time and materials. 
If yield prediction is to be abandoned, then the basic 
criterion becomes that of shortest routes, with fewest 
steps. This means the search will be speeded by actively 
directing it toward the nearest available starting 
materials, thus converging onto the shortest possible 
sequences. 

Overview 

Synthesis is a skeletal concept. The aim is to create a 
large target molecule from small starting material 
pieces. To put together these pieces is fundamentally to 
assemble the skeleton. In the combination of pieces 

x order x reactions the traditional focus has been 
on the reactions, but it is the pieces x order, i.e. the 
skeleton and its dissection, which is more important in 
taking a broader view of the problem. We can discern 
a dichotomy in molecular structure between the 
skeleton and the functionality on it. There is a parallel 
distinction in reactions, i.e. those that build skeleton- 
constructions-and those that alter functionality 
(refinctionalizations) with no change in skeleton.’ ’ 
Hence our first major simplification of the problem 
will be to consider only the skeleton. This 
simplification is enormous: the thousands of acyclic 

I I I 

starting materials with six linked carbons or less are 
represented by only 13 skeletons. The main 
consequence of this focus on the skeleton is that only 
construction reactions are obligatory in any synthesis. 
It follows from this that the shortest, most economical 
synthetic route is a sequence of constructions only with 
no intervening refunctionalizations. Thus an ideal 
synthesis may be defined as one in which the starting 
materials come correctly functionalized to initiate 
their constructions and that the functional groups 
remaining after one construction are exactly those 
required to initiate the next. Also, at the end when the 
target skeleton has been fully assembled the functional 
groups remaining from the last construction are 
exactly those of the target. 

Such an ideal synthetic route is a sequence of 
constructions only, with no refunctionalizations, and 
is very rare in practice;12 the average synthesis 
contains twice as many refunctionalization steps as 
construction steps6 However, such a synthesis must be 
the shortest and constitutes a goal to aim for in seeking 
economy. It is also a very stringent criterion for 
selection since it lays such heavy demands on the 
overlapping functionality directing successive 
constructions. 

This concept then dictates a procedure. We should 
dissect the target skeleton first in the best ways to sets 
of starting material skeletons and check a catalog for 
their availability. Only then, for the best sets found, will 
we generate the functionality necessary for self- 
consistent sequences,’ 2 working sequentially back 
from target functionality until the required functional 
groups on the starting materials are revealed. These 
are then again sought in a full starting material catalog 
for their availability. Hence there are two stages, the 
first a major simplification of the target to skeleton 
only and dissections of that skeleton into optimal 
pieces and orders. Second then comes the generation of 
the reactions to link them, a sequence only of 
constructions with the necessary functionality to drive 
them. In this way we must find the shortest routes from 
real starting materials to the target. 

Skeletal dissection 
The simplest gross description ofany synthesis is the 

bondset. This is just the set of skeletal bonds (A in 
number) which are constructed in the synthesis. The 
bondset may be further defined by the order in which 



they are constructed (orcl~ed bondset). The set of 
dotted bonds in 1 is the bondsct for that synthesis,’ 
and it is numbered in the order they were made. 
(Common practice is to make one in four ofall skeletal 
bonds.“) The bondset directly shows the starting 
material skeletons and the carbon sites on each one at 
which construction occurs. usually 2 -3 sites each. The 
four pieces used to make 1 arc labeled with Roman 
numerals. The bondset defines a single independent 
subtree of the whole synthesis tree, containing all the 
reactions used to create the target from one set of 
starting material skeletons in all possible ways. The 
subtrec for the bondset may therefore he fully explored 
without interference from other parts of the tree. In 
view of the many possible hondsets noted above, we 
shall need vcrq stringent criteria for dissecting the 
target skeleton into a few best possible ones. We shall 
also need a basis to put these bondsets into priorit) 
order. 

A basis for ranking synthetic routes can be made 
from the .s~:rlr/lrsi.s pltr,l, a graph of the sequence of 
operations m the synthesis.” The synthesis plan is a 
small section from the whole synthesis tree. 
representing a single synthesis, as in the plan in Fig. 2 

Sq nthesis Plan l’or I I ) 
Iv 

II: 
III 

+ 

T 

Id 
I ’ ’ ’ 1 I 

I=5 4 3 2 I 0 
Fie. 7. Synthesis PLana 

for synthesis of estrone (I). The lines represent 
reactions, as vectors to the right. The points are 
compounds, those at left with one line out being 
starting materials. the one at far right wjith one line the 
target. and those between with 2 3 lines joining being 
intermediates. The horizontal line> are rcfunc- 
tionalizations and construction c~\~clirtrlior~s (double 
lines). The other constructlons. which join two pieces, 
;‘re called rr//,\-aCons and represented by a pair of 
angled Snes meeting at the altixation product. The 
starting materials are Roman numbered as in 1. Figure 
2 shows piece I being refunctionalized once, then 
afiixed to piece Ii. while III and IV are scparatcly 
joined and cyclized, then finally altixcd to I 11. cyclized 
and refunctionalized to the target (7’). The path-length 
(I) for each piece can bc easily seen, none more than 
live. The five constructions are numbered in sequential 
order matching the order of the darted bonds in 
structure I. Most syntheses are more extended, having 
more refunctionalization reactions. Removal of the 
horVontal rcfunctionalization lines coalesces the 
whole synthesis plan to a construction plan, showing 
construction reactions only, and a further coalescence 
of the cyclizations, just to circles around the 
intermediates which cyclize, affords the ~fl,~atiorl plan, 
also shown in Fig. 2 for the estrone synthesis (1). 

Overall yields can be calculated directly from the 
synthesis plan if all the individual step yields are 
known. These cannot be known in advance at the 

planning stage, however, but it is reasonable to assume 
that any mechanistically sound reaction can be 
optimized to a similar good yield. Hence in calculating 
overall yields of sequcnccs we simply assume 4 X0”, 
for each reaction. However, the more convergent a 
synthesis is the less meaningful is the overall yield. A 
more accurate measure of o\crall yield is the total 
weight of starting materials required. This is simply 
W.,,, = EiMix’i. ~+icrc L?, ;s the molecular weight of 
starting material i and I, IS Its path-length. the number 
ofsteps piece i passes through to the target. The term x 
is the invel-se of the aLerage yield (fc>r X0”,, yield. 
x = 1.25 ). Values of IV*,, can be used to compare the 
relative efficiency of difl’ercnt routes. However, at the 
planning stage the detailed molecular weight (M,) will 
not be knov,n and so we can substitute for it just the 
number of skeletal carbons (n, I in the starting material 
piece. Hence ~vc &tine W =: Z,n,x’a as a measure of 
total starting material weight for purposes of 
comparing planned routes. It turns out that even if all 
reactions have the same yield the vaiuc of W is lower 
and hence better for some routes than others, even with 
the same number ofsteps. This is a function ofthe form 
of the synthesis plan. Therefore, wc can I-ank various 
plans in a priority order, first by the number of steps 
and then for those with the same number of steps by 
total startins material weight (W ). 

Examination of \,arious synthesis plans for different 
routes allows us LO draw up some rules about the 
efliciency of plans, seeking minimal Lalues of W. 

(a) Obviously economy demands minimizing the 
number of refunctionalizations. It may be noted 
especially that protecting proupa require two 
rcfunctionalizationf: hence protecting groups may be 
seen as good chemistr! but bad synthesis. Only if the 
protectinggroup IX present in the starting material and 
comes otT automatically in another reaction (no 
separate removal operation’) does it represent a good 
plan. Most of the refunctionulizations in published 
syntheses are protecting group manipulations. 

(b) Refulictiun3lizations are least damaging to 
elticiency and W if done early. preferably on a starting 
material prior to its incorporation in constructions. 

(c) Resolution to chiral intermediates is especially 
severe since ir must be 1~s~ than SO",, yield. Hence a 
resolution is equivalent tc? about four refunc- 
tionalizntion steps since four steps at HO”,, is 41 o. 
overall. It is important. therefore. to resohe as early as 
possible on the smallest pc>ssiblc intermediate. If it 
must be done at all. 

(d) The calculattons of W dictate that cyclizations 
should occur as early in the plan as possible. before 
other pieces are added to the cyclizing unit. 

(e) Large StXJtillg materials should be added as late 
in the sequence as possible to minimize W. 

The main variable affecting economy in synthesis 
plans is convergency. a concept first expressed by 
Velluz el ill. ” In a convergent plan the pieces are 
assembled separately and independently, then linked 
together afterwards near the end of the synthesis. This 
may be seen by comparing the affixation plans for 
three cases of aiiixing eight pieces (Fig. 3). There is a 
continuum of partially comergent sequences between 
a strictly linear one, at left, and a fully convergent one, 
at right (there are 23 possible atfixation plans of 
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Linear 

\ 

Partly Convergent 

27 

18 

Fig. 3. Affixation plans for eight pieces 

24 

16 

Fully Convergent 

varying convergency for eight pieces). The most 
convergent possible has the lowest Cli and also the 
lowest Cx’i as illustrated in Fig. 3. The extent of 
possible convergency is related to the bondset, as many 
bondsets do not allow a fully convergent sequence. 
Also convergency defines the order of bond making in 
a bondset. 

The best bondsets are dictated by full convergency. 
These result from truncating the affixation plans for 
fully convergent total syntheses (i.e. from one-carbon 
pieces) to those with starting material pieces of 2-4 
carbons already linked.i3 Thus the affixation plans for 
fully convergent bondsets can always be mapped onto 
the plans for fully convergent total syntheses. 

In practice the convergent bondsets are found by 
dividing the target skeleton first into two roughly 
equal parts, cutting the fewest rings. Then each part is 
cut again the same way until pieces of 2-4 carbons are 
found. The resulting ordered bondsets may then be 
ranked by calculating W, which will be essentially the 
same for all and minimal. Convergency not only 
defines both starting material pieces and order of 
assembly but is also a stringent selector of bondsets. 
The C,, steroid (2) cut into eight acyclic pieces affords 
two million bondsets but only 45 of these can have fully 
convergent plans from pieces of 2-4 carbons.13 The 
convergent routes are only about 50”/, better in W 
than linear ones on the affixation plans but when 
refunctionalizations are added to string out the whole 
synthesis plan the preference rises sharply and can 
favor the convergent plans by a factor of 5-10 times. 

Other dissection modes 
There are other heuristic bases for dissecting the 

target skeleton for economy, i.e. for fewest steps. All the 
following ideas can be sought during the search for 
convergency. 

(a) Minimizing steps includes minimizing iL and this 
implies seeking the largest possible starting material 
pieces. Many of these can be discovered by comparing 

the two parts found at each cut with a catalog of 
starting material skeletons. 

(b) Two equivalent halves or nearly equivalent 
halves generated by any cut can allow one half to be 
made from the other and so delete the steps necessary 
for its separate construction. The skeletons of the 
quassinoid family of natural products (3) and that of 
chrysanthemic acid (4) illustrate this idea.’ ’ If one part 
dissected by a cut is not identical to the other but 
contains its skeleton, one may also be made from the 
other more quickly than by separate construction. 
Again these identities can be discovered while making 
cuts toward convergency if the skeletons of cut parts 
are compared with each other. 

(c) Multiple constructions are more economical 
since they construct several bonds in one operation. 
For two constructions these can be double affixations, 
annelations (i.e. affixation + cyclization), or double 
cyclizations. Multiple cyclization is the basis for 
economy in the Johnson steroid syntheses,” one of 
which is shown (5) with the partial bondset of its 
multiple cyclization dotted. Such multiple cyclizations 
will occur last in the sequence. Annelations, including 
the Diels-Alder and Robinson methods, are all located 
when a skeleton is cut in two through a ring. The 
double afiixation requires three pieces, two of them 
identical and joined to the third in a single reaction. 
The idea may be illustrated by the C,, skeleton (6) 
which has 720 possible ordered bondsets of i, = 3 but 
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only ten which meet this condition (with the identical 
pieces >C,). One of these is shown in (6), with the 
bondset order numbered to show the double athxation 
as the first step. 

\ 

c & , .- 

. 

(5) (6) 

With these heuristics optimal bondsets may be 
found, and ranked by number of steps and weight of 
starting materials, via stepwise cuts of the target 
skeleton toward full convergency. while seeking the 
other conditions at each cut. The entire dissecting 
operation is capable of a simple and systematic 
treatment by the computer. It is in fact the very kind of 
operation that computers handle much better than 
people. 

Reactions 

Having examined the pieces and their order of 
assembly, we move on in the second stage to the actual 

Attachments: Kind 

reactions. Here we need to generate the functional 
groups necessary to direct selfconsistent sequences’ ’ 
for each bondset selected above. At this point we 
require a simple, rigorous definition of functionality 
for the computer to manipulate numerically. The point 
of digital description here is to coalesce trivial 
distinctions of functionality. to enable rapid computer 
handling, and especially to convert all possible 
variants into simple mathematical combinations so 
that all can be systematically treated and found. 
Furthermore, a really basic description will encompass 
all possible functionalities and reactions. including 
those not currently chemically feasible. 

The numerical characterization of structures’“.“’ 
starts from a definition of four kinds ofattachment any 
carbon may have. and then assigns to each carbon the 
number of each kind of attachment it has. as 
summarized in Fig. 4. Thus any structural carbon is 
definable by two numbers. G and f. denoting its skeletal 
level and its functional level,“’ and examples are 
shown. The value of x accurately gives the oxidation 
state of any carbon, and so ZAx for any conversion 
shows the overall change in carbon oxidatron state (see 
bottom of Fig. 5). 

Any reaction is now simply defined by the 17~ 

.srructur-UI d7m7ge from substrate to product, or equally 
in the reverse direction. A single reaction step is 
rigorously defined as a unit exchange of attachments, 

NUmber ___ 

h 

( 

H- or electro- 
positive atom ) 

3 (o-bond to carbon) SKELETAL 

n (*r-bond to carbon) 

f=F+z -FUNCTIONAL 

2 c- or n-bond to 
electronegative I- 
atom 

a+f = 4-h 

Examples(a) : c=o -__ 

2 

3 

4 

carbon oxidation state: x = z-h 

f=o SC- (saturated hydrocarbon' 

Primary 1 SC-z (Rx,ROH, etc.\ 

Secondary 2 >c=O ( ;CfOR!*, etc.' 

Tertiary 3 -_cN (-COOR, etc.‘: 

auaternary 4 co, 

f=f :c=ci 

T Z-C=&. 

f --e_=c- 

3 ;>c_;c< 

'5 z-_Crc- 

:a) In the functionality examples the f-value 
refers to the boldface carbon and unspecified 
bonds are nonfunctional !R of H\. The overbar 
specifies the ~-value.~' 

Fig. 4. Numerical characterization of Structure 
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Oxidative Reductive Isohypsic 

Construction RH Rz Rn 

1 
RR 

Fragmentation ZR HR nR 

Addition zn HII Rll 
nn 

Elimination CH nz i?R 

Substitution ZH HZ zz HH 

Relations in Reaction Changes: 

Ai + Pa + Ah = 0 

XAx =2XAf - XAn + CAo 

Fig. 5. Reaction labels. The label is the change at one carbon in one reaction step. Unit exchange of 
attachments = bond made; bond broken. 

and so a reaction as commonly understood may 
sometimes (though seldom) consist of more than one 
successive reaction steps. This unit exchange is labeled 
by two letters, first the kind of attachment made. then 
the one lost; the 16 possible exchanges at one carbon 
are listed and described in Fig. 5. Thus reductions of 
ketone to alcohol or halide to hydrocarbon are equally 
HZ reaction steps, and Ax = - 2 since all the changes 
in numerical values (f, g, x, etc.) for a carbon are exactly 
implicit in the reaction label. A single reaction step will 
involve more than one carbon if R or fl exchanges 
occur since these demand the same change on an 
adjacent carbon. This system allows a simple but 
rigorous organization of all possible organic reactions 

R-CH,-Cl% R-CH,-MgCl $ 

f= 1 0 

x= -1 -3 

a=1 1 

XAx = -2 

>3Aa= 0 

r 

just as the Beilstein system organizes all possible 
structures.” 

Two examples of the notation are presented in eqns 
(5) and (6). The values off, x and tr are shown for each 
specified carbon as are the letter symbols on the arrows 
for each reaction step. 

Reaction generution 

Once the ordered bondset is defined, the skeleton at 
each point in the sequence is specified. Hence for 
functionality generation we need only manipulate f- 
values for each carbon since the o-values are 
determined. Any structure is represented by an 
ordered list of f-values for the list of numbered carbons 

0 OH 
II I 
C-R’- 
H 

(aH.aZ~R-CH~-C-R’ 

H 

(5) 

R 

0 0 
. . II 

.-CH-PO(OR), + C-R- -CH-C-R (6) 
, (RH.RZ) 

R 

f= I 2 1 1 i i 

x= -1 +2 0 +1 -1 0 

o=l 2 2 3 2 3 

XAx=O 

ZAtr = +2 

-2 

0 
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Substrate Product 

a P Y a P Y 
c-c---c- c--c--c- 

-I Half-reaction A 
_____-______--__--__---_---- 

+ Half-reaction B 

c-c- c- c-c-c- 

f-list 

change fff 
ClBY - 

f f f 
U8Y 

Half-reactiOn Types (f-list change for minimum-f case 
shown in boldface below! 

Polarity: 0 Polarity: -._--a_ 

in the skeleton. This,/-lisr for any substrate changes in 
a defined way into the f-list of the product for any given 
reaction, and so in reverse the f-list for any substrate 
may be generated for a particular reaction from the f- 
list of the product. 

Construction reactions may be generalized with 
part structures as shown at the top of Fig. 6, labeling 
the carbons X, /I’, ;I on each piece out from the carbon 
(z-carbon) forming the new bond. Each piece then 
displays a half-reaction which may be described by the 
change in the f-list (f,f,f.,) from substrate to product 
(or vice-versa). The chan’ges at the a-carbon must be 
RH, RZ or Rfl (RR is ignored as also involving a C C 
bond fragmentation). With the lirst two the 
functionality at carbons b and ;’ does not change, but 
RfI requires a loss of fl at the /I-carbon also, Le. Hfl. 
Zfl or IIn’. Of these the first two require attachment 
changes at both r and /!. the third a change at ;sas well. 
Vinylogous reactions require three carbons since they 
exhibit a Fill change at the /I-carbon and so demand 
nH or nZ at the ;,-carbon. Therefore. the six formal 
possibilities for construction half-reactions on up to 
three carbons are shown at the bottom of Fig. 6; and 
necessarily include all possible half-reaction steps2’ 

In these generalized structures in Fig. 6 rhe 
unspecified attachments may be made to H, R or Z. 
The case of minimum necessary functionality implies 
these attachments only to R or H and these are the f- 
lists shown. If one or more of these unspecified 
attachments is to Z it is a parallel example at higher 
functional level but the net change is the same,22 as in 
the simple RZ half-reaction, which can bc alkylation 
(1 + O), the minimum-f case shown, or carbonyl 
addition (2 --+ I). or acylation (3 -+ 2). or carbonylation 
(4 + 3). 

Finally. the f-list change in a half-reaction is either 
oxidativc (Ax = + 1) or reductive (Ax = - I). The 
former are designated as e-polarity since they are 
nucleophile half-reactions. and the reductive ones as 
@-polarity since they arc electrophiles. A full 
construction combines two half-reactions. and ifone is 
@-polarity and the other @-polarity this is a common 
isohypsic (-- i- or t - ) construction, i.e. one with no 
overall oxidation state change (EAx = 0). These are 
the only full constructions used here.‘” 

The IX possible full construction combinations (9 
+ - and 9 - t from Fig. 6) may be generated along 
any strand of six carbons surrounding a designated 
construction bond of the bondset. This is done by 
adding an f-list generator corresponding to the net 
change in f-list, to the product f-list of that strand in 
order to create the substrate f-list.” In the computer 
the fl-overbars must be separated from the f-values as 
separate digits so that an frc-list is used. For each of the 
18 full constructions this is a 12-digit number for the 
six carbons across the bond formed. The generator for 
each of the 18 reactions is simply derived by 
subtracting the minimal fn-lists of product from 
substrate for each combination in Fig. 6. and stored in 
core for use. Their use is iitustrated with the Michael 
addition in eqn (7). 

By way of expansion of this procedure to 
approximate real chemistry more closely, we may 
briefly note some options. First many practical 
constructions are in reality a construction together 
with a refunctionalization. This is true in many 
reductions of halides to Grignard reagents and other 
high-energy carbanions. also in elimination following 
construction (Wittig, aldol. etc.). The examples of eqns 
(5) and (6) show two such common synthetic 
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Product Substrate 

-C-C-C-C-CH-C- 
I I I 

f-list: 0 2 o-0 0 2 +(RH .Rl-f .HTI)- 0 2 0 +1 1 2 

Generator: 
fx-list: 00 20 00 00 00 20 +OOOOOO111100 00 20 00 11 11 20 

operations, each of which is two reaction steps 
(construction and refunctionalization) in the 
definition here, but accepted for our self-consistent 
sequences as equivalent to single steps in the synthesis. 
These automatic refunctionalization steps may then be 
added to the construction generators to create new 
generators for these two-reaction-step operations. 
With the present added refunctionalizations we have 
expanded the list of full constructions from 9 to 32. 
Secondly, restrictions may be included on the use of 
the construction generators, i.e. restriction on 
inadequate activation, incorrect regiospecificity, or 
preference for another reaction over construction. 
These restrictions may be applied as tests of the values 
of f, IL, Q, etc. at the carbons proximal to the bond 
constructed and may be used to invalidate reactions 
which, though formally correct from Fig. 6, cannot 
occur. This eliminates much chemically unreasonable 
output, such as RH constructions at unactivated sites, 
etc. Finally, numerical tests can be devised to delete 
reactions with incompatible functional groups 
elsewhere in the molecule. 

Program 
The overall logic resolves itself into a procedure for 

the computer. 
(a) The target molecule is entered graphically as a 

skeleton with f-values at functionalized sites as shown 
at the top of Fig. 7. This is resolved by the computer 
into a simple carbon connectivity table or adjacency 
matrix of the carbon skeleton, i.e. a symmetrical n x n 
matrix of l’s and O’s, with the n carbons numbered. 
Then the f-values of the carbons are carried in the 
diagonal of this connectivity matrix.29 

(b) The skeleton is cut in two all possible ways and 
the parts searched in a catalog of starting material 

w: LR!Z+&: 

skeletons. Then the procedure is repeated for those 
pieces not found in the catalog. The program seeks 
matches not only with the catalog but also with all 
other cut parts, to locate identical pieces for common 
synthesis or double affixations. It can also find all ring 
cuts in the whole target skeleton for multiple 
cyclization. When all cut parts are identified in the 
catalog, ordered bondsets are put in a priority order 
according to minimum number of steps and minimum 
W, and these may be displayed. The C,, molecule in 
Fig. 7 is skeletally dissected in the top row and one of 
the ten bondsets for double affixation (6) is illustrated. 

(c) For each bondset the functionality generators 
are all applied to each cut bond successively in reverse 
order. The six carbons around the last bond 
constructed in the target are taken first and the 
generators added successively to the target f-list for 
those six carbons to generate the f-lists of last-reaction 
substrates; most will not give viable substratesz4 and 
restrictions applied before generating will eliminate 
more. The same procedure is then applied to the next 
bond back in the bondset order, using the new 
intermediate functionalities generated in the first pass, 
and so on until all bonds are cut and the resultant 
required functionality on the starting material 
skeletons is revealed. These are then searched in the full 
starting material catalog and the routes from available 
starting materials are recorded.25 

(d) In principle the output can be displayed several 
ways. The starting material skeletons, oriented as they 
appear in the target, can be graphically displayed with 
f-values entered on functionalized carbons, as shown in 
Figs. 7 and 8. Further, each intermediate in a synthesis 
could be similarly laid out in sequence. For many 
syntheses this is too much output. Morecompactly, for 
each bondset we can list on one line the f-lists of the 

Numbered 
Skeleton: 

Double 
Bffixation: 

Generated Functionality (one set): output Starting Materials 

fn-list. 30 20 11 11 20 00 11 11 20 00 

n} sq, :&q/ 

Fig. 7. Dissection of a C,, molecule. 
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Fis. X. Generation of estmne synthesis 

starting materials followed by simple symbols 
denoting the nature of the two half-reactions in each 
successive construction. This allows the chemist to 
perceive immediately the net structural change and 
implied chemistry. Such output is shown directly as 
received from the computer in Fig. 9. Definition of the 
detailed construction labels has been omitted as trivial 
in this discussion2’ but will generally be apparent in 
all three figures if the f-lists are all refined to normal 
structures and their successive conversions examined. 

One double affixation route to 6 is recorded in the 
lower half of Fig. 7. In Fig. 8 is an illustration of the 
stepwise generation of one self-consistent sequence to 
the intermediate in the estronc (I) synthesis:’ the last 
three reactions are those in the published synthesis, the 
first two are reasonable variants. The five 
constructions are circled in the ordered bondset and in 
the generated self-consistent sequence. 

While the logic is basically simple, the programming 
details are extensive.“” At the present tune parts of the 

overall program have been written as separate 
modules for separate testing. and are not all yet 
complete nor tied together to make a single overall 
executive program. The graphics input has been 
created to accept a drawn structure on an ordinary 
CRT screen and then to normalize automatically a 
poorly drawn one, equalizing bond lengths and angles 
(Figs. 6 and 7). The present starting material catalog is 
about 8500 compounds.‘^ The adjacency matrices of 
these compounds are ordered for quick search by row- 
column inversions such that the binary list obtained by 
stringing out the matrix entries is a maximum number. 
Then the skeleton catalog is simply a listing of these 
numbers in numerical order for easy searchmg. When 
a skeleton found by the program is to be looked up its 
matrix binary list is similarly maximized and that 
number sought in the catalog.‘” 

Another program is being created to locate starting 
materials in the catalog which arc one or two steps 
away from a structure generated by the main 
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procedure. This allows locating not only exact matches 
in the starting material catalog but also starting 
materials which might be converted to a desired 
compound by refunctionalization, rearrangement or 
fragmentation. This is possible because the numerical 
change in f-values between any two structures can be 
used to calculate the number of reaction steps 
separating them.28 

The convergency dissection module is currently 
being built, but a separate program has been written to 
find all double affixation opportunities (see Fig. 7), i.e. 
all skeletal dissections into three pieces with two 
identical and each of these connected to the third from 
the same site.“j Another program has been created to 
derive all multiple cyclizations with alternating bonds 
in the bondset as in 5. The bondset in 5 is only one of34 
possible bondsets of i. = 4 with alternating bonds. 

The functionality generator module is now 
operative and produced the functionality results in 
Figs. 7-9. At present its output is in the form shown in 
Fig. 9, generating starting materials as fn-lists and 
listing the successive construction reactions used.26 

There are reproduced in Fig. 9 only 20 sequences of 
the 32 which were generated, but a close examination 
shows how closely related many of these sequences are. 

CONCLUSION 

The overall aim of the project is to find all the 
shortest routes of successive constructions to a given 
target from given starting materials. The basis is a 
major simplification first to skeleton only, in order to 
encompass the whole synthesis tree and find optimal 
bondsets. Then, second, for each bondset there is a 
simplification of functionality to numerical f-values to 
encompass the whole subtree for that bondset. 
Selection is based on fewest steps and highest yields 
(expressed as minimum W), selfconsistent sequences 
and available starting materials. The system is 
intended to be rigorous and clearly defined so that the 
chemist may know that it produces all possible 
syntheses within these constraints, including some 
with presently unfeasible chemistry which may 
challenge the chemist to invent new reactions. In this 
way we hope to produce a set of optimal syntheses of 
any target which may serve as a standard for 
comparison with synthetic plans invented by 
practicing chemists. R. B. Woodward saw himselfas an 
artist in synthesis design and indeed his best syntheses 
pointed to elements incorporated in the logic here. The 
intent of this project is not to replace art in organic 
synthesis but to show where real art lies. 
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