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nrq~nic cbsaical 4Yhthcsis is found to be a auitable probl•• for
t1@Y01opin'l aachinp ... t.elliqp.Dce where the resultiftCJ s)'stea prcaises to
hI'! ~f qen:linp uUlltv. The r.ballenge of tl1e vork of pr0<Jr~. df'&lC)D
,ris~s 01t of tbp. coaplelity ot the task of s}ntbesis, the large base
of ~r.ientific kbowl~dCJP and YocAhulary required, and tb. abstru.e
rlaLe~ of reasonibg e.ployed hy tb4'! "experta" in tlae f leld. A pre.. ious
pa pe r (9) described t ho prohle., qiYing a qeDeral approach ba.ed
on the tech~iques ot h~qristic search for solutions and aoae interestinq
examples of the results produced by the proqr••s.

"e dsti to descn he in tbe prp-sent co.aanic.tion, details of the
prortn. desiCJn.

1. 1 rROBLE~ DEFI.ITION
~ynth.sis io pr~ctice involYes i) tbe choice of aolecale to be

~ynthe3iz~d; ii) the for.ulation and specification of • plan for
synt h~s is (loYolY inq a wali(l reaction path"a, leading fro. coaaercial
or r~~~ill available co.pounds to the target co.pounds "ith consideration
of feasibilit.y with reqard to the purpose of sJQthe~is); iil) the
9~ler.tlon of speCific ind1.i1ual steps of reaction and ~b.l~ teapotal
or1erinq tor execution; iv) the 9xperi.eatal esec.tion of the syn~he61s

and y) the retJesi gn of :;ynthesps, it npe.s.ary, depend1D9 ufon the
experiaeatal re.ults.

In contra.t to th~ phyaical synthe.ia of the .alecule, tbe activity
H) ,hove can he t.er.p·' thp • tora"l .Jot".sis'. Tbis 4evelop.ent of the
sper.ificatlon of syntbqses involves aD laboratory technique and is carried
~ut m3inly on p~p~r an~ in the ainds of che.ists (and no" withit a
co.p~t~r·~ .~.Qry!). Por.al synthesis i. our only concern in this
project.

1.2 ~PECIPIC~TIO"

!be proar~.R and reSUlts described berein represent tbe coapletion
of th~ tirst phas@ of an a.bitioQs researcb ~oal to design a
s,stp. wbich takes as input so.e represea~.tioD (no. tbe Wi......r
lineae Da.@ - see P~f. _) ot tb~ target coapoaad toqetber with.
li~t of conditions and con.~raints that a.at 90ver. the solation0' th~ probl~.. Tbe pr01ra. (se. 'ig. 1) ba. at its dispo••l a
list of coapouad., tb~ w~h.lt libraryft, tlaat caD be ...qaed
a.ailable with so.~ toiieation of cost and ••ailabilitf (a.ai1-
~hl~ or.-band or in in~Qstri~l, pilot or laboratory ~~antitie.) aDd
so on. The proqr ••s IIS@ a [ltactioa llbrar} cnntainuq generaliz.d
procqdur.s fot the synthesis of functioa.1 groaps ••••~ract.r.l
features aiDql, or in coabinatioD. rhe oatp.t 1. to be • set of
propn..4 sYDtb~.l. procedares (not1a, the abaeDce of a t~eoEetlcal

Wb·!st ft or wonl,· Rolution). lacll propo....,atbe.i. i. to be a
..ali~ r@actlon p.th- ~~, fro. the a•• il.~le co.pouada .anotatea
witb pstlaat~d ylelds fOE e4ch step of t~. procedar. togetber with
bl-~ro~QCt pr..dictioa. a •• t.arget .olec.le ••paratioa ,coeed.re.
(with estl.atea ••pera.. loD ~fficl.acr) for .ac" step. Yhe
.ynthp••• are to be rate. ad laoc on the .alia.ted d..r.. to wbich
each ['CocolJllre S<i ti.Ues the cODdltioDS of tbe proble••

1.) CHlIICTIR1ZATlON
Tlae r ••der caD rtfarilly r.alize nat ••cll of Ottr .ffut

.a. ~lrect" into ~uildln, ap a cla••lca1 .t~~.re ~.pc..eDtatio. aa4
• large 9ocabe1ar, of ch••ieel ter•• deli....... t ....trllCt.ce
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r~prp.sent.ation. pprbaps the .or~ fasciaating chdllen~in9 facet
of thp proble. wa~ ~hat of constructing a rational basis tor the
r~dsoring pro~ess in,~lved in d~si~ning syntheses. Syntheses 4[8 not
~rou~ht forth in a fl~Rh of QDderstandio9 but are deYeloped one step
at a ti.e. Th~ ~~Yelopm.nt of these steps are algbly interdependent
and occur witb geD~ral technique. wbicb C.D be le.xned. ~e ba,e
v~tched and interacted with a che.iRt, Dr. Prank I. Powler, vh~le h.
de,,'lope;i synth~s~s. We atte.ptpl to isolate useful co.ponents. in
Dr. Powl~r's prohl@.-~ol,lDq acti'ity. So.e of hi. technique. a.,e
heer, incorpor~ted dS heuristics within tb. sfn~b...is ••arcb al90ritb••

• R~~ chapter 2 of thesis for a discusaia. of this.

IT. "VERVI!"

ife have approached th('lo desigll of oar systea at t.o 1.,.1.:
cnnc~pts a~d iaplempntation. The conceptual diYi.ions are tbe h.uristic
proq~~., owerall aethodol09Y, the reactloD librarr and its US8, tile
inf~r.ation store and its utilization, and the list of a~ailable

co~r~unds. The i.ple~entation of the~~ on a substructure .ade of a
sfstp.m for infor.~tion representation, storaqe, retriewal aad .anipulation,
will be rewiew~d here first. Readers wishing to sti., .a, safel, 90
cn to section ~.2.

2.1 THE SU2STRUCTnRE SY5TlN
Thp. principal ai. in the design of this syste. i8 to facilitate

co••unicrttlon with thp cO.lltJter regardiDg c .... iatry. Based upon a COh­
,~niP.nt structure represent~tion .0 hawe built up a Yocabulary of
cite. teal t.r.s and coneeptb abollt cll•• ical .truc:tar_. "aer. is a
9~parately d.siqn.d representation of reaction ec.... aDd .anipal.tite
trdJlsforiutions. Thf' interface between the library of reactioDs and
choM;c,l structur~s i~ a question-dnsverin9 packa,.. lnot~.r i.portant
part ~f tb. i.ple.p.ntatio~ 1s th~ iDfor•• tiOD strQCture used by tbe
heuristic pro9r•• to record partial disco••rr .....aa... ~~. progr•••1a9
support sy8t•• for infor.ation r.pr.sent.tio•••d •••i,ul.tlon i. t ••
sub1ect of a Doctoral thesis in preparation br &.J•••~t CI.f. 2).

2.1.1 SftUC'l'UBE lUPIIP.SP:Nt'I'l'IOI
l representation is de.ig••4 for ".ic cb..ical ••ti~l•• like

.to.s, iODS. free radical. aa. co.poaada. '~••e .otios••r. in..par.~l.
fro. their c~••lcal structur.. 'II••tr.ctar. r.p~...t.tio. tber.for.
pro~iie. for the actual topological proterti•• aa. t~••t.r~.a1cal
a~tatls ot tbe cQ.pound. The .tractare i ...d......bl. to in.pactlon,
.",H ftcation "nd ••niJ'ulatioD. I linear ••• c••o.ical Da•• 1.
ln~i5pens.bl. for indezed list8 of co.poead. aD4 for co.pound. to t.
co.pare1 for oqal,alence. Tbe li..ar ca.oalc.l sot.ti•• 4•••10,..
by Vis.ess.r (B.f. ') i ••••4, .ith oar ow••ocl1ficatioaa latrodace4 for
ezpe4ieDc.. One no~.vorth, f.atare of tb••1......~ ..tatioa ia tb.t
it preserwes full structural inforaatio. (altbo..' t.1a i.focaatioa 1.
not bandy for ••aipulatiOll). !h.refor••190rtt~.ic lnt.rc•••r.loD
of the l1n4ar notatio. and tb. topological ~t.tioa i. f...i.1••••
has he•• progr••••d to tra••late • 1ar9. cl of .otat!o••

lac" topol,gical ••ecriptl0. is •__ 184 bJ aa attrib.t.
table of 1Dt.r••tiD9 .t••, "a48, tEo rla ~ic. _ry•• 1.
two .a1or capaciti.s. Plrat. it fo~. ~. ba.i. for ri.' ....r.l
foestions dir-ectly and for baild1s, ....r. to co.pl•• CJa••U,oa••
second. it proyldes ba.dl•• to .pecific Iro.,•••4 at... of t" top·
oloqlcal d.scriptio•••• t ... ~.lp. tbe r ..atio. _lectlo. roetlMa •••
structural tr•••fnr••tloa ro.tl....



2.1.2 CH~~lCAL VOCABULARY
Starting .l~h b~sic idp.as ~uch ~s the Do.ber of .Dshared elect£oDs

in an ato., thp. nuaber of bydroqens con~ec~ed to .D a~o•••d ~he degree of
11nkaq~. va have 4eY@loped a YocabQlary of Dearl, 150 ter... la••ple.
of 30.P. of the higher le~el ter.. are • • •••tar.tio•••cid ...­
.itiye. d~Jrep. of .ensit1.1t" stronq elec~roa-~~..i.q 9ro.... ba..
qcnsitiye 9EOUpS.

2.1.) OUESTIOM-I"SIERl~G PICKAGE
The heuristic Fro9ra. reqaires ans.er. to •••, ~ae.t1on. abo.t a

st.ructure b*fore it decides oa tbe cIa•• of r ..~ioa. to att••pt. aad
requires ..DI a~e ana.-rs as in41Y14aa1 r.actiOD. are test" for
Yali1it, and side-effects. Tbese questio•••re aaa..r.d fro. tbe
attrtbute table, the Vis.esser naae, the stractar. descriptioa or fro.
an ~cten4ed attribate Yector der1ye4 for t •••tracture. ! •• gue.tion­
answ~r package is concerned chiefly with ·,e.-ao· ~...tloDS.

2.1.4 gaAC~IO" tISI.I'
The reaction library is a collectio. of reaction &C••aa grouped

into seyeral set.. All sche.a in a .e~ .,atbesi•• tb....e structaral
feat. lire hilt aar use differellt react.iolls. ceact..ats aad reactloD
cOD~itioDS. 1 reaction sche.a consist.s of a rule for .tractare t.raas­
for.~t1oa and se••ral wets of tests OD ~••traet~e of • co.poua4.
The reaction conditlons to be used and ~e'ec..ce c.tiats ~Y. iaiti.l
Yalues, and .odifica~ions are indicated bas.d OD t.~ r.sults.

1.1.5 RB1CrION ROOULE
Tbe r••ctioa aodule is • set of coaye.t10Ds a.d progr.a. t~.t

u.l1izp. tbe reaetloD library. 'here ar. roatia•• to r ••d ia t.~e

tranRforaation, par••eter. of the re.ctl0•••4 t~. associ.t.d te.t.s.
Thp. ~psts are conducte~ thcough t.e interface _itk tbe gue.tioll­
~n~w~rinq .odole. The cbanges occurri.g at tbe c••ctiye site are
carried out·ia two steps. I. t •• fir.t .tep. the stractare of tk.
qt.-n coapound is •••• in.d aroand the re.cti•• sit. ar. id..~ifi... la
t~e socoad atAp, t •• sub.tit.tieD fr.g...t atractar•• ar. recOl.i••d
.~~und one or .or. other r.actl.. groap. tb.. g••erati., tb. tr...fora.d
!tt~uctllr~s.

2.1.6 ~I08LI" SOLYIIG TIl!
'.e benristic pcoqr•••••• a tc..-lite .trsct~e to .toce

partl~l r ••alts .nd alternati•• COQr••• of .ctioa. T~ d.t. it••• ia
the tree ca. be na••• of coeposnd•• faactio.. l grosp•••c~e.a
r~ferences and sta~•• aDd cros.-refereace infor.atioa. ~b. d.ta structare
for tbe problea sol.ln9 tr.~ 1s dlscasaed fully la • fortbco.iag
thesis (Bef. 2). In the t.r.laoloqr of ~.uci.tic ...rc~. ~~e probl••
solY1D) tree for srnthesls i••n IID/OI tr•••

It 1s conY.nleat to 1..,i•• ~.. tDee to b..... of • s.~ of
~o.~ound na••s. one tied to ••otb.r br r.latio•• l ,olst.r••
~o.Ay~r. tkere are I1Y-. layer. of .tractsr. 1a ~~e tr.. crt,. 2).
8-.10w a coapouad are a li.t of .ad.. lnlle.tia. t_ cMpt.r. of t~e

react 10ft librar, th.t .er. ase4. lacb ~.,t.r 18 foLlow•••, • li.t
of r~f.reac•• to f.a~lODal f •• tac.. of t~e co.....1 ~at .ere
considered r.l••••t. to tM c~.ptft. la. I_etioa sc a"li.d to
thio f.atare is listed below it. , .. r ••ctioa ec~.. 1 ~o a
Sq~ nf aabgoals eack of .kic~, 1D t~., i •• set of co.,. d
for the r ••ctto....tione~ iD t •••el.... 70 all...ffiei.at ..tat..aace
aa~ proc...l.9 of tk. tr.., each coepoaa. oacarclat 1. ~ tr.. I. .
."t~re4 in • Sf.bo1 -rable. ~~e tr•• i ••till... c*ietlf to .tore
rela tloD.bi,. b~w... CO.poUDlIa .Dd to ..lDta1l ,~o'l...01.1a.

r



inf~r•• tioD. The pr09r•• c.n find fro. t~e tr.e .ad t~••,abol tab18
~n~p.rs to sach questions as:

Row difficult does this co.pound .... to bel
flow (jood is this seq...nc. of st.ps'
Is thls co.pound sol.edl
Ha. thi. co.pound b••• att••pted to be .,atb••izedl
If so. wh.t va. the result of tbe atteapt?
What is the b~st seq.ence of step. d•••loped till now?
What are all the instance. of this co.pound occwrring in tbe

tree' and so oa•
•• ha•• briefly described the .ar10a8 data .truct~.R .nd

routinp.s t~at far. tb. tool. of tbe ~earlatic arntbesi. px09ra••
l.idpntly. this sa.e ~.t of tools coalel be ased to buill not only a
.ynthQ81s prograa but also an analysis progra. or a reaction
.1-.1at10n proqr.a.

2.1.7 LIST or 1'.ILI8LI COl,nOIDS
Th. ALDRICH ch••ical catalog .I.f. 3) of 154' ~1a.e.8er ••••• of

co.pount1s vas usee! to gel.erate the sbelf library. Tbe initial Yer.ion
ased a reduced set of l6~l Aldricb listed co.pound. aag..nt.d vitb
na.e~ of co.aonlr a ••ilable r.agpnts and certain 9..... Tba li.t vas
set ~p for direct lnok-up br co.po.nd n••••

2.2 AN O'ZI'JIW or THI HEUIISTIC PIOGIAft
Before " progr•• to auto••tic.ll, .pecify .,ntbesi. praced.res

coul~ bA writtp.n. th~ Ale.ents of synthe.i. ~ad to be isolat.d aDd
defillt"d. Ibeir autul hterClctioft ".re co••idered in a 9••er.1 ......

T~e input t.o the pro,r.a, con.isti.. of tbe •••• of tb. co.po••d
to hp s,Dth.sized. eoft.traiat. on the r •••lt••n4 t~ list of awail.ble
co.po~Dd••••ts the conteKt of t~••r.tbeai.. T~. iafoea.tio. star.
c~n ~upplT reactions and caD answer question. of cb..l.tr,. the
pr09r~a therefore is .ade up of a definition of .,.~.si. tog.tker vith
a repertoire of techni~.es for .,nthese••

Th. definitlon of a .,nth@sla i. 1.plicit la the ~09r•••nd
is as folio••:

i) Tb. st.rtia, sateri.l. ar. to be a.ail••1. coapo.ada a•• tke
sequ.nce of reaction. sbo.ld 1••d .p to the 9os1 co.po••d

i1) Th~ iDterae4iate co.pound. in the .'.tb.... .., b. kaow. or
~nknow. coapound., but ••ch ••• t be •••li4 .tractar•••d stable
under tbe co.ditlen. of tke syatb.ala

iii) It is iaport.nt. to d••~lop aDd to It..tlfy ar.t~... wbicb h•••
• good yield, vh.r. the r ..ctlo•• wll1 take ,lea- wltb ~i,~

probability and witb e~.e. Ixtr••• a••and. are Dot to be plac.d
OD equip••at and atartin, .aterial.. s.,..ac.. of r.action••re
to be .i.ple. in.olwiD(j .peclfic tra••foraatians witb aiDiaal
siele-effects and correct loa41 .t.,..

2.2.1 O'II'IIW OP THI SOLOYIOI GI'I'A~IO' PIOCISS
The proce.. of finding a .rDth.sls for a C08pO••• i. to 80••

"Kt~nt analo,o•• to the proce•• of prowla, a theorea in ,eoaetr,
')r to tbat of tabU.•hia, proof. 18 foraal lotie. 'l'1a. paral1.1s
•• can elr•• bet o.r pe09r•••tlel tile "o_tr, Tbeore. prod.,
'roqr~. C••f. 5) .r.. :

Theor.. 'l'ar,et coapoaa.
RQI~s of d.claet.lon Ga••r.ll••d reactio••
Proof I a,at••81a .~..ce
'.loa. and pr..l..... tist of a.ai1a~l. oo.po.a••
Til. e.o_tr, 'I'.8Or•• Prow. pr091... ... tuecU•••a. ••

patterned the pr....t pr09r•• to fo1l.. 1\. ..••..c. ailalflcast
4iff ftrenc•••ri.e owl., aot oal, to tb. 11ff.ceac.. 1......f1altio..



of t lap. probl'us but dao to tlte dissiailar1ty in the aatute of tbe
probleas the.selYe~. i~ will stress the 4ifferences in the proble.
solYing procedures.

PoteDtial reactions to generate a coapoun4 can be dewi••d br
eKa.tning the structural co.po~ition of the aoleclll.. This fora. tbe
basi~ fo~ working backward. The aajor ..thod of the progra. ia ao
analytic search procedure. whereby tbe last step of the syntheais is
the first step to he discoyered. the nOKt to the last step i. the
second step to be discoYered aad so on. fhws t~. disco.ery
sequ~r.c. ia the re••tse of the synthesi••eg.eDce.

rbe working backward procedure has fl •••ajor stepa. Initially
the qenerating goal 1s the target coapou.d.

1. Analysis of the gene~atlng 90al
2. Sel~ction of reactioD sche.a aad its .alidation
1. SlIbgoal gene~ation

Q. Entering infor.ation in the probl.a solwlag tree
S. Selpction of neKt genor~tin9 qoa1 fro. the problea solwiog

tree
1nalJ5is at the generatinq goal: the stractural description is

aeY~lnpei fro. its Wisvesser na.e ~Dd its attribute table ia constructed.
Th~ latter task incorporates the identificatioD of fUDettonal group.
and ring structares of iaFortance. 1 ckoice of faaetioaal qroap to
synthesize is .ade by consulting the attribute table. lttention 1.
qiY~n to diY~rBe functionaltty and slIitable choice ia .ade .a009
.'1 it ipl.e occurrences.

Schea. is ebosen fro. a.ong the scke•• that sYDthesize that
9iY~n type of faDc~ional grollp. These are r.actio.s ~at ca. lead to
the qenerating qoal 1D CDe conceptual step. alt~oa9b ...era1 c.action.
aay br. inwol.ed. The set of tests to b. perfor.ed••oee o. the
generating ~oal and so•• OD the .abfoal. e.body ..., of the eke.ical
bpuristics thftt guide th~ progr... Detailed cOD.id.ratioa i. g1geo
to r~acti.e sites in the aolecale. co.pating reaetio•• and .id••fleets.
If anr serious conflict 1. 4etect4d. the a••ociatel r.actioa acb••a
Cor the sabgoal whea the test is .ada oa a sabgoal co.poa.d) i.
re1ected. aased on th. results of tast. the ad bee .ezit ratiat .ay b.
aodified Craisod if a co_jagat.d aetlYatia,- troe. 1••r ....t a••
lo.nred ii steric hindrance 1. detected. tbe reaction procedare. aar
be andified ( a different reagant .igbt b. specified 1. tb. pr••••c.
o~.~roap. seasitiYe to the as.al reagenq or protect1oa reaction.
i_itiated for a.n.ltl.e group••
. .se~ any atandard teatbook OD org••lc cke.i.~r, CI.f. 6) or

91a..ar, in t~esi••
Subgoal generatton: The tr&Dsforaat10n r.le co8ta1e.d is t_e

sch@aa ir. lRterpre~.d ID t~. g.Dera~ie9 ,oal and tk. reactaat. D••ded
for the reaction are defined fol10.i., t'e t.o st.p. tllat ••re
.~ntion.d befote. ~,. 11••••••r ..... ere caep.te4 foe t~. r.actaata.

I.taring i.for.atio. lato tke p~o~.a ••1Yl., tr..: ~Il. abelf
libra~y i. con.altea to identtf, reect.~. tkat are ••all.~le. la
esti.~t. of cost aDd a.allabl1it, 1. o~.l.abl. at tht- p01.t. .D
ad hoc o.erall aerlt is co.pated for .ach ••btoal b.... o. t'. adja.te.
rpact.ion ..rit aad the ••ti ..t.4 sl.plicitJ of r..cta.t coafo..d.
ea.ai1able co.po••d. qet t'e ki" ••~ aia,llcit, ••1.... co.to.... tllat
r.salted 1a total failar. in aa .t~apt for ~'eir .ra~..1a get
the low•• t y&I_... If a., e..etioa ... all it. nactut. a.al1••1.
or sYllthesized 1a ttl.. cOtlr... of tbe p~09ra.·. _&,'i.9. it coa,l.~e.

a slnthesls. 111 coapleted .ynt~.... are collect" o. a liat. If •
• ynthesi.-a.arc' ter.l.atioD conditio.....ot beea .1,.al••• til• . ... t •
• 8bcJOIll 1••elected for fuUer a"el.~ a•• ~ ,nee••• 1.
r-ear.i••l, coati..... • .'.t~••i.-.~ tr.. 18 t~.. , ...cat••• t'•
• truct.re of ..'ie' ....... e,,08 tk. alt.it... a .... for MUca1aiat
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t~p h~st subgoal for furt.h~r consideratioD. ~h1s algorith. vill be
discussed furtber in this report. A d1.co.err s.~qeDc. 1s ccaplete
vh~n it leads fro. th~ qoa1 co.poqn~ to • set of a.al1abl. atart1ng
.aterials. ~h. progr•• ~o~s ftnt hal~ after f1n41D9 j ..t a., a,ntb.al••
It parsaes sabgoal. till .ither ~ll prospectl ,atb.... are fou.d to
b. of BigDllicaatly low.r ••rit or it co ODe oc .or. a.lllable
r •.~llrC"H.

ItI. THE EI.CUTIYE PROr.ll~ AID PROSLI! sOt'tl' a.glISTles
3.1 THE OIGI.lll~tO' OF THE II!COTI'E .IOC.&.

Tbe Bl.plifie4 flowchart of the b.uristlc ...rc~ proc••s
e.bodied 1D tb. elecuti•• progr•• 1s .how. 18 'lg.r.). Th. followiag
iisco~rse eaplaiDs the flowchart using ,ita.t. 1 Ctop of '1gure .) as
the exa.ple input co.pound.

1.1.1 IMITIILI!lTIOI
Tbe st.ndard reactiom library is laitialise. for wse, unl••••ola

changes are indicated bJ impute Tbe prowl.ioD for d.si,nating a.y .at
~f re~etioD sche.a in the I1bcarr as te.poraril, aausable aDd the
facility tor reordering th. priorities a.si9Ded to reactions ~el~

one to custo.ize tbe reactioo librarr for anJ pa~tleQlar eqD.
The standard catalog of a'ailable CO.poUD•• ls also iDitlalt:~4

for llSlO)..

The Da.e of co.pouDd to ~e B,ntb••la.d i •••b..,aentl, read tD
by thp. proqra.. A proble. sol,~nq tree is cr••ted .i~~ o.e sub,oal
~t its root. (Tbe tree, for us, qrows dowavard with tbe root at the
top!) The .abgoal consists of a slngle co.pound -- th. goal co.,ou.d.

3.1.2 HEOI[S~lC SlaRCH
Pollo.ln, lnit1aliaatioD, the ,cOIra•••te~. the .ai. part,

reppatedlr selecting a goal fro. tbe probl•••01.iDg tree a.d
spro~tiD~ subgoals for it.

).1.2.1 GOlL SILIC~IO'

~hA ••Ip.ctioD of a goal fro. a probl•• sol.lag tr.. follo•• a
si,pl~ heuri.tic algoritb. aDd Is farth.r e.plaia84 i •••etioa 3.2.'.

The first ti••, of cour.e, t~ goal to be ..lected i. the onlr
eo.pound in the tree - t~. target aolec.l••

).1.2.2 SaBGO&L GllIKltIOJ
The a.tail. of .abgoal , ...ratioa for a c~...a ..al are 9i••• i.

Ptqure 5 ana ar. follow•• i ••etall .it' a•••a.,1e 1. -.ctio. 3.'.'.
We shall pr••eatl, .kip o.er th. d.tail. a.d Dote that for the goal
sel~eted all Ya11d ..bgoals viii be g...rated u.la, all applicable
rp.~ctioD BC~.aa. ror 'ita.i. I, tb••abgoal ge••~at1oa proc.....t.r.
,] .a1i4 .abgoal at the f1r.~ 1•••1 directl! .elow 'ita.ie I,
repr-.•• at1ag •• aaa, di.tinct .ay8 of gettl., '1~4.ia & ia oa.
r.actio. atep. Oat of t~••3 .alld .ablOal., 9 ••btoal. ha.e two co.poaad. ,
together ia .ach ,1.1d a.4 a coaat of 52 ....oal co.poe.d.. o.t of tb...,
1 eo.pound•••r. fo••d a.al1.bl. throu9' the lld~ic~ C~••ical catalo9.

·~h~ proble. 801.189 tr•••fter the .ub9Gel tea.ratlaa woeld a,c&r
a. !lhOWD ln r19fte 6. fte det.Ue4 41.,ra••"0•• t"~ • r_ct oa
sell.... wor••••11 and that no Abqaal repr•••t. a c_f!K.II .,at'••ia
for 'tta.i. I, aft~ the fir.t le••l of ••"oal g•••ratio••

Til. lleei.io".. at-out t'" app11cabU1tr of a react10a "'Ha allcl
the .ali41t, of a ••bgoal 1. ~.latioa t. a Ir~le. 801.1a, tr...r.
Dot forM1 bat ar. Muristic. SlIClt lleeildo_ i •••l .. t ...
'IUl1utloa of j.dg_••tal ' ••1 cdJ.et tl'. _.Ut t ••• u
a h@ar1atic proce4.r.. 611 1. j .......~ retaina, are _ter"
iftt~ t~. probl•• sol.l.q tr... Co.po.'" ace~.. tor ••a11a"il1tJ

I



in tho co.pound catalog aad are ••rlled 'awailable' when they are. the
Ulrich catalog nuaber 1s also entel'nd at the sa•• ti ...

The ~Yailability of certain co. Founds .ight baye co.pleted the
synt~eseG of co.pouads hiqhdf QP in tbp tree.
If all co.pounds need~d for any re~ctioD are either .arked '.wailable'
or 'sol wed' thea the subqoal higber up 1. the tree .~lch linked
to th~ reaction is sUbseq~eDtlJ .arted 'solYed'.

If no Yalid Rubqoal could be generat.d for t'. 90al coapound
then 1t is ••rked 'stuck'. rot a higher leYel 90al if all Bubgoals
are 'stack' tben the higher leYel qoal i. also ••rted 'stuck'.

).1.2.] HEU!IS~IC l'AL01~IO' O. "!RI~

~irst, all nevly created subgoals
~nd ~oapo~nd. are e.aluated and assigned a .erit rat~ng in the
sc~le of 0-10. lYaliable coapoands receiYe the hi9hest (best)
possible rating 10. ~ultiple occurrence. of a CO.pOUDa in t~e

tr~p are cross referenced so th~t they reeeiwe equal ratiDga.
Co.pound~ n~t aYailable thro~gh the Ca~alo, are eYal.ated by a
fqnction oased on ~beir strQctucal characteristics a.d loc~tioD

i\n1 ~n#iroDaent. in thp proble. solYing tr.e. Tbe reaction used 01>

p.~ch subgoal is assiqned a .erit as vell. ~h. selection of a
subgoal is based upon both tbeae Yalaes a. vill be explaiDed iD
section ].2....

T~o •••lu4tlon functiqn is ad-boc a.d Yolatile ..d does Dot
pp.rfec~ly cbaract.rl~p. the difficulty of .ynt~e.lzin9 a co.pound.
Howpwer, 1t is an elcell~nt heuristic in tbat, for large class.s
of ~o.pouDds it cbaracterizes vell the difficult, of .,ntheaizing,
an'! 1~ co.putatioDCLll, siaple 80d i.e.pe••i ..e. 'arther, our
proce~ure for backing up ••al.ations froa lover le.el8 and aakiDg
continuous reylaion of .erit ratings as t •••"EC~ enfold••
cnepp.nsates fnr any iaperfections of tbe e.alaatio••

ThUS, the second aspect of tbe bearistic e ••I.-tion of &ubgoals
is the backing up an~ re.isi~ft of .erit. of all affected aubgoa1a
hl1h~r up 1. the proble. ao1.L.9 tree. I....ti08ed .-o.e t~l. i.
an essential step and peralta goal sel8Ot10D to proc." top-devn
be,inninq at the roo~ of the problea aol.1.g tre••

1.1.7.' SlOPPING CIIT!Rli
Each ti.e tbrough the aain ercle of tbe prograa. after

.valQ~tion and ~fore inYokiDg .abgoal ..Iection.
tbe pro9r•• coDsia.rs a 5ecislon to stop.

?~e proqra. tat•• atock of
re$Ources •••d ap aad resoarces re.atniag. fbo•• re.~rcea

~I~.ined lnclu~e tiae, ••aor, space in core, and t~. dlsc spae~

11ser! to store the proble. sol.ing tre.. 'file al.e of tile proble.
~olY.ftq tree caa also be ~se4 to liait la•••ti9.t10a.

If 411 sQbgoals are _It'.r -a.ailable', '801.84'. or 'atGc.', DO
furthp.t vo~k ca. be carried oat aDd tile prograa ...t kalt.

~t p~es~.t. no li.its are placed os t~ •••~r of coapieted
.1nthp.b~s t~at .a, be di.coyered. Tbe progra. t'" b.. til••••aate ot
~xpl~ing tbe b••t a ••aue. a.allable vit~o.t eK~a.atlDg an, critical
resourc•••

It is conceiYabl. that one coald coepar. th rlt of t'. "at
~nsol.ed sub90al vlt~ t~e ••rit of coapl.t•••,.t t~u. faE, a.a
deci~e apo. the asef~l.... of fartber ••plor.tio••

1.1.1 IESULTS or BIUlIstlC SlllCR
Aft~r aeyeral repRt1tl0•• of the "e.rl.tic .-arc' .t.p. d••cribed

.bow~, one expect. to ha.e ~ v.l1 48.81.,.d pro~l ol.ing tEe.. .Rich 1.
richly i.for.ati•• pot.Dti~l a•• sol." .J.t~ for t~e tarqet,



.~l"r~le. One .ust be c~utioned against ba~tl1J assessing ~he pro9ra.
perfor~aDce by counting co.pleted syntheses only. Potential
~ynthpses at any stage are of .alue bec&u••
co.plated synthe.e. for iatera.diate coapouads
<Ire ~Q'lgestl•• alld silJbificant 1n th•••el ••••

Further.orA, it is not tbe nusher but the quallty of the proposed
syntheses that need bp. assessed. "ore i.portaat1" for thoae of us
ir..~sti9.tin9 artificial as~ect. of this work, it 1. tb. 1atel1igence
Azhihite4 tbrough the w.ll-bala.ced tree 4•••10,.••t ••4 contlol1ed
'tt~ntinn sWitcbin9 that is of ,alue.

with that word of caution, the reader i. now rer.red to ligare ,
tor " scheaatic of the state of tAP. probl•• solYing tree for 'lta.in 1
after six ainutes of total .achlne ti.e kad elapsed.

The probles 801.1n<) tree has subgo.1. tllat were 'sol••cI' (e.9. 46,5)
tb4t "tare 'stuct' (e.eJ. 8, 16) and that ••re
nn~ ~rplored (not nuabered, indlcated br ~oriao.tal bars). There ••re
oyer 120 sUbgoal~ geaer.ted, tbe s.xi••• aepth of aar sabeJoal in the
treP. bein9 8. Tbe branching of the tree w•• 'l at ~h. first le••1;
t.bi~ nuaber dropped sbarply to 17 and ]0 at t~e next 1•••1 a.d
to 10 at tbe next futtb~r leye1. Tbe circlet auabers indicate the
~rder 1n vbieh subqoals .ere selected for d lop...t. Tke patt.rn
of tr.r.ki~9 18 intere- t~9 to us, a. it .
lodieatbe of tbe art. Acial i.telligence i.parted b, t~e

hpuri~tics. It is c@rtainly far fro. tb. 1d.al 0 •• voa14 .ant, tut
is superior to the plo~dlnq of a breadth or d.pth .e.rch

We pursue details
of the b@urlstic s~.reb in sub.equent ••ctto.s. I.ader. vl.~lng to
ayoid details of subgoal generation a.d tbe se.rc~ strat~9r .a, stip
to the l.st .ection, I'.

1.1.4 bEfAllS or SU8GOJL GEIIIITIOI
Tbe sUbgoal generatioR 4et.il. are 9i..... a flowch.rt in

Figure 5. tbe proble. so1y1a9 tree for '1ta.1a 1 ('19ar8 6)
.Jll be ~eferred to in til_ following .xpl•••tioa.

?~e sabgoal gen.ration i. enter.d w1th tb••1......r lin.ar
str1n~ corre.ponding to '1t••1~ A a. the goal (step 1). Th. explicit
topoloqic41 structure description i8 d••1..4 (St.p 2) before .c••ning
it fer rec09Diaable at~ribqte. or f ..lare.. (St.p 1). Tbe f.at.r••
rel~'~nt to aspects ot syatbe.la1ag tb••olec.le are so.ght. 'or
91t.aiR i, .8.eral .tr.c~ural feaiur•• ar. r.co,.1•••••d la~e11e4

Iccordin91y a. carbocyclic ri'9, olerin ~•• a,. alco~l.

Th~ l.tter two attribut•• ha.e reactloa scke.ata a•• ll.ble 1n the
react ion Ubrllry. (Th", sct.•••t. 1D the library at. gco.ped iato
te~ct.ion chapt.r. aDd are ide.tifled .1~~ t~••••• of tbe .tract.cal
feature each qro.p c.~ .,.~.e.1..).

I~•• tb. 'olefin bo.d' c.apt.r i. c.oaea ••tep '), a fart"t
s.l~etion of ••pecific aite ~•• to •••• Iroe t" fi••
1ifferp.st oecqrrences of olefin bond 1. lit..1n 1. '.ferr1', to
'iq~re 6, the reader ca. see tbe f1..-fo1d br.ach1.9 froa t~e

olefin bond ck.pter la,er, oa. br••c. for .ach aite cho....
Con.id_rin, t" firat iaat••C8 of 01.f18 boa. Catep 5), t~e

rlltact.loa c~apter for olefiD bond s,.th.1a .... 5 -=••ta i. it.. Oa.
of thea fail. the beurl.~c t.at. foe ...11oa~111t, (S~ep , a,. 7,.
Tbus in Figure 6, ~h••ttrib.te in.tanee C-') layer braDch•• fo.r-fold
to the re.ctioD scb..~ la,er.

lacb sche•• in the reacttoa library ~.. a ••,181\10.
of tbp. stractural tran.for••t.loft .aecatet ~J t~ reactloD. Y..
transforaatioh is wtitt.n .s a 90a1 patter. Ii...
appropriate lu9uaqe 1I••1p44 to re...e••t _rct.ra1
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r~tt~rnM) and. subgoal pattern. Tbe application of tbe transfor•• tiou
inyoly@s .atchinq the qoal pattern to tb. gO&l co.pound (atep 8). ~b.

pattP-rn .atcbiftg proqr.a, a ,raphical patt.CD-coDtrolled aub-at£act~•
• 4tchinq alqorith., has bee. described tn fall ia t" t~"ia C~J. 1) ••
Tbe .atchiD, routine ca. Ii.. all vays of ••tc~i., t~e pattee.
vith tbe coapoan~. I~e~.~ .ucc...f~l .ate. _111 leal to • set
of sqbqoa1 co.polnds (step 9).

If a reaction transfor•• one co.pound into anothe£ each subqoal
qenerated will alv.,_ conslst of • sln91. co.po..d. lo•••e£,
reactions utilizing two or aore co.pouDd. 1. , •••rati., a pEol.ct
co.poun~ vill yip-ld a set of tva or Dare co.po..d. for eacb
.ubq~l. In .uch c•••• the .ubqoal Dod. la ..1. to fOED and
AND-node i.plying that this subgoa1 vill be co.sid.red .01y.d only
if eyer, co.poun~ in the s.t is consid.red ao19e4. liD-node. are
aarked in Piqare 6 by short borizontal bara oy.r the co.poanda.
Por tt.a first instance of ol.f in bond attribute. K ....a .)
qenerat@s tvo sUbgoals e~ch of .bic~ ha. t.o co.pouDds ~n it.

The progr••• that carr, oat the patt.E••atch1ag ..d .a.,oal
definition, work with tha explicit topol09ical a.scriptlons, aDd tbe
subqoal so dp-f1ned is qiyen explicitly. ~~ese .ubqoals .re
rp.dgc~j to the co.pact Vis.esser ft.... Cst.p 10). ~~e g.netatlon of
Vi.v~sser naaes pro.ides not on1r .aYlng. 1. atorag••paae bat
also has the .ore i.portant b.nefit. of a. allo_1n9 0 •• to recog.i.e
inexppDsiwe1r dna efflcientlr occuEreac••.•f t~..... coepound
in s~Yora1 node~ of the probl•• sol.ia9 tr... u.in, th. canonical
natgr. of the viswessqr na.es C.t.p 11) ••• b) a110.1.g oa. to qgerr
the Al!rlch Chaateal catalog for the awal1abilitr of co.pouDd. cat.p 13).

Th. sgb<joals are poste4 iato tbe pr.1.. solylAg tc.. Cat.p 12)
after pruDinq out those that are daplic.te Or cl£calar catep 11).

In .tep 1., a cbeck i. aade to ... If a., of ~e ..bgoa1a ca. b•
• ~rked 'solyed' and if so, a further check i de for co.pound. blg~er

UP or elsewhere in th~ tree t~at .igbt ~age b newlr .,athe.lzed.
Pollowing thi. expansion of t.e probl•• sol.lag tre., the progra.

cycles throQqh all attribate lnsta.ce. aD. all'
reaction cbapt~r_. I~.Q all .alld c~aptec. b••• beea dealt .ith tbe
subqoal !Jeneration proc... 18 co.plet" a•• coaUol j,. retar." to
tbt' exec.tlye.

J.2 SEARCB PROCIDU.!
To generate ••ltl-st.p sfnthe... the pe09r....ea. a ral. fOE

Belectln~ froe th. probl •• sol.lag tree t~••e.t co.po." to
deY91op. ODe can either ••t qp a coa•••tios to apeelf, aelectioD
leA~ln9 to such .ell-kaovn atrat.qi.....epth-flrst or
btea~thv1.e deYelopaent. So... theor•• pro••ra aDd 100k-a~ea4 tr••
sqarchin, proqra•• ift 9...-p14r1.9 e.p10, .ach tactics.

Ther. are se••ral va,s of 9a141., a ~..rlatic a••r~ ••••
tiubqoals can b. e.alaated .0 that ••bgoala ca. ~ coapare••1t•• 91••
to .a~lnq a c~lc.. U.1n9 a~ e.al..tor, 1•••DIO. tr.....cb a. oa~

problp.. solYiaq t r.e~ 0"" ,ellieral priaclpl. is t:o _leet:
it aaoDq alt~rnatiy~ subg~&l. one .itk tb. kigh••t .alae, and
\i) a.oag con1~lat eDt~1"8 1n •••bgoal ••• with tbe lo.e.t •• lae.

Our progra. pr••entl, atili••• a at.tic e.aluatloD f.actl0.
CiD901w!ag ao lookaheaa, .10 ~...rl.tlc preUctlOll of th. ,co"'~illt, of
RGCCeSS) tbat 1s •••Dt to be a cc••e a04.l of t.e pcobl...019ia,
c(J.pl"xlt, of a co.poGa~. a aubgo81 a.4 a Eeactlol& _ ••••c.. It
r"pr••onts , zero-or~.r att••pt to ab.tract tbe orga.ic cb••l.t.'
j'ldq..aent to proYlde ~...ri.tlc 9aida.c. fOE t~e pro.,.:". Ie a.tlcipate
that .~10r cha.g... and 1.pEO......t. wl11 ~ lOEtbcoeik, 1. t~is pba••
of r ..ne.rc~.
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J.7..1 ~RRIT OF A COeFOUNO
Co. pounds are eYaluated on a sc~le of 0-10. A coapound that 1s

ay~ilable co••ercially, cbeaply and in bulk g.ts tb. higk.st ratin9,
1J. A co.pound for vhicb Ryntheses have b.en found by tbe proqra. 1s
~3~lgned the beRt .~rit a.ong its syothesps. 1 co.poand whicb h~. been
tfPYolnpe" ila ttle tree (i.e., itself .... &l&lIg04Is. be.rs til. bElit aerit .0 •

of its subqoals. Por other co.pounds tbe .erit is calculated according
to a fllnction th:tt ha~ bp.en and vill contiDue to b. b1qblJ volatile.

CPI'lP:RIT .~~?2) (exp(-0.1J8S.'G) +0.2 exp (-O.Ol16,-eU

C : nu.ber of carbons not belonging to aOl r1n9
~r. : weighted ~u. of entries in attribate table

t~~s intende~ to yield higher ••rit for co.pounds with fever
identifiable featues anti lesser size as coant.d bJ carbo... !vid••tly
ther~ is a higber vp.lqhting for PG t~an for c.

i.2.7. ~!RIT or A SOBGQIL
Tbe .crits of each of tbe coapounds iD tb. subgoal is .ultiFlied

to~p.thpr, anti co.pour.led witb thp. ~tl1usted ease assigned to the reaction
iRYolYiRg this sUbgoal, th~ resultinq valu. wbeD nor.ali-.d to a 0-10
scale giv•• the aeri~ of a subgoal. For eza.pl., cODsld.~ a ache•• that
~~nerat.s two sUbgoal co.pouhds b, spll~tiDg tb. go.l at strat.gic
Loca tions. The above cosl,ut.at ion sche.e for .ertt will pr.fer to split
t.he 10al at its siddle, to get nearl, eq~al sized solec.l.s in the
9ubqod.

1.2.' 'URlT O' A SEQUENCE
Tbe .erit of a reactioa sequeDce is coaputed bl starting at tbe

t.~r.in~l el~seDts ~nd 1t~ra~iYelr coapating th~ .e~it of the final
coapoun d that is syr,thesized. The ..rit of the s.qaence la the co.pat.d
ecri t of tile fi na 1 co_pound.

rbe process of de~tsiDg a good co.putational .cb... for ••rlt. i.
on. of trial an~ error. WIl.n the ch••ist revl.w. til. patt.rD of tr.ck18g
the space .zbiblted by tbe p~o9ra., v••a, fr ••l, ta.per .itb til.
factors entering toto .erit co.putration and tbe way 1D wbleb til., are
co.bin~d together.

).2.' nOlL SILICTIOI
After each cfel~ of yoal selactioa, .~9oal g•••~atioa, ••rit

evaluation, til. tree is upda~.d so tllat .ac' co.poaad coccectlJ
reflects the effects ~f thp. latest cycle. So•• of the origi.al
s~quen~ea caD nov be four.d solvp.d, or .tue~ or to b. of • g~••t.r
~r low~1 .erit than previoa.l, ••pposed. S8Cb ap4atlag 1. 40" by
~ ..rlt baekap ~roc"u~e. PollowiDg t ..at, ••1.pl. s.bloal
s~l.ction algorltll. is .sed. At each 1.v.l of t". ,cobl•• solv1.9
tr-e, st.rtlng fro. the top level, tb•••bgOil. at ~ ...t 1••el
&re PKasined and the bent ODe t •••1.c~ed. a.oa, t". CO.p08D4. 1.
t.hat ~'lbqoal, t"e oa~ with tile least ..rlt 1•••1.cte4. .,la1s 1.
r.arried out till a co.pound tt.at ba. Dot Jet b... s,coat•• i.
qnttEtn.

Th•• tb. algoritb. ca••vitcla att••tl. fEM ••••~oal to
aftathp~ q.ite .a.l1,. lov.yef, frei t atteatio...itchi.9 t. Dot
desirable aDd a h••itation 1. progr 4 1. til••190Eit.... I.i. 1.
1Qne by forb1ddlng ••1tcb1D9 att.atloD lftla•••clt of t". a.wl,
.~lect~d 90al ia act ·sl,.lfiea.tl,· LargeE t .... t~e l ..t ,..1 t'.tV". sprout.d.
W.le for ....It.ti~ ID att••tloD ••itcla.a,.

If (.erit of .e. 90&1 cho... - .erlt of last ~l spcewte41 ) ....it.tlo.
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t hreshnld
tb~~ pursue n~w qoal
el~r.! pursue old goal.

~h~ ~esitation threshold 1n the aboYe ral. can be set externally and
when set to 2ero would indicate no hesitation to attention cbaDgin~.

Thcl'Iqh siapl~ in dellCriptlon, sacll a proc.clare does de.onstut.e
qUitf"" co.pler traclrlnq hE>haYloc in t.he tr.e. (See F1'.1 !l.I) First, by
rprr· ..h~ltly workin., on th~ .ost .eritorious sut\goal the tree generated
i~ rIcn in intor."tion, "it h co.pltltx Gubgoal. left rebti,y..ly undeYelupeJ
an,t shpler subgoals pUrL.ued .ontl, to coap1etioa. 'fbis alCJoritba is
.xppcted not to qiye ypry ~arro" and de.p, Dor broad and shalla" trc~s,

bq~ to allow de.elopaE'nt. of aUltiple syatheses routes. The success of
th~ llqorith. sur~ly depends on tbe ability to prune tbe tree
~fticien~lr of inyalid and potentially sterile subgoals and on tbe ability
t.~ cf"cognize pro.isingl, 900d sdbgoals.

When a goal co.pound sprouts subgoals of good aerit, one expects
th~t the ~lgoritb. aay plange deep~r into tbe tree. Howeyer, tbe
possibilitr of workin9 OD a conjuDct co.poand of bigb-e co.plexity does
hp-lp to broaden th~ tr@e.

As syntheses fot inter.ediat~ co.poaDds are coapleted, they
~r~ eyaluated and then acceptp.d or re1ected. This is in COD.onaace
with the Dotion that sbort synthes•• are aot Dece.s&ri1y tbe best. When
~ach synthesis 1s d1scoyered for tbp. target. cOBpoaad tbe progra. is
afforded a chance to broaden t.be 9~arcb aad dl••rslfy tbe approack to
sollltions. It is an iafortant ability for tile progra. to jgdge cO.f~.eted

s1nth~se3 an~ co.p~re t~e. against pro.isea beld out bJ the ansolYed
Rllh'l0-tls. SUbgoal selection atratfOgles i. a Frobl•• 8Ol.i09 tree
contalnin9 se••ra1 coaplete SOldt.io.s are iater••ting bat wl1l aot ~.

cUlleassed here.
Th~ criteria bf .hieb s,.the..s are accepted ••e4 Dot b. static.

If A synthesis of low .~rlt is forced apoD oDe cOD1unct (becaase no
bptt~r syntbfOsis is possible wit.h tbe ql.ea ~ata ba.. of kno"ledge) other
conj'lncts should haYe their 1e.el acceptable aerit 10..red accordinglJ
in order to keep decision. consi.t.@nt.

'he foll0.tag flowchart illustrate. bo. the ••lection of sabgoll.
is done.
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1. I tJ~lI HING THE PROlJU.. ~ SOI.VPIG TfH:E
Tb~ power ot th~ heuristic search technique depends oot 001, apon

a 100d suhqoal sel@ction .etbo~ b~t also c~aciallJ oa tbo t~ee peaniag
rIII",s that can be foradatecl. Ew'!n thouqh within t ... fr.a••otlt of
solation q.neratioo there are siailarities in technique. eaployed br
th~ ~poaetry "achine dod the Synthesis Prograa, aajor departare. occur
in th,' rules for tree pruning. Whereas Eucli.dean GeoaetrJ ...s g80ubely
for_alizable aDd Organic Cb••istry is not, our pseudo-for•• liz.tloD of
or~anic cbeaiste, is werr co.plic.ted. fbas tbe direct cost ....ar.4
in ter.~ of coaputiDq effort of su~qoal q.aer.tio. i. sabst.ati.1Iy
grp.~ter for cb~.istr,. Tnwestaeat of effort to ca.t off law.li4 and
Qnpr~~ur.tiwe br~nches of the tree brinqs greater retaras 10 oar case
than i~ tbat of the Geo.etry l~cbiD~. The probl.a of eli.iaatin9
inwalid, redundant and uapro.ising sut1qoals 1s itnalrzed below.

3.J.1 ~LI"IMATIMG I.VALID SDBGOALS
'rhe purely aechanlc~l generation of subqoals ca. ia general gi,e

rlsQ to loYali~ structures. Ie do not fo~.s.e walenc. wlolationa to
'lCCllr in our sfste. but. Cj@'nerat.ed :it.ructur.s aay "iolat.e spatial coo­
~tr~i~ts not ad.juately represeDtpd in oyr aod~l of c~e.1cal st~uctu~es.

C~rtain structures can be SUbject to t~.rao4,naaic or kinet.ic instabilities
(tbdt is, aay decoa~ose vbeD left alone, ••If-poly.eriae or adyersely
rqact with tb~ products of tb. reaction). t~. Geoaetty lachin. could
tpst the walidit1 of a generatcd PlpreBsion by iDt.rpretiaCj it in a
.odp.l of the for.~l 51ste., a dia~raa. Tbere appears to be no siaple
Dodel ~r rqle that vl11 indicat.e tnstabilities for arbitracl structqres.

an. coald, of cours9, •• ke use of t •• aw.il.bl. c~.ic.l literatac.
~nr' co.pil~ table.. ot instabilities. StractlU'es r.port_ 1. tbe
literatqre could tbeo be cl~are4 for i.stabl1iti.s br .i.,le table look
lip. Ttlp. pract lealHy of t.hls .~~bod is 'i••stl0.able. Iw.n OD othal:
qroun1s, to r@strict the cla•• of acceptable ioter••diate .ubgo.ls to
tahul.ttell cospo'JndR alone vo.ld s9ycrt?lr U.ait botla ouc i.t.rest and
tha r.ange of possible synt.....s.

!her. are two other po.sible apvro~c"es in i.woki8g whateyer
r,·sult.~ of physic",l chealstry we can syst..,••tlze, ge••rallze and
fnrluj i<te sufficiently to be at h4Jr in p~a.ing lIIwaU.d ••bqoals. Ie
h~v~ .ade pro~r~A~ in p..~~actir] siaple .od.ls of In.t.bi1iti@8.
A s~ries of t ••t~ against these aodel. can aid in deteralaiog CO••OR
innlldlties.



••••pl.1

Tber~ is a .odel of ~l~ha-protoa .iqr.tioD to a carbonyl
CJroup by vllie" .,' ke~oDe can beeo.e • hrdroall group.
Another rule st.tes ~hat an aro.atic ring ia 8OE. st.ble
than • eyelo-dlene. thus vhen th. structGEe • (•••••ie••­
keto.e) is e •••in.d for validity. tbe .tructure C (Pbenol)
is found to hp its .ore stablp. c~~i,.r.tioD.

Coasid.r t" structar•

If 0" folio•• tbe rl., • b e 4 e f taeptlt tr.ck of bOD4
aD, 1... 0•• vou14 fi.4 tb.t the orbitals of atoa f aDd
ato. a wbLcb are to for. a doable boa4, ace perpeadicular
to .acb otber aaa t~t tb••trala of for.i" tb. bOa4 will
be exe...i.e.

~he pro9r•••iD~ of these 804.18 i. not co.plet.. J ••t •• a
che.ist does Dot a.rl•• all biB iafor..tioa tb.~.tLcal1r, tb.
prOCJra. too can 8.998.t ~.p.rt•••t. to •••..c ........tto••, .poe
which cart.i. critical choice. wl1l b. .... l8 t.IIe ,cetr••
de.alop. aopblaticatloa tb.ce ar•••cltla, 'r....et. lea ..ia,
q•••t •• l.cllaaical eon.id.ratioas. 'abl C••f. _ b.. r.porte. oa
ftISOW vllleb u••s qu~nt•••.eb••tc.l eoac.pt. of str.ctara to
calc~l&t. aolecular orbitals•. aD ••t.Daioa of .ac' a protra•••y
,leld crit.ria for .t8bl11tr of arbitrarr etr.ctar...
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J. J.~ I~V~LIDATION BY COST CONSIDERATIONS
In qeneral, reactions baY~ yields t.hat are far less thaa 100~.

~hus, if 4 co.pound C 1s us~d as a sta~tinq .aterial to produce
soa@ ti.~d a.~~Dt of the goal co.pound, ofte wodld expect to
fftqulre .ore co.pound C if the syntbesls lnwol••• lODg s@quencea.
?hus, at d.~per leyel~ in the prohle. solyiD9 tree one ~ould tend
tn ., isfayor exrensiwe starting .at.~rials .ore stronglr tban on-­
wou11 near the top of tbe tree. Co.pouDda that are Dot avaiJ4blc
in hulk caD be re.owe~ tro. consi4etation for thoa••egQ8ucea
"her~ th\! exrectqJ fi.~ld b.!r.o.es low. ,.h1s kind of I).bayior i.
not to be fouad 1n ~h~ore. Proyinq ptogra.a beea..e occarrences of
a ~·IPor~. or an axie. are ident teal no .atter vbere tiler appear in
th~ tr.~.

3.1.1 ELIRt.ATIOI or R!DU~Dl.t SU8GOlLS
"any 'problea independent' trep pruning roles

applicable to proble. solwlng tree ver. d••eloped in earlier AI
~orks. It is oor obser9atioD tbat tb@se 8,n~ac~ic rules tor
pruniny fro. the proble. sol,in9 tr-.e ~.ose sobgoals which thougb
,~lid, would lead to circular, redundaD~ and otherwlse
QnQatl.tactory syntheses are not ~lrect17 ~pplicabl.. Srntactic
qrounds aloD~ are not sufficient to ans.er the question: -To
Dr~ap or not to prane?" Let as c~ftsid.r so•• sitaation. in
lteh il.

tn ordpr to elisinate redun1ancies, the n••e. of tDe co.pounds
~lone cannot be cospared, but aust be treated along witD tke na •• of the
r~actinn ache.a a8ed in tbp. qan.rltioft aDG thp. .arit of the partial
1iscoYQry ~equen~pa.

Consider a subqnal S OD the tre~. Subgoal S' ia Dewly gea.rated
"nIl Is " dapllcat e of s 1r. bawing the aa•• con 1l1Dct co.pollnds. Tlte
ch->iv"' which subgoa! to elislnate anet Which to retain ia not ai8fle.

Sand S' Oh aa.e lewel

1'1l'! lillo.etry "dchin~ eliai'late8 S' a8 it caDDot lead to a tetter
or shnrt~r proot than can S. In our prograa, if the two reaction
sel,uencos arl! tile aa.e, anyone of thv two sabgoals caD be .li.iDat~d.

tlith unUk-) :ceactioll sequp.ftcea. the proqra. baa to eyal ...ta tlte
sp~u~nCfS 4nd retaiD the nDe th4t ia aignificantlr better.
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-h.u ~qbqo~l S' h4~ ~ll th~ co.pounds of S plus aor~, let U5
r~pr~s~n~ it as S')S.

s' occurs lower in
the tree

S')5

"'b~ 'i\.1c.~try l'I-ich1tHl "111 ·:It:!arlf eli_inate S' g1Y1n~ prefereDcp
tr) " !'lhl')rt'.. r proof. rhp 5ynthesis progra. has no prefer~nce tor
q~orter seJuencPH u~les~ they haye greator .erit eYaluatioQs. A long
lP'luflOJ:ce at (Jood anri 'lfficient r(~c1ctions aay be bett.r t.b.u a short
~Plllenc:e of poor~[ reotcti(')ns.

S ott lover leYPl
than S'

r~r t~fl' ~aoaetry ~a~hinp th~ d~cisioD at this poiDt is ar~itrary.

It v"uld retain both hut \'IitT pt~f3r to try solYin~ S before atte.ptinq
S'. ~he decision tal' ttlP c;yntbesis 1'r09r•• is a'.l4in not a.de on
~ynt~ctic 1round~ alor-e.

nllr prnqr•• would witboutJu('stioD forbid circular sabqoal
q~Jupnce3, such ,s

S'.s or 5'>5

Th.. re are two 5~oci~1 situation. t.bat are aot allow~d ia order
"0 pprlll.t pruaiJuJ of clrclilar IIlJb'l"al••

Fir.t. there arp tnown taRt.ace. of .ynt~ ~.r. & ...11
~.ount of ra~e but naturally occurring ••teri.l 1 1. a ..,.enee
I')f r~~ctioDS whick will ge_ecate a larger .u._tity of t~ •••• eo.pound
'~4 ·.~"d-protuct. Our progr4_ do"s not allow .uch .Jnt.~._.. But if
.~.ern ".re int.rest 1ft .~~kin9 r"circ.lator, .,.t...... tbe '£09£••
~oul ,I be rlln witbo.t this rul-.

Secoa,1l Y. oar proqrl_ Is concer.eel onl, with prod.acia9 a che.ical
D~·h for srnt....i.s. aetot. the ~,ath..t. proce4.r. i. eKecwte4. it 1.
np.CftNS~r, to decid. ~pon the ti.o ..qu..c. 1••~ic.. t~. re.ctio•••111
b~ carrlpd out. "er'~' on! of the con.ideratioa. to be ••de i. abowt
~n~~.ble ca-poGnd. tD4t c~n.o~ t.P. '.pt In a te.t tube or 1. a coat.i••r
for .ny l.!l~t" of ti.~.
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If C an~ F ar~ both un~tahl~ ther one of thea, say C, has to
be prnduc~d by re4ctih~ A and nand con,.cting to a .table
fora P. _fter F i~ p[o~uced by r~~ctin9 D and [, P is
r:onyertpd b.lC.~k to C "111 then clilolled to redct with P,
~ssuain9 t~at con,erslon fro. P to C is ~Iick and tbe P Ccln
be kept for thtt. length of t1ae. rb~s, if the proqra. Mere
ti.~ sPqU€ncin1 the patb, a 9raph such as the fo110lling

containln~ a circular ~PGuenc~ CPC "oain be a v4lid path.

!t 1ft clear that Eynt.ctic pruning is po.erless in curbing tbe
~xponprt1~tion of tbe proble. sel,ing tree. As QKplained b.tor~,

'it'\ap. nrllnlD<j can be achi.~,ed by introducing li_Hed solution path
'tva! udtion 't,eft ')ur1n'J solution gener.tion. Douin-specific
hnuri~tics are nec~ssar, and we ha.. freely iDtrodaced such
~hfl.ie"l heuristics as e"uld be shp17 specified. !Ia•••
h~~ristlcs are of help iR eliainating inapplica~le r.actioRs,
r~actions Mith ad,.rse side-f1fteets, ahd reaction. ,hflre the
Clper:ific :iltructure of th,~ generatinq goal hinders tile courae of
the r~lction. These ar~ powprful h~urlstics and .e e.peet s.ch
~o.aln- specific "euristlcs vill ihcr.... as w. g.ther ezperi.ac.
with the progr•••

3.1•• P.LI"IRITI~" OF UMPROftI~IMG SU8GOlLS
ThQ next task i s that of reao,189 fro. further cortsidet'.tion thO!H!

'lu h1 oa l s ":hat bold TlO pr'lDia. ot .uccesstullr co.pletinlj ••elation
p~th. This is a desiraLle aiD which depends .l.os~ 9Dtirel, Oft the
ccaputed ae4sure of prosise ~Khth1ted b, a sQbgoal. Ift .. ls ~.su~~ is
t~~t~~ 4nt pro.en. it 1s r.asoDabl~ to 40 t ... pruniag. If aot. ther~ i~

ttl" ur.c;lrulnty that o.e., s ..blloa1s "lai.ch ••e. pm.ial., aa, f.il to "iye
~ synthpsis dnd th~ oth~r sab90als sa, in reality. be the oal, oa~. whica
1~1d to ~ 8YDth~~is.

~b~ infor.~tion ay"ilable 18 tll~ probl•• ~1.1ag tree pert.iDs
to ·h~ co~pl~.ity of t~~ co.poun4s, thA nu.ber of cODianet. ia til.
!'&'lhq "" 1 41ld the l.,.el .u.ber of tbe ••bgo.l. A ......r. of prc.i•• does
"10" •• ~ -. (~o.pQtablE' fro. tht!'! a.ailable infar.ation.

~or th~ prosent, .~ sh.ll Dot att-apt to eli.ihate u.,rcal.ia,
~ubq~)s, b~t retain all of t..... We ....11••O....E. att••tt to be
j·,.ticio... ilbo.t the .aDD~r ia .laich •••&1••C••elect_ for ••••10p••t.
r~ tht3 .4' it ts Fos.ibl. t~.t ~Dproet.l., .ebtoal. w111 •••ec be
sfller.ted initi.l1" bat w111 •• a.&11able •• ~. ,Cobl•• aol.i8,
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IV PIWliRA,. PERI'OIUlUCE AND CFITIQIJE
rile progra. has tl __ ~n run on several .olecules successfully.

i1'! avoid .~ntloninCj th~ sp@cifir. nUlber of aol.cules as it is of
no conseqoence in eyaluatinCj tbe pCOCjraa's perforaance. The
co.poun1s used range widely in th~i[ co.pl@xity. and the proble.
solYi~g tree reflects to a d~gree. the coaplexity of the targmt
.olecul@. The CO.FutinCj ti.e c~n vatr fro. a aiaute to a fev
.inutps as in th~ case of Vitaain A.

Of~~n the syntheses propo~e~ by the prograa are clataed to
hI! 'illvorkahle and tbis \9 attritutable to tbe Uaited knowledqe
prespn t in the rp.4ction library. This situatioD will iaproYti as
thp. r~~ction 11hacay and the beuri~tic rules contained in it are
n)(o.tnd,!r~. On the oHQr hand, the ptograa bas applied well-known
rpactions in anfaailiar contexts and bas surprised the cbe.ists by
the novelty of th~ syntheses. The latter case arose ~articularly

for .ol~ules whose tcpolOCjical co.plexity .ada the. hard to
Yi~uali~. The proCjraa howeYer, unconstrained by a.f ne.d to
vi~ualize .oleeules, was able tn ~p~IJ fa.iliar reactions to
dc:hi.pve srnthese~ tl.at so.e cbed!'Jts would not haye considered.

The assp.ssa~nt of coaplex "eari.tic proqraa., ••peeiallJ those
that atte.ot to .aulate higbAr 18ntal proc...... baa reaained
orobll!.ati.c. In atteapts to aake such assess.eats. oa. finds that
~Ub1pr.tiYe Yalu~ judgeaents quickly oyertake otber considerations.

w~ shall conclu~e by saying that exaaination of tile pto9ra. r u..s
h,Y/" :,:holln 'JB .d1~ to adjust se"rch at.rateC)f includinCj the .er it
evaluation tunctior.s. the back-up and re.1810n of ••rit. aad tb.
effecttYe .ethods nf sabgoal selectio.. ~he progra. has be.n
bpnefitting consistently froa each critical eyalaatioD of a run.
P~rfor~ance npcps~arily ~-.pends nn the extent of tbe knowledCje tas.
pro,idpd in the tel' a of the reaction library aad on tbe ~ualitf

of hellristic 1udCj•••nt presentei thro.gll it. 'fila. iDaediate
t'lture work will btl directed aostl, toward bUilcU.g up a better
~nd l.rger reaction library_
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initializp r~action litrary
I
+initializr. co.pound caUlog,
+input naap ot co~noun~ to synthesize
I

initializ@ ptobl~1l solving tree
1.-

------->h~uristically seLect new gOdl frc. proble. solving tree
I

V
-i

'Jfonerate ."licl nUhgoals for ..lecteJ CJoal I
dLJ pnter thea ~nto prohlea solving tree I

I7n,) ' SUb1081r----- . ---

.ark qoal cc.put~ a.tit ratiags for n•• subCJoals
• ~tlJck'. rf'YiR\~ ....r i t of older .abCJoals ift the
'1!,<1"t. prohl·'1II salvin., t.ree
prub19a I
RnlYiD1 I
• rf'f' l •
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I pr~c4ed I stop

'li '¥
~--------------,----

and

Pi9.re 3. slaplified Plo.-C~.rt of aeuristlc
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Note on Fiee •

Synthe.is-search tree (sch8D&tlc) tor Vlt.-1n A. Filled-in circles

°reproent reactant. ot aublO&1a aeleeted tor turther development. Order

ot development 18 indicated ~ the circled nllMral.. CcapcNI1d nodes

connected 'b7 a horbont&! line .....t (u in auso&! 3) are both

required tor a siyen reaction. All lenerated aubloala On the tree t.hat

were not selected tor exploration are rewea.ted 'b7 a horizontal bar.

vith the number ot .ubaoaJ.. in the uexplorecl &rOUP indicated under the

bar. Bub8O&l. tbat wer. a.leeted tor exploratloa tbat ban ao prosefIY

on the tree (u in .\lbsO&l 8) tailed to .-erat. ezq aubsa-l. that could

pas. the heuriatic teata tor aa.t••ion to the .earch-tre••





V1tar11n ,',OH

1-

e

A

r=\ ..
It

-:

,IJ -Ionon.

+~OH
8r 8

"-

,s-Ionone

~ +
8r 8r

A
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Enter with 9i,en qoal ("is ..e!:••r .... fro. proial•• sol,ing tree)
I
~

C"rpatA topologicitl structare! a.scription
I
+

Crp~tA tabl~ of itt.tributeR
(rec09nltion of rin~. and str~ctural cbe.ical f ••tur•• of
co.pollnd)

-------) Done

I•-----) H~urlst1~ally aelpct a 'alld re.ctloD
I chapter (selection at type of
I stractural f ••t.u~. fro. attribute.
, table. I
I I
I I
I no .or~ •
~--select at.tribute location on co.po••a

(In ca•• of aultlple occurrence of 91,•• structural
featare on a co.pound, need to ••lect re.cti.e sit•• )

I

+Select re~ctloD Rch••a fro. appropriate cbapter of
reaction library.

I

-4(---- Cheek llPPliCllbtlit y of sch••a usinCJ heuri.tic t ••ts
.. I
I •
Ino .ateb ~

4 Ratch reactina qoal patterD to go.l co.pound
• I

: 'or Pilch .etch, ~~tine s~bCJoal.
: Phd caDoftical n••t. of sabgoal cospoanda Clli.....r ••••••

• I
: Pruap ••bqoals .kat are ~.plicat•• of otker. a.d circular
• in the tree I

• •• !nt.r reat into prob1•••01win9 tr••
I •
t •
I ~ark suhqoal co.poqn~ awailable i. co.po.nd catalog
I •· ..I ~ark all co.paund. i. th~ t~e a••lf s,at'.sla-d.

• •, I
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