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Abamc+lf enamiomerr are IO receive names IhaI agree exccp~ for diITcrcnces in rhc confr.guraIional affixes. it IS no1 
sufficicn1 IhaI all dcscnplors of pherochiral elements are inverted on retlccbon. II is equally essential IhaI ~hc 
numbering does no1 change when Ihe cnanbomcric pair h inIcrconvertcd. A VI of rukr IS ruggcsIed which would 
accomplish this and which would provide for the differcnriarion by fixed numbcnng of all Ihe numbered atoms of a 
molecule lhal are s~erically distinct. As our dehniIion of s~er~c ekmenrs IhaI arc only grapbochual is bask lo lk 

formulation of the numbcnnn ruks. WC have reaBrmed 11s appropriafencss aflcr consldermg lhe reccnlly inlroduced 
pscudochiralily operalions. - 

The description of racemic mixtures in a generally 

acceptable manner requires a precise correspondence 
between the constituting enantiomers: their names must 

differ in the description of the steric elements or units that 
change contigurdtion on refkction but agree in all other 

respects. In particular on comparing a pair of enan- 
tiomers. centers that are interconverted by reflection must 
carry the same number. This view seems to be endorsed 

by the rules of stereochemical nomenclature promulgated 

by ILJPAC” because the basic rule (w)) stipulates that 
the names of enantiomers should differ only in their 
configurational affixes but not in their numbering. II has 

‘After IhIs paper was submitted for publicaIion IUPAC 
published a revision of Ihe R-r-irks ” The new rule E-2.2.3 which 
rakes Ihc place of E-2.23 no longer specifics ILI R groups should 
be given preference over S groups for lower locanls or inclusion 
in lhe principal chain. Ttus dekbon does no1 solve the problem 
posed by Ihc previous NIC In all cases which were governed by i1 
IWO or more names arc now allowed for a smglc stereoisomer. II. 
Ihereforc. becomes a maIIcr of individual preferences whcrhcr a 
pair of enanuomen like I and i when synrhcsizcd in IWO differen 
la&aIorks would be named In a compatible or incompaIiblc 
manner. 

!The following slenc lerms no1 defined in the E ruks are bcmg 
used. Morphtc analysu (Ref. 3. fooInoIe p 3650) compares Iigands 
or other parGal slruclurcs by symmelry and olhcr operalions after 
each pars has been scparaled from the remainder of the mokcuk 
whcrcas Iopic analysiv’compares Ihc same partial sIrucIurcs by the 
same opcraoons in the inIac1 mokcuk The rcspcclivc tub- 
division for partial sIrucIures with the same comporirmn arc 
homomorphic/heIeromorphic (s1ercoheIeromorphic (enan- 
IIomorphic/dIasIercomorphic)/consIiIuImnally heIeronmrphk)’ 
and homolopicklerolopic [slereohelerolopic (cnanliolopicldia- 
Wxeolopic)‘/conrt~lulionally twerolop~c].’ 

Sleric descriplors lhal specify configurations of clcmenlr of 
skreoisomertsm or lhal di&renlialc homomorphic slcreo- 

helerolopic hpnds (or olbcr paflial sl~clures) by reference lo 
ckmenIs of prosIcrcoisomerism are calkd. rcspccIively. grapho- 
chual or prographochiral if the dcscripIions are chiral and are 
calkd agraphochiral or proagraphochiral if they are non.’ The 
same lerms arc applied IO the objecrs which are being described. 
These deuripIors and rheir objccIs arc also classifkd as 
pherochirallapberochiial or propherochuallproapherochiral If ~hc 
descnpuons change/do not change on relkcrlons of rhc mokcuk.’ 

More defalkd and precise dchniIions are given in ~hc original 
publicalions and more cxIerukd summaries in a review.’ 

become evident, however. that subsidiary rules in the 
same document can produce names that arc at variance 

with this principle. For example. the numbering rules of 

IUPAC given in Sections AX allow two alternative 
descriptions of compound 1: I-(a). 2R.3Rs4S.5R and l-(b). 

2Re3S,4R.5R. Rule E-2.23” eliminated the second of these 
alternatives by giving priority to R over Sat the first point 

of difference between the configurational affixes (at C-3 in 
this case). The same rule when applied to the enantiomer 

ti) would give preference IO I-(a). 2S.3RAS.SS. over 
T-(b). 2Ss3S.4R.5S. The undesirable character of these 
selections, 2R.3R.4.UR and 2S.3R.4SSS. is clearly 

evident if they are combined in naming the racemic 
mixture which would have to be called 2RS,3RR,4SSJRS. 
This does not have the desired form because the 

descriptors of center 3 (as well as of 4) are the same. A 

proper name with inverse descriptors at all chiral centers. 

2RS,3RS,QSR$RS, would have resulted if Rule E2.23 
were modified in such a way that in the case of i 

preference would have to be given to the second 
alternative listed [l-(h)]. II is the purpose of this 

communication IO propose such a modification of the 
rule.+ 

An analogous problem can arise in cases where the 
name of the compound is not affected: compound 2. 

(2R,4R)_trihydroxyglutaric acid, allows no choice of the 
configurational affix. The two chain ligands of C-3 arc 
diastereotopic.‘$ ‘They can be distinguished by NMR. by 

chemical reactions. and by the different descriptors 
pro-3R and pro-3s.’ For easy reference to individual 

carbon atoms WC thought it desirable IO standardize 

numbering and suggested in analogy to Rule E-2.23 that 
priority for lower numbering be given IO the pm-3R over 
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the pro-3.~ ligand.’ I’his rule likewise violates the 

principle that the aioms of enantiomcrs ;hat are intercon- 

vertcd by reflection should receive the same number in as 
much as reflection_converts the pro-3K ligand of 2 into the 

pro-3S hgand of 2. We have. therefore. modified also our 
own Nlfs for stereo\pecik numbering. 

lf the parts of a ctructurc that have to be compared in 
selecting the direction of numbering differ in their atomic 
composition or show COdtUtiOd differences. the Nles 
of Sections A-C of lUPAC provide. or at least ought to 

provide. the criteria for obtaining a unique name. We., 

therefore. need to concern ourselves with only two 
possibilities: (a) a center in an open or closed chain is 

bound to IWO or more ligands that have identical 
constitutions and (b) an open or closed chain of atoms can 
he divided by sevcrancc of a bond into two parts with 

identical constitutions. We shall refer to the ligating 

center or the midpoint of the severed bond as the tenferof 
e~~~~fu~i~~. Such centers (marked by an as;erisk) are 
exemplified hy (‘-3 of ~c~rnpl~und 2 or hy the mid~int of the 

C-3-C-4 bond in 1. In closed chain compounds+ where 
alternative centers of exploration could be chosen. 

ambiguity is resolved by giving preference to the center 

receiving the lower number. or the midpoint adjacenr to 
the atom receiving the lowest number. e.g. C-l rather than 

C-4 is the center of exploration in cyclohexanol or 
Cmethylcyclohexanol and the midpoint of the C-l-C-2 

bond is thaI for I,?-cyclohcxanediol. 
The form and content of the revised rules resulted from 

two main considerations: (al The naming of a compound 
with a unique term requires stereospecific numbering only 

if the parts or ligands that arc cc~nstilutionally alike cannot 
be superposed when viewed in isolation. Such non- 

superpocahle ligands are either di~+stereomo~hic or 
enantiomo~hic. If. on the contrary. the ligand\ or parts 
are homomorphic. sIereospecific numbering is needed only 

if one wishes to refer by number IO individual atoms Ihat 
can be distingmshed experimentally. (h) If the con 

slitulionatly alike part\ or lipands are dia\lcreotopic 
(because they cannot be superposed on each other in situ 

hy a reflection or a rota;ion or a combination of both 

operations). the numbering musI stay the same if Ihe 
original z;Ncture is reflected. Conversely. if Ihe parts or 
ligands are enanIiotopic, which is possihlc only if the 
compound is achirai. the atom\ that arc interrelated hy a 
symmetry O&XrAtiOn of the second kind must not retain 
their number. If they did a s;ereospecifir reference to an 
individual atom would be impocsihle. (.~~nsequcntl~. if the 

___~_----.-.-I 

+I.cganJs are d&cd SC, kfore.’ Tkreforc. the htdcnlaie ltgand 
of (‘.I of c)clokxanol 1% conGdcrcd a\ IUO wparatc facroritarion 
ltgands with IWO dlflerenl prorimal atom\. I’k~c faclor~mlion 
hpandr have an Idenftccal conMulion. .4nalopou~ lrcarmenl I\ 
assumed for 1.~.c~cbhcxancdlol. each carbmol cartwn can k 
wewed as a di\fmcl atom proximal IO the pow of cleavage WC. 
therefore. can compare IWO part\ and apatn find Ihat tk~r 
con\utunonx are the \amc 

ligands are diastereotopic. numbering must be based on 
steric descriptor\ that are ~nv~~nt to reflection. whereas 
the numbering of enantioropic ligands must be based on 
steric descriptors Ihat change to their opposites on 

reflection. The following descriptors meet the latter 
requirement: all pherochiral descriptors (R, .M. seqCk’ 
and their oppositesl and all propherochiral descriptors 

(pro-R. pro-M pro-seqCis. and their opposites). The 
following are invarian; IO reflection: descriptors Ihat are 

apheroohiral (seqc-is. r. and their opposrtesl, those that are 
proapherochiral (pro-seqc-is. pro-r. and their opposites), 
and the property of two descriptors that arc pherochiral. 

or propherochiral. or one of each, of belonging to the 
same or different classes. For this chardcterization we 

have assigned to the first class all those pherochiral and 
prc~phcro~hiral descriptors that arc cited above in- 

dividually and to the second their opposite\. and call a 
pair of descriptors alike if both belong to the same class 
and unlike if they belong to different classes. As every 
single phcrochiral and propherochiral descriptor is invert- 

ed on reflection. a pair tha; is like or unlike at the outset 

must remain so after reflection. 

As we must have different Nles depending on whether 
the parts or ligands are diastcreoropic or enantiotopic and 

as the purpose of the rules differs if the ligands or parts 
are homomorphic or not, WC have considered separately 
the five posrihle combinations of morphic and topic 
characteristics that are relevant to our prohlem. Because 

these five categories are mutually exclusive. there is no 

required order for applying the Nles. There exists a sixth 
category comprising ligands or parts that arc homotopic 
and, therefore, also homomo~hi~. We do not. cannot. and 

should not have rules for the stereospecific numbering of 
such ligands because they are indistinguishable under any 

condition. 

Among a pair of constituttonally like ligands or parts. 

inclusion in the principal chain or lower numbering is 
determined by the priority order given In Rules D. E,,. E+. 

HI, and Ht. as foliows. 
Rule D. This applies if the lipnds or parts are 

dio~~e~eo~c)~~ic and therefore also dia\tereotopic. 

Priority is assigned according to the amended’ sequence 
Subrules (3) and (41 which are to be applied in this order 
hv outward examination from the center of exploration. 

[ihe amended rules may be restated as follows: (3) 
seqcis > seqtrans. (41 I > s or like pair > unlike pair. 
(Pairs arc alike if both descriptors belong to the same 

class and unlike if they belong to different classes. The 
first class of pheroehiral descriptors consists of R.’ M, 
and seyCi.v:’ the second of S. P. and .~~/Tr~rts.lj 

Compound 1 provides a simple example As alrcady 
stated. cleavage kIwccn C-3 and C-4 yields two parts 
with the same consIiIution. These parts are diastereomor- 
phic. According to sequence SuhNIe (4) preference is to 
be given to the like pair which has the R.R ~onfigura;Ions 
in 1 and the S,S con~gurations in 1. This num~ring is 
\hown alongside the StNctural formulas. It has the 
desired characteristics: each carbon atom and its coun- 
terpart &rained by reflection receive the same number 
and carbon aIom\ carrying Ihe \ame number receike 
opposing steric descriptors in the cnantiomers (1 and I). 
Another example is provided by 3. Ihe anhydride of I. It is 
standard practice to assign the lowc\t number to Ihe 
hetero atom of such a ring. This ring oxygen, rather than 
the midpoint of the bond krween the R and S centers. 



1 
n. 

therefore. is the center of exploration. As sequrnce 
Subrule a31 is considered ahead of (41, priority is derived 
by se+% > seiJJfffns’ from the steric relationsh~s of the 
pairs of hydroxyl groups attached to the ring. This re_r;ult* 

in the numbering shown for 3 and its enantiomcr. 3, 
Rule & This applies if (he ligandu arc ~nunJic~~rphic* 

ond diosrcreotopic.. Priority 1s established by the 
preference like > unlike. The pairs of descriptors to be 
cxam~ned consist of (1) that of the nearest phcr~hiral 

element or unit that ~lff~re~~;~te~ the two iigands and (2i;t) 
that of the nearest pher~~hiral element or unit not located 
in lhe tigandx lrr txt compared lha% allows a decision. If 

there is none, the second descriptor C?bt i$ the prochiralit) 

symbol common to both lipands that is derit-cd from the 
nearest prc~ph~r~~h~l clement. If there is a choice among 
the descriptors to be used because two or rntsre in any 

category are derived from elements or units lhal are 
equaliy close, the one is chosen that is preferred under 
sequence Subrlllcs (1) to (4) ;I\ aiTW&d' (ec &ovel. 

(‘ompound 4 illustrate\ such a WC. The two enan. 
tiomorphic lipands are attached to C‘.4. the center of 
exploration. Both of these lipands contain two chirai 
centers of which only one. the one closest IO i’-4, may be 
usd. (It i\ ohviou\ that no pairs of descriptors that can 

be contrasted as b&p like and unlike can be de&cd 

solely from a pair of enitnti~~rn~~rph~~ ligands. In 4, e.g. the 
centers are unlike for krtrit of these lipands.1 As the 
diastereotopic relationship between the enantiomorphie 

lipnds always results from the presence of a phcrochiral 

or prt~pher~~~hi~l element that lies outside of these 
ligands. the second dcscriptur must be derir-cd from it. 
The descriptor of the ~~~n~~u~ti~~n of C-4 frl is 

apherochiral and. thcreforc, cannot be used, but that of 
the chiral center of the acyl group has the required 

characteristic of changing on reflection. As its descriptor 
in 4 (Rl is the same as that of the carbinot group shown 
above C’it hut opposite to that of the sarhinol group below 

C-6 the former receives the lower number. In i the like 

pair is S (carhinol group proximal IO C-4 and preferred fnr 

lower number) and S (acyl). 
In example 5 which is taken from the IC’PM 

d~ument.‘~ the carboxyl cartxtn must be numbered as 

c‘- 1 regardless of ~~~n~gurat~ons. hul an ambiguity exists 
;I\ to whether the branch containing the {Sk or the {Rl 

center is to be incfuded in the principal chain. The center 
of exploration is C-3 which bears two en~~nt~~~rn~~rphi~ 
ligands, The pherochiral element outxide the=.e Iigtnd\_ i‘r 
the double hmd uhich is s@5s in 5 and seql-runr in 5.’ 
The descriptors form like pairs, respcctivclt-, with the (Rt 

center of 5 and the t.Sl center crf 5. These chiraf centers, 
therefore, lie in the principal chains. In contrast IO the 

names derived under Rule E-2 23 {(iT)V(4Rl-3jfSI~se~~ 
butyl)-4-methpL?-hecrenoic acid for 5 an_d (I:‘)-(JR)-3[1SL 

sec.butyl)4methyl~?hexcnoic acid for S}. the new names 
~f%*~-(4Rl-3-[(Sl-s~c~-butgl)ia-mcthyl-!-hexenoic acid for 

5 and t~-(4Sf-3-I(R)-sec-butyl)~meth~l-2-hexenoic 
acid for 5) accomplish the desired chanpet i? th-e 
pherochiral descriptors when 5 is reflected into S. As 

cc\mpound S is an example of the “geometrical enan- 
ti~~mo~his isomerism” of Lyle and t.ylc’ tt provides an 

important test for the adequacy of the revised rules. 

&de Et. This applies if the tipands or parts are 

e~u~fj(~~~~~~~ and PnonJictJopir. Priority is established 
under rhe amended’ sequence Subrule 01 which provides 

that R > S, or M > P, or reyc’i’s > seqrruns. These 

phcrochiral elements for units’) are located in the ligands 

(or parts) which are eramined in the outward direction 
from the cenlcr of exploration. 

Rule E-X3’” when applied IO this class gives results 

which in most cases arc un~~bje~tion;:ble from the 
theoret$caI point of view. Nevertheless. we have made 
two changes: la) To cuver rare situations. M/P anJ 
.~e4(~~~.~~~ru~s are recognized as pher~~hiral descrip- 
tors. (bf A% in all other rules we have drr)pped the phrase 

“at the tirst point of di&ence” and substituted the 
distance through the bonds from the center of exploration 

as the criterion in selecting the dectsive pherochiral entity. 
This principle which is a fu~~~rnent~~l idea in the sequence 
ruk was adopted to make our rules as uniform as possible. 

An example which illustrates this difference between the 
old’” and the pre‘icnt rules is achual tetrahydroxym 
hexanedioic ;r<id (6). According to Rule E, it is 
1.S.3R.4.S,.(R because the lower-numhcred center ((“.31 
closest to the center of exploration should have the 
preferred ~~~n~~~r~~~~~~~ I K). ahereas accordmp IO E-l.?! 
the name is 1R,3S,4R.S because the tirst point of 
difference between the two alternatives 8% C-2 which, 

therefore, should have the R ~~~n~~ur;iti~;n. C’iirnpitund 7 
illustrate% numbering bawd on the use of the priorit 
seqC’i.r ‘r reyrrcrns. (The center of eXpforati<>n is C-1. The 
R side chain at (‘. ? is &, that at C-6 is 8run.s to the 
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hydroxyl at C4. This classifies these side chains as se&is 

and scq’lians. respectively, and justifies the numbering 
shown.) 

Rule HI,. This applies if the ligands are homomorphic 
und diasrenoropic. Priority is assigned according to the 
one of the following rules that allows a decision: 
pro-seqcis > pro-seqJruns 0f if inapplicah)e pro-r > pnt-s 

or like > unlike. The pairs of descriptors IO be compared 
under this last rule consist (I) of [he propherofhirality 
symbol (pro-R/pm-S or pro-seqCis/pro-seqTrans) which 
allows one IO differentiate the IWO ligands and (2a) of the 
chirrlity symbol of the nearest preferred (see Rule En) 
pherochira) element or unit. This steric entity which must 

provide the same symbol for both ligands may be found 
within or without the ligands to be compared. If there is 
none the second symbol (Zb) is derived from the nearest 

propherochiral element that yields the same descriptor for 
the two ligands. 

Compound 2 is a simple example. The chain ligands of 
C-3 can be superposed when detached, but they cannot be 
superposed in the intact structure by rotation. reflection, 

or both. They are, therefore. homomorphic and dias- 
tereotopic. Each ligand contains a chiral center. Its 

configuration in both ligands must be the same (R in 2 and 

S in 2) because the ligands of each compound are 
homomorphic. C-3 is a center of prostereoisomerism 
which permits one to distin~sh the ligands as being 

pn>-3R and ~~3.5. As pto-3R and U, and pro-3.~9 and S 

constitute like pairs. the numbering is as shown. 
The novel aspect of example 8 lies in the presence of 

another chin1 center which lies outside the pair of 

homomorphic ligands. It has the same distance (2 bonds) 
from the center of exploration (C-4) as the chiral centers 
in the homomo~hic ligands (C-2 and C-6). The chiil 

center of the set-butyl group is given preference because 
it is reached by a higher priority bond (C4 compared to 

C-C. xquence Subrule I). The like pa@, therefore. are 
pro-4S and S in 8 and pro4R and R in 8. The numbering 
would be reversed if the side chain were EtMeHC-H&I- 
cr. 

-. 
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Rule He. This applies if the ligands are homomorphic 

and ennonfiotopic. Priority is assigned according to these 
rules: prv-R > pro-S or prv-seqCis > pm-seqTrans. 

in most cases the first of these rules will be applicable 
which is identical with a rule we had proposed before.’ In 

citric acid (9). e.g. the two CH:COOH can be superposed 
if detached. They can also be superposed in the intact 
structure by a refkction. These two ligands which are, 

therefore. homomorphic and enantiofopic can be distin- 
guished because one is pm-3R, the other pro-3s. This 

difference accounts for the numbering shown. 
Example t@ provides an illustration for the rule 

pro-se&% > pro-seqTrans, The center of exploration fur 
the cyclohexyliiene ring is C-l’. The methylene group 
which is attached IO it on the left is pro-seqCis (i.e. the 

ligand which starts with this methylcne group is one of a 
pair of homomorphic ligandc and it is cis to the R ligand 

of an enantiomorphic pair), the one on the right 
pro-seqTrons. The former methylene, therefore. is to be 

numbered C-T. (In the other ring preference is given to R 
over S according to Rule E,). 

:C 

%or~Akcasionatfy ligands are encountered that cannot be 
disti~is~ by any criterion given m the sequence ruk although 
these Iiqands when cxamincd m rwtation cannot be superposed. 
Such ligands have IO be trcatcd as if they ucrc homomorphic 
under nrks Ho or H, as appropriate. 

This can happen in even-numbered rings if the) are rubstitukd 
in IWO positions that lie on a line through lhc cenfer of rhc ring. 
cir-4Methyfcyclohcxanol WI1 of Ref. 4) IS an example The ring 
hgands of C-l arc enantiomorphr and enantiotopic but there is no 
rccognired procedure for cxpressmg ~hc morphic differences 
httween the IWO ring hgands that stars with one or lhc other 
methyknc attached IO C-l. They arc treated as if they were 
homomorphrc according IO Rule Hr which provides that pfo-IN 
takes precedence over pnr.1.S This analysis of compound VIII is 
~hc same as Ore one grvcn before and the numbcrmp is as shown in 
Ref. 4 which discusses the use of prochiratity symbol\ dcrtvcd 
from \uch cenrcrs of rttreoisomcrtsm. 

II rs equatly rmpsstbk IO d~tlnguish the cnantil~mo~hic ring 
tigands of C-l in It by accepted descrrptors of rhcir morphk 
differences. Therefore. analysis is carrrcd out under Rule Hr, 
which gives prefcrrnce IO the pro-lr bgand Comparrson bctwccn 
II and ii shows that the carbon alomn retain Iheir numbering 
when the original structure IS retkcrcd into that of rhe enantromer. 
Therefore, m this cast foe the numbering has the desired 
ChanClCflSWS 

To test the adequacy of these rules we have examined a 
large number of more challenging examples which 
included compounds unlikely ever to be encountered in 
practice. From this survey WC shall show only three 
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further eases which presented special problems. In 12 
there are eight possibilities for numbering the principal 

chain: four for allocating C-l IO one of the carboxyl 
groups and for cvcrk choice we have two further 

possibilities in locating the end of Ore chain. The central 
atom (C-4) meets the criterion for the center of 
exploratic)n: its branched ligands are hl~mom~3rphic and 
enantiotopir. As the ligand ahtve C-4 is pro-4K and the 

one below pro-4s. numbering must commence in the 
former and end in the her (Rule H, I. This allows one IO 
allocate C-3 and C-S. Both of these atoms are additional 

centers of exploration as they afso possess a pair of 

h~)rnorn~)~hi~ ligands. Among the pair attached IO C-3 the 
one marked V is pn~-3U and the other pro-3s. As the 
ligand pair V and W is dia.\tereotopic this difference does 

not suffice for selecting the preferred ligand (Rule HI,). 
The compound possesses no chiral centers. Therefore. the 
second symbol must h a second prochirality descriptor 

that is the same for V and W. Such a descriptor 1s prc>-JR. 

It forms a like pair with pn~3N. Therefore. num~rin~ 
commences m ligand V. At C-5 the like pair is pro-% and 

pro-4S. Therefore. l&and X rather than Y is to be 
included in the principal chain with the resuh that the IWO 

terminal atoms of the chain, c’.I and C-7. occup) 
enanliolopic posilions. 

(‘~)rn~~und 13 calls for an interpretation of the 

sequence subrule\ which appears not to be available. The 
branched lipands of the pscudoasymmctric center IX) arc 
enantiomorphic. Each one contains IWO elements of 
chiralitv. a center (V) and an axis (WI which are 
characlerized by inverse configurational symbols. (l’he 
axis W is S. the center V is R.1 The c~~nfi~urati~)n of X and 

the direction of numbering depend on whether the 
configuration of the ccnler or of the axis is decisive for 

assigning priority IO the branched lipands. One may think 
that centers might be preferred because they arc identified 
fust during factorir;ltion,’ However. the phrasing of 
Subrule (41 indicates otherwise II stales infer uliu that the 
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like pairs (K and .Cf) or (Isf and R1 have priority over the 

unlike pairs (H and P) or tf’ and R).’ If there were a 
categorical preference for centers over conformations the 
former should be always cited first. As IWO separale 
priorities were stated II can only be because the center and 
the conformation are treated on a par and one is assumed 
to be reached ahead of the other durmp exploration. 

~~nsistcnc~ requires that we treat a chiral axis the same 
wdy as we would a chiral conformation. We, therefore. 

face the problem of having IO decide which atom or bond 
we wish IO asscwia~c with the configurational symbol of a 
chiral axis. WC could choose the proximal or the distal end 
of (he axis or a point half-way between them. If we opt for 
the first W, 1s reached ahead of V and the ~on~~ura(ion of 
the axi\ determines the c~~n~~ura~ion of X. If our choice is 
W: or W,, the preferred path of exploration leads to V and 
the configurabon of the cemer determines the configura- 
lion of X. WC think II appropriate IO asstwiatc [he 
cOlltigUfi%tiUnii~ symh)l of an elemcnl or unit of 
stereoisomerism with a point half-way between the two 
terminal atoms of its core.’ In dc~ermininR this point we 
proceed between the two terminal atoms along the bonds 
bt the shortes! route and divide the number of bonds 
rraversed b) IWO. (Differences in bond length are 
ignored.l On this hasIs we locate the configurational 
symbol of the chiral axis at W:. For the reasons stated, the 
branch with the chiral center having the R configuration 
has priority for lower num~rin~ and for as$ning the 
c~~n~~u~d~i~~n ctf X which. therefore. is t. 

The proposed rule for locating configurational symbols 
allows us also to analyze compound 14. Center X has IWO 
dlastcreomorphic lipands. Their prioruy is determmcd by 
Rule I) The firs! members of rhc pairs IO be classed as like 
or unlike are the confignrrations of W i.9 or W’ (Rk the 
second descriptors Can either he the c~~nfi~urali~~ns of Y 
and Y’ which are holh R. or the c~)nfi~u~ti~~ns of the 
phcrcshtral units ~crmmating at W and C and al w’ and t! 
which arc both teqTrum. As (hc latmr are IO be Iooatcd a( 
I’ and I”. Y and Y’ are reached firsit in (he exploration 
from X beccmsc a carbmol group has priori& over a 
mcfhvlenc. ‘Therefore the like pair I\ H (Wrand R tY’)and 



hence the configuration of X and the numbering arc as 
shown. 

VCMKSSD StMiARY of S”mW; RVf.RS 

D: se@.r > seqrrunsllr > s or like pair :> unlike pair; 

E,,: like 1 unlike [t I) pher(~hirafit~ descriptor diff- 
erentiatin~ hgands and (2) external phero~hiralit~ des- 

criptc~r//~~~mm~n pr~pheru~hirality descriptor]; 
E, : K > S or se&Is > seq?ions . 
Hn: pnr-seycis > p#-seqtran.~l~p~f).r z pro-s or like *> 

unlike [( 1) propher~hirality descriptor differcntiatin~ 

hgands and (2) internal or external pher~~hiralit~ desrrip- 
tor~~common propherl~hi~lity descriptorl: 

H,: pnl-K > pro-S or pro-seq(i’s > prcl-seyTrans. 

(Choices before II are to be tried first. Other choices arc 
resolved by sequence-rule exploration). 

‘ihe num~rin~ proposed in this ~~~mmuni~ation 
responds to reflection in the appropriate manner. ‘I‘here- 
fore. in CCmtfWt to &de Em?.?>'" and some of our own 

earlier prop+safa.’ the new system may be termed 
reflection-concordant stereospecrfic num~ring. (For 

ready reference this system could be called the rrsn- 
convention.) We have tested the rules on a w-idc varictv of 

compounds and observed no an;~malous results. $ur- 
thermore, unless distinctive numbering is inappr~~priat~ 

because the alternative positions arc homotopic. the rules 

provide for unique numbering if the sequence rule 
provides the required descriptors a> is nearly always the 

case.” The objectives which have been stated in the 

mtroduction. therefore. appear to be met. ‘Ihey were 
reached in two stages. 

In the first we modifted the sequence subrules in such a 

wak that only those descriptors of elements or units’ of 
stcrc~~iso~ri~m that are pher~hir;il would change on 
retlection. The minor change advocated’ differs from a 

proposal with the same objective which had been made 
earlier by Prelog and Hclmchen.” Both revisions affect 
only a very small number of compounds. Our proposal is 

more conservative because it rrtatns a principle uf the 
original sequence rule‘ according to which c(~n~~urati(~ns 

depend only. on morphic differences between ligands. In 
contrast Prelcljt and Heltn~hen used toprc properties as 
well. The disadv~int~t~es of this procedure were discussed 
in an earher report.’ This difference in specifying 
~~~nfi~urations persists at the second stage tnurn~rins). 

when we too have to use topic characteristics. This 
sequential appli~ati~)n can greatly simplify also the 

numbering process T 

The objectives and results of our numbering rules raise a 
question of fundam_cntal importance. In determining the 

numbering of 4 and I we considered it appropriate that the 
atoms of the enantiomeric pair that arc interconverted by 
reflection would receive the same numbers. If such an 

equivalence is a sound basis for num~rin~. is it not 
equally sound to use the same equivalence for deciding 
whether the c~~n~~uratil~n of (‘-4 is being retained ar 

inverted upon reflection? If the ligands that are intercon- 
verted by reflection correspond. the ~~;n~guratiL~n of C-4 

in 4 differs from that in the en~~ntil~mer (4) and C-1 should 
be classed not as a pseudl~~i~ymmetric center, as we have 

done.“ but as a center of chirality, which is the 

conclusion reached by Prelog and Helmchen.” If such 
equivalence were a sound principle for distinguishing 

between retention and inversion on reflection it must 
eirher be generally applicable or at least be valid in all 
cases in which the lipands are diastereotopic as they are in 

4. 
It is important. therefore. to recall’ that this is net the 

case. The R-ligand of 5 and the Sligand of 5 are 
inter~onverted on reflection. Both are assigned to the 
principal chain and the numbered atoms retain their 

numbering on reflection. If tt were postulated that these 
two ligands should also correspond in comparing the 

~l)n~~urations of 1he double bond one would have to 
conclude by the same reasoning as was 1entativcly applied 

to 4 that the duublc bond retains its configuration on 

reflection. This i\ untenable because 5 and 3 are 
stereoisomers that can be interconverted by nothing more 
than an exshangc of hgands at the double bond. It is 
evident that a rule VI hich is useful for numbering has 
failed in comparing cl)nfi~ur~iti~)n~ although h>th ap 

pli~~iti~)n~ were made on i~e~~i(-a~ structures. Therefore. 
the Idea that lipnds of cnanti~mers necessarily cttr- 
respond if they are inter~~~n~erted by a reflection cannot 

possibly have the status of an axiom for comparing the 

~;)n~Ru~~tii~ns of enanti~)mers. 
The recent application of @oup theory to the subject 

pseud~~~~symrnctr~ tpse~ld~~~hir~ility) also has prompted us 
to reexamine our definition of an element of 
stereoisomertsm that requires a uhiral descriptor but that 
does not change its confipuration on reflection of the 
molecule. Notuse has introduced two symmetry 
operations of a new kind, rotation with ahirality reversal 
tC,,j and reflection with chirality reversal t S,,) to define 
molecular pseud~~hirality as the attribute of a structure 
that yields an isomer on t; as well as S,. This allows not 
only an achiral ~(~rnp~)u~ (like achiral trih~dr(~x~~lutari~ 
acid) but also a chiral one to be pselidl~chiri~~.“~ A simple 
example of this is 150, the haste structure with a center 

that has alternatively tKen considered to bc pseudo- 
asymmetric’ and zhicrl.” II yields isomers on reflection 
(I!%) and on both Nourse operations. if the chirality 



1 ‘-P 
c.,; 

reversal is carried out on the K or the g and h ligands tlk 
and 1Sd). The structure i\ therefore both chiral and 

pscudlxhirvl according IO Nourse. He has not defined a 
center of pscudochirality. Undoubtedly, several dcfim- 
tions can be ptven which would uttlire the Source 

opcrattuns. Howescr. the choice is subject to the 
constraint that a center that yields a pseudoenantiomer on 

permutation of its lipands and that has no prcudochiral 

lip;inds ought to receive the same classification 
tpccudochiralj ;I\ the whole, if the structure confains no 
other such clement. According to this postulate the center 

of 15~ is pseud~l~hir~~l 
Solely- to allow a comprehensive comparison with our 

definition of a center IO bc charactcritcd by r/s 
descriptors we delineated a\ pseudochiral a center 

substituted with a pan of enantiomorphic ligands in such a 

way that the center cannot be superposed upon itself by a 
~ymmetr) operation with chirality reversal limited to the 

pair of cnantiomorphic hpands attached IO ~hc center (e.g. 
the g IiKands of 15). ‘fht\ description appropriately 
excludes the center of (‘p’g h’h becaucc S, with respect 

to the p or the h hgands superposes the center on itself The 
definitmn appears IO tw equivalent to the one we have given 

for ;I center to be described hy rL!s, provtdcd it is 
tetrahedral. ‘The two de~niti~)ns can diverge if the center is 

octahedral or tetragonal. e.g. tetrzponal Xg-p h’h yields 
an isomer on S, and C’, if the chirality reversal is linttted IO 

:I single WI of the zhiral lipands. The structure 1s. therefore. 
pscudochiral accordInK to Noursc and so is ifs center 

accordmp to the above detinitton. or any other that is in 
accord utth the Sourse concept of pscudochirality and 
uith the pw~ul;r~e \~;~ted ;~hove. ffowevcr. the isomers 
intcrconvertcd by the S, operation cannot be dtstinpuishcd 
by chiral descriptors like rf.r because any scqucnce ol the 
lipands I~;II is clockwise uhcn vtewed from one side is 
counterclockwise from the other. 

11s the dtf?erent requirements for the classification of 
the tetragonal center allow no resolution we must 
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conclude that the objective of definmg clemtnts of 
stcreotsomcrism that can be characterircd by the rcflcc. 

lion-invariant descriptors r/s, and that of establishing 

symmetry relationships for a large variety of diac- 

tereoisomers arc distinct problems that require different 
approaches. Severthcless. there must be much common 
ground. because II appears that any center that we would 

characterize by do can be classed as pscudochiral 

according to a detinition batid on chirality ftXfSd 

oFrations (the one stated above). This further supports 
our contention that rhe minor revisions of the sequence 

subrules which we have proposed have a sound fheorett- 
cal haSiS and hence that the resulting steric descriptors are 

appropriate tools for the numbering rules here described. 
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