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INTRODUCITON 

Conslderatlon of molecular structures as graphs or framework models conslstmg of pomts (nuch) 
connected by lines (bonds) 1s a ublqultous and highly productive methodology m chemistry The 
geometrical properties of such models are, of course, central to our understandmg of structure and 
reactivity In particular, chemists have long been intrigued by the underlying structural causes of 
lsomensm, and framework models provide a very simple and satisfying explanation of this 
phenomenon Indeed, it was out of a necessity to explain the existence of constItutIona Isomers, those 
dlffermg by bond connectlvlty, that the very concept of the connectivity of atoms was first reluctantly 
considered by organic chemists such as Kekule and Couper in the 1850s It was not until “examples of 
another kmd oflsomensm, ‘optical lsomensm’, became too numerous to Ignore” that theconcept ofthe 
tetrahedral carbon atom was first proposed by van’t Hoff and Le Be1 1 

Today, these concepts, chemical bonds between pairs ofatoms (molecular constltutlon or topology) 
and the Euclidean geometry ofmolecules(stereochemlstry) are taken for granted by most chemists In a 
theoretical sense, they may be considered separate That is, stereochemlstry 1s not generally a 
consequence of the topology of a molecular structure alone, but rather denves from Euclidean 
geometrical properties of the structure There 1s a class of compounds, however, that stands at the 
topology-stereochenustry interface These are stereolsomers owmg their dlstmct character solely to 
bond connectivity, requiring no Euclidean molecular ngdlty at all to remam chemically different The 
term topologrcal stereozsomers IS proposed to descnbe these novel molecular entitles Topologtcal 
stereochemrstry simply deals with the synthesis, characterization, and conslderatlon of the chemically 
relevant geometry of topologcal stereolsomers ’ Such novel constructs as molecular links (catenanes), 
knots, and M6bms strips belong m the realm of topolo@cal stereochemistry While perhaps a relatively 
quiet backwater m the mam stream of chemical research, topolo@cal stereochenustry 1s now 
recognized as an important aspect of molecular biology Indeed, topologcal stereochermstry 1s a 
unique field, esthetlcally and mtellectually pleasing m the extreme The goal of this report is to allow the 
reader to appreciate fully the beauty of this interplay between molecular topology and stereochemistry 

The report 1s divided into SIX parts Part I defines some basic topolog& ideas m terms synthetic 
chemists should find familiar, and puts forth a definition of topolo@cal stereochenustry , Parts II-IV 
deal with chemical synthesis of topolo@cal stereotsomers and related constructions, Part V describes 
an approach to speclficatlon of configuration for topologcal stereoisomers, and finally, Part VI 
presents a dlscusslon of topolo@cal stereolsomensm of DNAs 

PART 1. TOPOLOGY FROM A SYNTHETIC CHEMIST’S PERSPECTIVE 

A Topology of one-drmensronal constructrons m three-dlmenaonal space 
In order to appreciate topolo@cal stereochemistry, some “quahtatlve” knowledge of topology 1s 

required 3 Orgamc and morgamc chemists are, m fact, well prepared for a basic understanding of the 
required topology by virtue of their ability to manipulate molecular models and structural formulas 
One merely need define some topological and graph theoretical ideas m terms the chemist IS already 
famlhar urlth This IS most easily accomplished by first consldermg some well-known Euclidean 
geometry 

One-dtmenaonal constructions are simply those composed of points and lines Consider the one- 
dlmenslonal constructions shown m Scheme l(a) Each 1s easily recogmzed as distinct from the others, 
and each has certain metnc properties, 1 e properties that can be measured For example, the large 
circle has a radius, circumference, and area that can be measured It 1s clearly different from the small 
circle Slmllarly, the tnangle and square have metnc properties including angles, areas, and lengths of 
sides These objects may be moved about m the plane or in three-dlmenwonal space (abbreviated 3- 
space), and these metnc propertles will remam the same They are sld to be Euclidean mvanants of the 
ObJects The distinct character of each of these constructions with respect to the others is, of course, a 
Euclidean mvanant 
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Scheme 1 Some one-dunenslonal constructions 

Topology for our purposes, more precisely low-dImensIona topology, mvolves geometrical 
propertles which remam mvanant gven contmuous deformation m 3-space Such geometrical 
properties are called topolo@cal properties, or topologcal mvarlants To vlsuahze the contmuous 
deformation that preserves topologcal properties m 3-space, consider the construction to be totally 
flexible, as If it were made of infinitely stretchable rubber threads Lengths and angles are no longer 
invariant Indeed, no metnc properties are topoloacally mvanant But, connectlvlty 1s mvanant, that 1s 
a lme may not be broken, one line may not pass through another, and points may not become 
congruent Thus, the four constructions m Scheme l(a) are all topologlcally equwalent That IS, each may 
bedeformed mto the others bycontmuous deformation They are said to be uotop~, and they cannot be 
dflerentlated by conslderatlon of their topology alone They owe their dlstmct character to Euchdean 
metric properties (ngdlty) The arcle, tnangle, and square are thus simply different representations of 
the same topologcal construction-a closed curve Such representations are termed presentations of 
the construction 

The four presentations of a closed curve shown m Scheme l(a) also share another Important 
topolo@cal property each has ldentrcal connectmty Connectlvlty used m this context has a very 
precise definition m topology But, the mtultlve meaning of the phrase “ldentlcal connectlvlty” will 
serve for the present discussion ObJects with identical connectivity are termed homeomorphrc While 
the topological attnbutes lsotoplc and homeomorphlc ascnbed to pairs of ObJects have a slmllar 
meaning, they differ m a crucially important way In ths report, the term “lsotoplc” IS synonymous with 
“topologcally eqmvalent”, and “not isotopic” IS synonymous with “topolog&ly distinct” As 
discussed below, homeomorpbc objects may be topologcally equivalent or topolo@cally datmct, but 
ObJects which are not homeomorphlc must be topolo@cally dlstmct 

Consider now the objects m Scheme l(b) Here are thrd presentations of a topolo@cal line Clearly, 
these presentations of the hne are homeomorphlc and lsotoplc They are, however, topologcally 
dlstmct from the constructions shown m Scheme l(a) The closed curve has no ends while the lme has 
two ends The twoendedness of a line IS a topolog& mvanant It IS independent of the length of the 
line, its shape or any metric properties Smularly, the lack of ends of a closed curve IS also a topolo@cal 
mvanant The constructions shown m Scheme l(a) have different connectlvlty than those shown m 
Scheme l(b), they are no? homeomorphlc, and the constructions m Scheme l(a) cannot be converted to 
those m Scheme l(b) by contmuous deformation m 3-space, that IS they are not uotopzc 

Unfortunately, because of amblgmty m accepted English defimtlons according to Webster,4 
topology may have another meanmg quite opposed to that gven above Topology IS sometimes taken 
to mean “the study of the topography of a place” This 1s indeed unfortunate, smce topography refers to 
the shape of a surface, a decidedly non-topologcal entity Smce the topology of molecular structures 1s 
such a useful concept in chenustry, distinct from shape, we strongly recommend that when descnbmg 
the shape or stenc environment of, e g &astereotoplc faces of a carbonyl group, chemists use the term 
topography, reserving the term topology for properties dependmg only on connectlvlty, as described 
above 

B The molecular graph 
The above dIscussion of the topology of onedlmenslonal constructions such as closed curves and 

lines IS directly transferable to molecular structures once the molecular graph IS defined A graph 1s 
simply any one-dlmenslonal construction composed of points and lines ’ Lines Jonung pomts are 
called edges and points Joined to more than two other pomts are termed uertlces We define the 
molecular graph as sunply the graph where nucla define the pomts and bonds define the edges Also, 
different atonuc nuclei, e g carb& and oxygen, define drfferentlated (Merently colored) pomts Thus, 
the molecular graph IS exactly the common structural formula embedded m 3-space, or a framework 
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molecular model Often, the hydrogen atoms are left off the molecular graph, though they are, or course, 
Implied In this report, the name of a chemical entity IS used to refer to the actual compound and to its 
molecular graph 

As 1s the case for many defimtlons m stereochenustry, considerable arbltranness 1s built mto the 
defimtlon of a molecular graph Thus, Mlslow has pointed out that construction of a molecular graph, 
or what he terms the constltutlonal graph, IS arbitrary smce a yes or no declslon must be made 
concemmg whether two atoms are bonded or not He proposes the edge weighted complete graph, 
where each atom 1s consldered bonded to every other atom m the structure, as a more accurate 
descrlptlon of a molecule for the purposes of determmmg panwise relatlonshlps between lsomenc 
structures 6 In this graph, the edge welghtmgs are values associated with the “degree”of bondedness of 
the atoms 

We define an edge of the molecular graph to be a covalent bond Thus, H-bonds, Ion-Ion bonds, 
lon-dlpole bonds, or dlpole-dlpole bonds are not consldered edges ofa molecular graph A host-guest 
complex has identical topology mth the uncomplexed host and guest by this defimtlon But, a metal- 
porphyrin complex 1s topologrcally dlstmct from the separated porphynn and metal atom Of course, 
even the term covalent bond 1s arbitrary Some metnc bond strength must be assigned for a 
topologlcally srgmjicant bond Thus, the molecular graph 1s the M~slow complete edge welghted graph 
with all edges below a certain weighting removed Rather than make an arbitrary declslon concerning 
the exact welghtmg necessary for a topolog&ly slgmficant bond, we choose to leave this point open 
For most compounds, chemists have no trouble at all constructing a molecular graph as defined above 
Indeed, use of molecular graphs IS one of the most common methodologes m chemistry 

C Topological stereorsomers 
Most Isomers fall mto one of two categories Constltutlonal Isomers differ m bond connectlvlty 

They are distinct by virtue of the topology of the molecular graph For example, as shown m Scheme 
2(a), the molecular graphs of n-butane and lsobutane are not homeomorptic and not lsotoplc The 
famous Enghsh mathematlclan Cayley made a large impact on the chenucal world m the 1850s when he 
showed that the number ofposslble constltutlonal isomers with formula C,HI, + z could be determmed 
utlllzmg topologcal arguments This number is, of course, independent of any metnc properties of the 
molecular graphs and IS a topologcal mvanant pven the rules of valency of carbon 

Most stereolsomers, however, are distinct by virtue of some kmd of molecular ngdlty Euclidean 
geometrical properties of the molecular graphs are responsible for the dlstmct character of, e g 
enantlomers possessmg a tetrahedral stereocenter, or E,Z-isomers of alkenes, as shown m Scheme 
2(b) Whde very many novel examples of stereolsomensm have been observed, they almost mvarlably 
are simply mamfestatlons ofdlfferent types ofmolecular ngdlty In all such cases, the molecular graphs 
of a pair of stereolsomers are lsotoplc and homeomorphlc 

There IS, however, a class of isomers fundamentally different from either of these two classes By 
definition, all stereolsomers have homeomorphc molecular graphs But, as first dlscussed m the 
literature by Wasserman m 1961, 2a *there are stereolsomers requlrmg no molecular ngdlty to remain 
distinct Such stereoisomers have topologlcally distinct molecular graphs when embedded in 3-space- 
they are homeomorphlc, but not lsotoprc As shown m Scheme 3, the prototypal example of such 
lsomerlsm mvolves molecular knotted rings If the constructions shown m Scheme 3 represented 
lsomenc molecules, e g cycloalkanes, then clearly they would be stereolsomers They have Identical 
bond connectlvlty, yet they may not be made congruent Indeed, these stereolsomers would differ from 
all conventional Isomers (stereolsomers and constltutlonal isomers) since no contmuous deformation 

Scheme 2 ConventIonal Isomers 
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Scheme 3 Topologtcal stereotsomers 

of the molecular graph m 3-space will ever allow them to mterconvert (not notoplc), yet they have 
identical bond connectlvlty (homeomorphlc) 

We term such isomers topological srereolsomers Furthermore, we define topological enanrlomers as 
topolog& stereolsomers whlchmay achieve mirror image presentations such as the trefoil knots 2 and 
3 Topolo@cal enantiomers are, of course+ topologlcally choral A construction is topolog-tcally chu-al if 
any presentation 1s topologcally distinct from its mirror image s Topological dmtereomers, on the 
other hand, are topologuzal stereolsomers which cannot achieve mirror image presentations, such as 
either of the trefoils 2 or 3 and unknotted rmg 1 Panwise compansons of constltutlonal isomers, 
conventional (Euclidean) stereolsomers, and topolo@cal stereolsomers m the context of the topology 
of the molecular graphs are summarized below 

Constltutlonal isomers not homeomorphlc, not lsotoplc 
Euclidean stereolsomers homeomorphlc, lsotoplc 
Topolo@cal stereolsomers homeomorphlc, not lsotoplc 

D Cmerra for topological stereolsomerrsm 
In the followmg dlscusslon, topolo@cal stereochemistry of molecules will be examined m terms of 

four elements of topological dissymmetry It is coqectured that at least one of these elements is necessary 
for topologcal chlrahty (1) an onented link, (2) any other choral link, (3) a choral knotted ring, and (4) a 
choral non-planar graph 9 

Scheme 4 illustrates these elements of topolo@cal dissymmetry Construction 4, consrstmg of two 
mterlockmg nngs each of which is oriented, IS the prototypal choral ObJect m topology One rmg serves 
to “orient the space”, and the other defines the configuration of the choral lmk Both rings must be 
onented for the lmk to be topolo@cally choral This construction cannot be transformed mto its mirror 
image by any contmuous deformation m 3-space Construction 5 1s a link with a mmlmum of four 
crossmgs Agam, it consists oftwo interlocked nngs In ths case, however, the nngs need not be oriented 
m order for the construction to be topologcally choral Construction 2 1s the famlhar trefoil knot In 
topology, any closed curve is a knot It has been demonstrated that very many knots are topologcally 
choral Many, however, are topologlcally achlral or amphlchelral m topologcal parlance A simple 
circle is an example of an achn-al knot Finally, constructions 6 and 7 are non-planar graphs A 
dlscusslon of these fascmatmg topologcal entitles 1s deferred until after a short descnptlon of mtrmslc 
and extrmslc topolog& properties 

E Xntrmslc and extrms~c topologtcal properties 
In the foregoing dlscusaon, the phrase “embedded m 3-space” has appeared several tunes A short 

explanation of the reason why this embedding 1s so important to the defimtlons presented above 1s 
interesting and Justified at this point even if slightly repetltlous Intnnsically, 1 e ignonng embeddmg m 
any space, the knotted rmgls topologcally equivalent to an unknotted circle, or to its own mirror image 
or, indeed, any other knotI” In a space Hrlth dlmenslonahty higher than three, these constructions may 

Scheme 4 Illustration of some elements of topologtcal dissymmetry 
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be mterconverted by contmuous deformation The knotted nngcould be mathematlcally taken mto 4- 
space, deformed wzthout breakzng the kne, then returned to 3-space as an unknotted nng Intrmslcally 
equivalent constructions are homeomorphlc All knots are homeomorphlc to a circle Likewise, a hnk 1s 
mdlstmgulshable from two unhnked rmgs znmnszcally All stereolsomenc molecular graphs must be 
mtnnslcally topolog&ly equivalent or homeomorphlc, while all constitutional isomers have 
mtnnslcally dlstmct molecular graphs 

But, embedding m 3-space imparts extrznszc topologzcal propertzes to a construction Two 
constructions which are topologcally equivalent m 3-space are termed zsotopzc All lsotoplc 
constructions are homeomorphlc Not all homeomorphlc constructions, however, are isotopic The 
dlstmct character of the nurror unage trefoil knots, or of the hnk and two separated rings,, are extrznszc 
topologzcal properties These constructions are homeomorphlc, but not isotopic Any topologcal 
chlrahty must necessanly be a property of embeddmg of an object in some space, and is an extnnsic 
property-all nurror unage ObJects are homeomorphlc Topolog~al stereochemistry involves a 
collection of extnnslc topologcal properties denvmg from the embeddmg of molecular graphs m 
3-space Agam, topologcal stereolsomers have homeomorphzc, but not zsotopzc molecular graphs 

F Non-planar graphs 
As mentioned above, a graph 1s simply any construction composed of points and lines A subgraph 

may be denved from a graph by selective removal of points and lines Constructions 2,4 and 5 can be 
considered graphs with no points although such closed curves usually are not considered graphs Of 
course, some points may be embedded m the closed curves If the latter 1s the case, then the resultmg 
graphs are termed czrcuzts If three differently colored points are avadable, then a graph equivalent to 
construction 4 can be generated m 3-space by embeddmg the three points m each of the two circles In 
the followmg dlscusslon, the terms “hnk” and “knot” are used interchangeably with “linked clrcult 
graph” or “knotted circuit graph” This 1s not precise, but since all molecular structures are graphs, we 
need not consider closed curves outside the context of clrcult graphs 

Graphs can be dlvlded into two categones Some graphs have possible presentations which may be 
projected m a plane without any crossmgs, e g the molecular graphs of the butanes shown m Scheme 
2(a) These are termed planar graphs A little expenmentatlon with pencd and paper will serve to 
demonstrate that many more complex graphs, such as that for cubane, are also topologcally planar 
On the other hand, some graphs haoe nopresentatzon allowing proJection m a plane wthout at least one 
crossing A crossing here 1s defined as any pomt m the plane proJection of the graph where two edges 
cross, but there 1s not a vertex In order to dflerentiate such crossmgs from actual pomts(vertlces) which 
are part of the graph, the pomts of the graph are usually embolded Alternatively, for graphs embedded 
m 3-space such crossmgs can be represented by a “break” m one of the lines the one passing 
“underneath” The latter convention is, ofcourse, very common m chenustry The convention 1s used to 
obvious benefit m the drawings of structures 2,4, and 5 

The graphs correspondmg to links and knots are non-planar because of the embedding m 3-space 
However, they are homeomorphlc to circuits which may be projected onto a plane with no crossmgs 
Intnnslcally, constructions 2, 4, and 5 are planar! Thus contramtmtlve statement 1s sunply a 
mathematical result of the fact that the constructions are homeomorphlc to planar presentations 
There are, however, graphs which are mtrmslcally non-planar The famous Pohsh topologst 
Kaznmerz Kuratowskl first showed that aZ1 such non-planar graphs contam as a subgraph one of only 
two basic non-planar graphs-the first and second Kuratowskl graphs 6 and 7, respectrvely ’ Harary, 
of the Department of Mathematics at the Umverslty of Michigan, has named these graphs K, (6), and 
K,,, (7) l1 The “standard” presentations of K, and K, 3 are shown m Scheme 4 The first Kuratowskl 
graph K, is simply the complete graph on five vertices That is, each point is Joined to every other by an 
edge The second Kuratowskl graph K,,, 1s the complete bl-patite graph on two sets of three vertices 
each 

The latter graph has also been called the graph of three houses (one set of three vertices) and three 
utlhtles (the other set of three vertices) So This model provides an interesting dlustratlon of the 
topolo@cal non-plananty of these constructions Thus, as shown m Scheme 5, consider a housing 
project with three houses 1, 2, and 3 Each house must be connected to the utlhtles gas, water and 
electnclty Suppose, as the story goes, that the prospective owners are feuding and require that their 
utdltles be connected without any of the hnes crossmg The unhappy construction engmeer sits down 
with a pencil and paper and tnes to design such a layout The engmeer IS thwarted, however, since It 1s 
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Scheme 5 K, ,-the graph of thm houses and three utlhtles 

topolo@cally unposslble to connect three houses to three utlhtles without UC least one crossmg One 
solution wth only one crossmg is shown m Scheme 5 It should be noted that this 1s not an extnnslc 
property, but 1s actually mdependent of any embedding space Intnnslcally the “normahzatlon” of the 
crossings, that is, which hne 1s above and which 1s below, has no meaning But the graph still must 
possess at least one crossmg m any plane projection 

To allow easy recogmtlon of the K,,, graph, it is useful to note that the vertices of K, ) can be 
colored such that each vertex of one color ls~omed to all three of the other, but not to any of its own 
color Thus, each house 1s Joined to each utlhty and each utility 1s Joined to each house No house, 
however, IS directly joined to another house and no utility is directly Joined to another utlhty Ths 
graph 1s termed “mmunally non-planar”, since it may achieve a presentation with only one crossing A 
little expenmentatlon will also serve to convince the reader that the K, arrangement 1s also muumally 
non-planar Any non-planar graph, no matter how many crossings It must have, may be reduced to one 
of these two graphs by selectively removmg edges 

Many of the propeties of the Kuratowskl graphs are known But, graph theonsts have done very 
little exploration of the extnnslc topolo@cal propertles of graphs denvmg from an embedding m 3- 
space Since topolog& chlrahty IsJust such a property, the topologcal chlrahty of graphs is not a well- 
studied area of graph theory or lowdlmenslonal topology As described below, it is conjectured that 
some molecular graphs may be topolog&ly choral w&out possessing any of the more conventional 
elements of topologcal dissymmetry 1,2, or 3 It 1s further conjectured that such molecular graphs must 
possess either K,,, or K5 as a subgraph 9 Thus, the non-planar graphs are included m Scheme 4 as 
elements of topolo@cal dissymmetry of a fourth kind 

G Crzterra for topological chwahty and drastereouomensm-revlslted 
The necessary and sufficient condltlon for topologcal chn-ahty 1s that any presentation of the 

construction be topolo@cally dlstmct from its mirror image This lmphes that no presentation may be 
converted into its mirror by continuous deformation m 3-space Mathematically, topolo@cal chlrahty 
may be proved by methods which are far outside the scope of this report Some simple generahzatlons, 
however, are very useful for provmg the topological achu-ahty of molecular graphs 

If any rzgrdly achwal presentation IS found for a construction, topolo@cal chlrahty IS ruled out Of 
course, such a presentation must possess an improper axls of symmetry l2 T~u constramt readily 
allows topolog& chlrahty to be ruled out for most molecular graphs Specdically, any planar 
presentation of a molecular graph 1s ngdly achlral m 3-space It possesses at least one d plane (the plane 
m which it 1s embedded), and 1s therefore a ngdly achlral presentation Most topologcally non-planar 
one-dlmennonal objects contam either a link, knot, or non-planar graph 9 The non-planar graphs are 
mtnnslcally non-planar, the links and knots are non-planar when embedded m 3-space This 1s the 
reason for choice of the hnks, knots, and non-planar graphs as elements of topological dissymmetry 
The separation of the onented link from other choral links 1s arbitrary, but useful m the followmg 
discussion 

Concernmg cntena for topolo@cal dlastereolsomensm, it 1s more difficult to generalize. It 1s 
conlectured, however, that for two constructions to be topolo@cal dlastereomers, at least one must be 
non-planar, though neither need be topolo@cally choral Another way of statmg this conjecture 1s the 
followmg two planar homeomorphlc constructions must be lsotoplc m 3-space 

PART II CHEMICAL SYNTHESIS OF TOPOL4MXCAL STEREOISOMERS BY THREADING 

A lntroductton 
Somewhat surpnsmgly, topolo@cal stereolsomensm 1s extremely rare outside the DNAs Indeed, 

of all the pure non-polymenc compounds ever syntheszed or isolated (Ignonng DNAs) we know of 
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Scheme 6 The trefal knot by threadmg 

only three examples of topologlcally chn-al molecules, and one example of topologcal 
dlastereolsomensmr This section describes the synthesis of these topolo@cal stereolsomers, plus other 
chermstry closely related to topolo@cal stereochemlstry While there are almost certamly other 
examples of topological stereolsomensm m the literature of which the author IS not aware, the followmg 
dIscussIon will serve to illustrate the novelty of these structures 

B General consldermons 
Consider approaches to the synthesis of a knotted rmg As shown m Scheme 6, one obvious strategy 

involves simply cychzatlon of a linear molecule functlonahzed such that the ends may become bonded 
Thus, a linear molecule (8) may easily achieve the presentation 9, called a loop For a real molecule, this 
conformatlon does not seem unlikely If there are many atoms m the cham The next operation may be 
termed a threudrng Passing one end of the chain through the loop gves the construction 10, called a 
twrst 3 This sort of construction m lay language could be called a knot (the sailors half-hitch) But m 
topology a knot must be a closed curve Notice that 8-10 are all lsotoplc Finally, formation of a 
covalent bond between X and Y gves the trefoil knot 2 A senes ofmlrror Image events would afford the 
alternatlve trefoil, as shown for 11 + 3 The hypothetlcal enantlomenc transition states leadmg to 2 and 
3 may be correctly said to have different topology 

In real chemical systems, knotted nngs must certainly have been synthesized many times smce 
efficient methods for macrocychzatlon reactions were first developed The amount of knotted rmgs, 
however, must be very small Part of the problem 1s m the threadmg process itself In real chemical 
systems, such a threading process 1s unhkely because of the conformatlonal propertles of the chams A 
“twist” conformation m which the loop IS threaded must be disfavored relative to the unthreaded 
conformation, at least m saturated hydrocarbon systems In addltlon, problems m lsolatlon and 
charactenzatlon of the knotted product are difficult to overcome To our knowledge, outside of DNA 
chemistry no knotted nng has ever been Isolated or characterized 

C Catenanes by threadzng 
A threadmg approach to synthesis of molecular linked rings,, termed catenanes, similar to that 

described for the trefoil knot, 1s also evident as shown m Scheme 7 Thus, threading of a cham through a 
pre-formed nng can gve construction 12 If the ends of the cham are now functlonahzed such that they 
cannot shp back through the ring, 12 becomes a hooplane or rotaxane ” I3 Note that no matter what X 
and Y are, constructlon 12 IS lsotoplc with the separated chain and rmg If the ends of the cham m 12 
become bonded, then a hnk (13) results The lmk is topolo@cally distinct from the unlinked nng 
components when embedded m 3-space A second threading of 12 could give the “double-looped” 
construction 14, which m turn could cychze to gve the double-looped catenune 15 For the case of 
formation of rotaxanes 12 and catenanes 13 by threadmg as shown m Scheme 7, useful mathematical 
modeling of the probability of threading and catenane formation has been accomplished 2a lb” 

Chemically, achlevmg a synthesis of a catenane by the threading approach outlined m Scheme 7 IS a 
two-fold problem (1) macrocychzatlon to @ve cychc molecules with greater than 20 atoms and (2) 
lsolatlon of the linked product According to Prelog, Wlllstatter discussed the posslblhty ofsynthesis of 
hnked macrocychc nngs m a seminar at Zunch sometime between 1900 and 1912 “Good solutions to 
the problem of macrocychzatlon were not available until the 195Os, however In the mlddle and late 
1950s apparently at least five groups were simultaneously attacking the problem of synthesis of lmked 



Topological stereochemistry 3169 

/’ + 0 
II THREADING 

Scheme 7 Catenancs by threadmg. 

molecular nngs They were the group of Luttnnghaus (a Ziegler student who had been Involved m the 
early work on synthesis of macrocycles) at Frelburg University, Cramer at Heidelberg, Kohler and 
Dletnch at Tubmgen, Wasserman at Bell Laboratones m Murray Hill, and Van Guhck at the 
University of Oregon 2c05*21 The first pubhcatlon concemmg an (unsuccessful) attempt at catenane 
synthesis was by the Luttnnghaus group m 1958 lg Though no catenane product was isolated m pure 
form at the time, Wasserman first convmcmgly demonstrated synthesis of a catenane and reported his 
results to the Dlvlslon of Polymer Chemistry at the 138th Meeting of the ACS m New York City m 
September of 1960 A commumcatlon descnbmg that work appeared m August of that year 2o He and 
van Guhck independently coined the term catenane (Latin, catena, chain) m the late 1950s 21 

1 The Wasserman synthesis Because! of the hlstoncal unportance of this synthesis m the field of 
topologcal stereochemistry, a short discussion of the Wasserman catenane synthesis 1s presented 
Since macrocychzatlon methodology by 1960 was quite well established, the problem had become one 
of convmcmg demonstration of the existence of the linked products This was accomplished m a very 
clever way As shown m Scheme 8, acylom condensation of dlethyltetratnacontanedloate (17) m the 
presence of an equlmolar amount of the deuterated cyclotetratnacontane (16-the matenal utilized 
contained an average of 5 D atoms/molecule) m xylene solution gave greater than 70% of acylom 18 
Chromatography allowed facde separation of the macrocycle 16 from the acylom 18 However, the 
twice chromatographed acylom product still contained carbon-deutenum bonds by IR spectroscopy 

EtOz C - (CHZIJZ- CO2 Et 
17 

‘5 

1 No XYLENE 

3 
0 

1,s l lCH21,2 OH + f?po. 
7. 

‘22 19 
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HOZC - miZl,Z - CO~H + 16 

2!2 

Scheme 8 The W asscrman c&mane synthezzs 
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23 

Scheme 9 The first Harrison rotaxane synthesis 

Oxzdatrve cleavage of the acylozn product gave the dzacld 20 plus approxzmately 1% ofthe cycle 16 
The identity of the matenal obtained after thzs oxzdatzon wzth the starting macrocycle 16 was shown by 
m p and mixed m p These results are best interpreted by assuming the existence of catenane 19 m 
adrmxture with the acylom product 18 produced zn this reactzon Indeed, zsolatlon of pure catenane 
prepared by thrs approach was later reported m the llterature,2b thus demonstrating threading and 
forznatzon ofhnked product by the approach shown m Scheme 7 for the first time The actual amount of 
linked product produced m this way was shown to be zn reasonable agreement with that predicted 
based upon a random cod model ‘a Wang, working wzth DNAs, was able to show that for DNA strands, 
thzs mathematical model gave excellent agreement with expenment z4 

2 More rotaxanes and catenanes by threadzng More work on understandmg the threading process 
has been accomplzshed zn the years smce 1960 Harrison camed out an Interesting senes ofexpenments 
deszgned to deterrnme the structural parameters affectmg the threading equzlzbnum m hydrocarbon 
nngs and chains z6,” As would be expected, under equzhbratmg condztzons the amount of threaded 
product increases with increasing nng srze Thus, as shown m Scheme 9, when a neat mixture of 
cyclodotnacontane (21) and 1,13-dl(tns-4-t-butylphenylmethoxy)trzdecane (22) IS heated with 
naphthalene-fl-sulfomc aczd, equzhbnum is estabhshed between the rotaxane 23, the free cycle and 
chain After trapping the eqmhbnum mixture with tnethylamme, then punficatlon of the products by 
chromatography on szlzca gel, 1 1% yield of the crystalline rotaxane (23) 1s isolated Wzth 
cyclotntriacontane (C,,H,,) a 1 6% yield of rotaxane zs obtazned under slmllar condztlons The 
method could not be utllzzed above the cycle (C,,) matenal since for higher nngs the threaded product 
was thermally unstable With the larger rmg szzes the tnaryl end groups can slzp through the nng 
rapidly on the zsolatzon time scale at room temperature 

A novel and interesting apphcatzon of polymers m orgamc synthesis resulted m a rotaxane synthesis 
by Ian and Shuyen Harmon z3 As shown zn Scheme 10, treatment of covalently polymer bound 
cyclotnacontane acylozn (24) wzth l,lO-decanedzol, tnphenyznethyl chlonde and pyndzne, then 
washing of the resin, gave a very small amount of polymer-bound rotaxane Repetition of the cycle 70 

0 +, CCP PYR/DMFI+-CH, 

0 
bl WASH RESIN 

cl REPEAT D AND b TO TIMES 

d) No2 CO,lMrOH t1 

Scheme 10 The Harnsons’ polymer-bound rotaxane synthesis 
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times, then cleavage of the macrocycle from the resm afforded a mixture from which 6% of pure 
rotaxane 25 was isolated as an 011 

All of the above results serve to confirm the baslccorrectness of the calculations mdlcatmg that with 
hydrocarbon chams, the threadmg approach 1s a very inefficient method for preparation of catenanes 
or knots It 1s expected, however, that chang.mg the chemical nature of the cham and nng may change 
the likelihood of threading, and make catenane synthesis by the threadmg approach more efficient 

Indeed, some very interesting work on threading m macrocychc polyethers was reported m 1976 by 
Albert Zllkha and his co-workers at the Hebrew Umverslty of Jerusalem This work has culminated m 
an efficient total synthesis of catenated nngs by the threadmg approach,” 23 though unfortunately, 
commercial mixtures of polyethyleneglycols (PEGS) and non-homogeneous crown ethers denved 
therefrom were used m all of the experiments 

Treatment ofa mixture ofcrown ether rings and PEG with naphthalene- 1,5-dusocyanate gave high 
molecular weight polyurethane polyrotaxanes Any nng not threaded could be washed out of the 
polymer and quantltahvely determined, affording a method for trappmg of the threaded materials and 
measurement of the extent of threading Using this technique, optimum conditions for threading at 
equlhbrmm were found Thus, 76f2% of the nngs introduced are threaded at equlhbnum with 
dlbenzo-58 2-crown-19 4 and PEG 600 (average 13 2 ethylene glycol units per chain, molar ratlo 
nng/cham of 0 5)lz4 Also, rt was shown that the threadmg equlhbnum 1s reached after 0 5 hr at 120 

This work led to the catenane synthesis shown m Scheme 11 23 Treatment of PEG 400 (26) and the 
mixture of crown ethers 27 under condltlons first to establish threading eqmhbnum, then to cap the 
ends with a functlonahzed tnarylmethane 28, gave the rotaxane 29 m 18 5% isolated yield Benzyhc 
couphng promoted by nnc/copper couple m DMF then gave the catenane 30 m 14% yield The 
synthesis proceeds m two steps and 2 6% overall yield from readily available starting matenals 

3 The mtramolecular threadmg approach the Schdl-Luttmghaus catenane syntheses The first 
directed synthesis and detailed charactenzatlon of a catenane was accomphshed by Scholl and 
Luttrmghaus m 1964 2c 2s The work of Luttrmghaus and his students up to about 1970 has been 
reviewed m great detail by Scholl 2c Several catenanes have been prepared utlhzmg the clever Schlll- 
Luttnnghaus approach, which 1s exemplified by the syntheses shown m Scheme 12 25 26 Treatment of 
the readily available blcychc catechol31 with the ketone 32 under standard ketahzatlon condltlons, 
followed by nitration and reduction gives the ammo dlchlonde 33 Intramolecular macrocychzatlon of 
this material gves the 3” amme 34 contammg a linked cu-cults subgraph Note that construction 34 1s 
non-planar m 3-space In ths synthesis, the Euclidean geometry of33 IS utilized to achieve topologcal 
stereocontrol, smce alkylatlon of the ammo group from the same face of the macrocychc rmg with both 
alkyl chloride chams IS apparently disfavored stencally, favoring the “threaded” product over the 
unthreaded topological dlastereomer Indeed, no dlastereomenc compound has been isolated utdlzmg 
ths strategy Interestingly, If the alkyl chlonde chains are increased m length, the macrocychzatlon fads 
to occur, and if the polymethylene macrocycle 1s too short (19 methylene units), the aryl-mtrogen bond 
could not be cleaved 26d 

Hydrolysis of the ketal moiety, then oxldatlon of the aromatic nucleus with lron(I11) gves the 
catenane 35 Because of the mstablhty of the qumone product 35, the catenanes prepared m this manner 
are generally isolated as rearomatlzed acetates exemphfied by 36 The rearomatlzatlon 1s readily 

PEG 400 + 

26 

Scheme 11 Polyether rotaxancs and catenanes by threadmg 
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Scheme. 12 The Schdl-Luttnnghaus catenanc synthesis 

accomplished by treatment of the crude hydroxyqumone with zmc and acetlc anhydnde For catenane 
36, one of the circuits m the lmk IS directed but the other IS not The hnk IS therefore topologcally 
achlral Sch111 has successfully converted 36 to the more pnstme catenanes 39 as shown m Scheme 12 
Thus, selective hydrolysis of the acetoxy groupings m the presence of the amide function, followed by 
oxldatlon of the aromatic nng gves the hydroxyqumone amide 37 Ozonolysis, then borohydnde 
reduction of the crude tetraketone ozonolysls product affords the tetrol 38 A halogenation- 
hydrogenolysls procedure serves to remove the hydroxyl functlonahty, affording the crystalline 
catenane 39a Hydrolysis of the amide grouping finally gves crystallme 39b Carbon longtudmal 
relaxation time (TJ measurements on catenane 39a indicate that, as expected, the motions of the 
hydrocarbon rmg m the catenane are restricted relative to those m a free macrocycle, but not 
completely correlated as m a ngd molecule ” 

Interestingly, an alternative method for cleavage of the precatenane has afforded some novel 
topologcal stereoisomers, though only as components ofa mixture As shown m Scheme 13, treatment 
of the precatenane 40, prepared as described for 34, with DIBAH gves the mixture containing ammes 
41 and 42 Cleavage of the aryl-nitrogen bond by the standard Scholl methodology, or by the 
modlficatlon indicated m the scheme, gves the catenanes 43 and 44 Note that m pre-catenane 41 and 
catenane 43, both rings of the lmk are dlrectedl Thus, compounds 41 and 43 actually exist as racemlc 
mixtures of topolo@cal enantlomers The topolo@cal chlrahty m this case denves from topolo@cal 
dissymmetry of type 1 To our knowledge this type of topoiog& lsomerlsm in small molecule 
chemistry IS umque to these particular compounds Hydrogenation of the mixture of43 and 44gves the 
topolo@cally achlral link 44 m pure form ‘a 

The S&111 approach has been extended m a straightforward way to the [3]-catenane 46, as shown m 
Scheme 14 Cychzatlon of the dmmmo hexachlonde 45, followed by the standard Scholl cleavage 



Topologd stereochemistry 3173 

Scheme 13 Topologd stereotsomensm III the ScMl catenanes 

procedures gves the 3-catenane 46 m moderate yield Interestingly, the three-nng hnk 46 IS produced 
along wth an inseparable mixture of two “translation aomers” where both macrocychc ketoarmde 
rings are on the same side of the aromatic rings These compounds are not mterconverted, nor 
converted to 46, at 80” 29 

Attempts by S&l1 to extend the strategy to synthesis of a knotted nng have so far been 
unsuccessful,30 though some interesting results have been obtamed Thus, as shown m Scheme 15, 
cychzatlon of the novel tetrachlonde 47 1s expected to gve four products, 48-51 In fact, three 
crystalline matenals are isolated m low yield (A, 0 8%, B, 0 52%) and C, 0 37% yields of sharp melting 
mate&s after chromatography and recrystalhzatlon) 31 The symmetry properties of the molecules 
allow assignment of structure 51 to compound C This IS the only one of the three products wth no C2 
axis as evidenced by the ‘H-and 13C-NMR spectra Unfortunately, firm structural assignment for the 
other two products has not proven possible The spectra of compounds A and B are most consistent 
with 48 and either 49 or SO It IS not clear why four products are not isolated Note that 49 and SO are 
topolo@cal &astereolsomers, and 50 IS non-planar and topolo@cally choral because of a knotted clrcult 
subgraph (topologcal element of dissymmetry of type 3) Cleavage of the Ar-N bonds and ketal 
hydrolysis of 50 would yield a trefoil knot Further work, including X-ray analysis of these products, 1s 
under way m the Frelburg laboratones 
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Scheme 14 Synthesis of a [3]catenane 



3174 D M WALEA 

lCH2)2,-Cf 

NH2 

N”z 

KH~~21-CI 

I 

Scheme 15 Towards a knot by the Schdl approach 

D Topologacal drastereomers WI the catenane literature 
In order to Increase the probablhty of catenane formation relative to the mtermolecular threading 

approach, the Luttrmghaus group tned several approaches to macrocychzatlon of a chain already 
covalently attached to a macrocychc nng This work finally led to the Scholl syntheses as described 
above There was, however, another mtramolecular threading approach that led to lsolatlon of 
catenated products, but did not gve the complete stereocontrol of the Scholl approach Interestingly, 
because of its lack of stereocontrol, this synthesis, published by Luttnnghaus and Isele m 1967, led to 
thejrst rsolatlon of topological drastereomers ever reported ” As shown m Scheme 16, treatment of the 
presumably equdlbratmg mixture of t-ammes 52 under Ziegler’s condlhons for macrocychzatlon of 
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2) Felml litSO, 21 Fe IIU,. HpSO, 
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Scheme 16 The first topologxal dlastereomers 
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Scheme 17 Two-bmds with one and four crossmgs 

dmltnles gave two products, the extraannular blcychc 53, and the mtraannular link 54 These compounds 
are topological dzastereomers Notice that one of them 1s non-planar because of a linked clrcults 
subgraph Recall the conjecture that for topologtcal dlastereomers, at least one must be non-planar 
There is, however, no topologcal ctirahty Interestingly, the presumed intermediate information of 54, 
the a-cyanolmme, possess two onented arcults, and would therefore exist as a racemlc nuxture of 
topolog& enantlomers Cleavage ofthe Ar-N bonds of 53 and 54 utlllzmg Schlll’s chemistry gave the 
separated rmgs 55 and 56, and the catenane 57 

PART III THE MOBIUS !tXRIP APPROACH TO SYNTHESIS OF TOPOUX;ICAL 

!!XEREOISOMERS 

A Brazds and wreaths 
In the next section, a discussion of the concept and realization of what has become called the 

“Miibms stnp approach” to the synthesis ofthe topologcal stereoisomers will be presented In order to 
allow better appreciation of tlus, a short discussion of the topology of brazds and wreaths 1s presented 3 
Brruds are special presentations of constructions composed of threads and a four-sided polygon 
Consider a rectangular “frame” mth two vertical sides u1 and u2, and honzontal sides h1 and h2, as 
shown m Scheme 17 A braid 1s formed when threads are stretched from u1 to u2 m a special way Thus, 
each thread must connect v&h each vertical side once, defining points For a brad with two threads 
(two-brad), each vertical side ~11 have two points The threads may cross each other, but no thread 
may cross a homontal or vertical side m a planar projection Finally, a line from h1 to h, crosses each 
thread exactly once (avoiding the crossings of the brald itself) m a planar proJection, loops are not 
allowed Tow-braids Hrlth one and four crossmgs are shown m Scheme 17 

Wreaths are formed when the rectangular frame 1s bent around to form a cyhnder, such that ul, u2, 
and the corresponding points become congruent The threads are allowed to leave the surface of the 
cylinder, but cannot cross its axis Construction 58 m Scheme 18 depicts one possible presentation of 
the two-brazd wreath with four crossings The cylindrical frame 1s not shown, but the “impassable” axis 
IS shown In general, if the crosszng number 1s greater than zero, we conjecture the wreath with its 
impassable axis 1s topologcally choral If the number of crossmgs m the two-braid 1s even or zero, the 
correspondmg wreath IS composed of two closed curves These curves are linked tithe crossing number 
is non-zero If the crossing number 1s odd, then a smgle closed curve results upon wreath formation If 
the crossing number 1s greater than 1, then the curve 1s a non-tnvlal knot 33 

AXIS, 

Scheme 18 Two-brard wreath ~tb four crosangs 
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If one now removes the axis of the cylinder of a wreath deriving from a two-braid, the resulting 
construction 1s a member of the class of “two-braid knots and links” Several well-known presentations 
of the two-braid lmk with crossing number four are shown in Scheme 18 Note that the mimmum 
crossmg number IS a topologcal Invariant of this construction The whole class of two-braid knots and 
links are very familiar topolo@cal entitles Further discussion of the mdlvldual members of this class 1s 
given below 

B The Mobius strip approach 
In the late 1950s Wasserman at Bell Labs, and van Guhck at the Umverslty of Oregon, 

independently conceived of and wrote on an approach to the synthesis of knotted rmgs, choral 
catenanes, and other topolo@cally mterestmgstructures which 1s arguably moreelegant than any ofthe 
approaches described above 2*21 From the point of view of directed total synthesis, one may consider 
ths “Mobius stnp approach” to be a novel example of stereocontrol As shown m Scheme 19, m its 
simplest form the idea mvolves performing a bls-macrocychzatlon reaction on a ladder-shaped 
molecule composed of two long chains of atoms (the edges of the 1adder)Jomed by several connecting 
moieties (the rungs), as shown schematically for the three rung case m structure 59 The chams are 
functionallzed such that they may be bonded end to end, and the Euclidean geometry of the structure 1s 
such that an end may not pass between two rungs 

After mtramolecular reaction, wreath-like products of cychzatlon would result Depending upon 
the length of the chams and other Euclidean connderatlons, the resulting products could be tHrlsted 
Three products, Hrlth zero, one, and two half-twists, are shown Punficatlon of these twlsted products, 
then cleavage of the rungs would afford a subset of the two-brad knots and hnks as shown, showing a 
plethora of novel topolo@cal stereolsomensm Indeed, the products before cleavage of the rungs 
represent some of the most novel examples of topolo@cal stereolsomensm (the Mobms ladders and 
choral pnsms), as discussed below 

For obvious reasons, this synthetic approach was termed the MZibms stnp approach Though the 
degree of twstmg of the molecular ladder m this synthesis rehes to some extent on randomness m the 
mltlal and second cychzatlon events, it IS clear that a vastly more efficient preparation of knots and links 
may be achieved m this manner relative to starting with single stranded precursors no mtermolecular 
or mtramolecular threading 1s reqmred, but rather a much more readdy achieved twutmg As shown m 
Scheme 20, the intermediate m formation of a knot would be the singly-closed construction 60 Note 
that thlsconstructlon has a twist subgraph, but that no threadmgofa cham through a loop was required 
for Its formation Slmllarly, the correspondmg mtermedlate with two crossmgs, leading to a link, has a 
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Scheme 19 The MBbms stnp approach 



Topological stereochemlstry 3177 

THREADING 

Scheme 20 Formation of a trefod knot by the MBbtus stnp approach 

nng urlth a chain threaded through It, though no “threading” took place As indicated m Scheme 20, d 
the second macrocychzatlon step 1s slow relative to the rate of equlhbratlon between conformers 60 and 
61, then the Mobius stnp approach 1s a special example of mtramolecular threading The esthetically 
pleasing nature of the Mdbms strip approach has captured the unagmation of many chermsts m the 20 
years since it was first described m the hterature Untd recently, however, no group had achieved a 
synthesis along these lines m the laboratory 

1 The THYME polyethms A strategy for chemical reahzatlon of the Mobius stnp approach has 
recently been developed m our laboratones, as shown m Scheme 21 34 Any such strategy must confront 
several problems First, a declslon regardmg the chemical composltlon of the edges of the ladder, and 
more Importantly, the rungs, must be made Then, chemistry for generating the functlonahty required 
for the macrocychzatlon process must be developed 

For reasons having to do with another rationale for this work (host-guest chemntry35), it was first 
declded that the edges of the ladder would be composed of polyethyleneoxy chams For the cruaally 
important rungs, a tetraether of tetrahydroxymethylethylene (THYME) was chosen Thus, it was 
envisioned that molecular “wreaths” 62 would denve from bls-macrocyclzatlon of &ol-dltosylates of 
type 63 Compounds 63 would, m turn, denve from selective deprotectlon of a protected tetrol 
precursor 64 The rest of the strategy, as shown, derives m a strrughtforward way from conslderatlon of 
convergence 36 Synthesis of 64 (n = 1 ) denves from mtermolecular coupling of two fragments 65 and 
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n-1 

62 

4J 

Scheme 21 The THYME polyethers 
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66 The latter, m turn, denve from selective deprotection and coupling of acyclic tetro167 Preparation 
ofcompounds of type 64 where n > 1 may be readllyenvlsloned by apphcatlon of the strategy where the 
dltosylate and dlol denved from selective deprotectlon of 64 (n = 1) replace 65 and 66 The protecting 
groups P, and Pz must be orthogonal,37 removable m the presence of the THYME tetraether 
functlonahty, and P, must be removable m the presence of a 1” toluenesulfonate grouping 

ms strategy has many advantages Firstly, it is m prmclple highly efficient, and readily amenable to 
preparation of products with varymg lengths of the chams compnsmg the edges of the ladder Also, the 
Wllhamson ethenficatlon reaction utilized for the crucial macrocychzatlons 1s known to be one of the 
most efficient macrocycle formmg processes avalable Recall the effiaent preparation of catenanes 
based upon use of PEGS Finally, the choice of ethyleneoxy chains for the edges becomes especially 
beneficial since the oxygen functlonahty is expected to allow separation of the twisted isomers The 
latter point 1s very important since separation of a rmxture of hydrocarbons of type 62 IS expected to be 
problematical 

The THYME umt too possesses many distinct advantages for use as a lmkmg group It has no 
tetrahedral stereocenters,’ and thereby side-steps comphcatlons ansmg from dlastereomer formation 
m the coupling process 65+66 + 64 Also, the THYME unit has considerable molecular ngdlty, 
presumably rudmg m the macrocycllzatron steps Fmally, the double bond 1s easily cleaved-a 
necessary feature of the rungs for lmplementatlon of the M6blus stnp approach to synthesis of the two- 
brad knots and lmks 

As shown m Scheme 22, an efficient method for preparation of THYME tetraethers of type 67 has 
been developed 34 The synthesis depends upon the excellent procedure for anodlc oxldatlon of furans 
developed by Magnusson 38 Anodlc oxidation of a furan of type 68 affords directly the bls-hemlacetal 
69 Mild borohydnde reduction then pves THYME dlol70, that 1s easily converted m a re@oselectlve 
manner to the tetraether 67 by Wllhamson ethenficatlon This scheme for generating the THYME dlol 
function 70 from furan 68 1s quite mild chemically, and may be accomphshed m the presence of a 
tetrahydropyranyloxy (THP) protected alcohol, and m the presence of the toluenesulfonate (TsO) 
functlonahty Thus, the strategy outlmed m Scheme 21 may be reahzed utlhzmg the furan rmg Itself as 
protecting group P, and the THP grouping as P, 

2 Total synthesis of thefirs? molecular MGbrusstnp Utlhzmg this approach, as indicated m Scheme 
23, an efficient synthesis of the tns-THYME dloldltosylate 72 has been achieved from the key “two- 
arm” furandlTHP ether 71 Exammatlon of CPK space-filling molecular models leads to the 
prediction that three products will be produced upon base-promoted intramolecular cychzatlon of this 
matenal Specifically, equal amounts of the untwisted tns-THYME cylmder 73 and racemlc molecular 
Mobius strip 74 are expected Formation of more highly twisted products IS disfavored stencally 
Gratifyingly, Hrlthm experunental error, exactly this result 1s obtained In addition, the cylinder 73 and 
racemlc Mobms molecule 74 are readily separated by flash chromatography on alumma The structure 
of cylinder 73 1s unequivocally established by smgle crystal X-ray analysq and the structure of the 
molecular Mobius strip 74 1s firmly estabhshed by spectroscopic techniques 

The molecular dynanucs of 73 and 74 are quite interesting, and deserve some comment Firstly, the 
‘H-NMR of the tns-THYME cyhnder 73 shows an AB quartet for the allyhc methylene Thus, the 
cylinder cannot be turning “mslde out” rapidly on the NMR tune scale In this case, a lower limit on 
the “hfetlme” of a conformational state m which the allyhc protons are dlastereotoplc is about 
7ms3’ 

Even more interestingly, the ‘H- and 13C-NMR spectra of tns-THYME M(ibms stnp 74 Indicate 
that this molecule IS undergoing some novel conformatlonal changes rapidly on the NMR time scale 
To vlsuallze this motion, consider the structure 74 as embedded m a Mobms surface (see below) The 

Scheme 22 Preparation of the THYME tetraethers 
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73 74 

Scheme 23 Synthesis of the first molecular MBbms stnp 

“twist” of a Mobius band cannot be spread evenly throughout the band, but must be locahzed m some 
part of It Consider this “locus of twist” as movmg around the band m a sort of pseudo-rotation Now 
consider what one would see if one were m the rotating reference frame The double bonds would seem 
to be moving around the surface of the stnp much as the ants m the famous Escher pnnt “Miibms Stnp 
II” The THYME double bonds have no “sldedness” m the non-ngd sense, and are rotating end over 
end relative to the axis of the wreath defined by the edges of the stnp 

The highest symmetry any smgleconformatlon of this molecule may have 1s C1, as shown m Scheme 
24 The conformation shown for structure 74 possesses a Cz axis passing through the center of the 
“back” double bond This axis of symmetry serves to identify two pairs of allyhc carbons, indicated by 
checks and stars m the drawing 76 If this were the only symmetry the molecule could a&eve, then two 
different allyhc carbons would be present m the ‘%NMR spectrum There is, however, a 
fundamentally different Cz conformation, as shown m structure 75 In ths conformation, one of the 
double bonds 1s “in the twist”, and the C, axis passes directly through both olefimc carbons This 
symmetry serves to identify the checked and starred allyhc carbons In fact, only one allyhc carbon 1s 
observed m the ’ 3C-NMR spectrum at 62 9 MHz, and only one allyhc AB quartet is observed m the ‘H- 
NMR spectrum at 250 MHz These results are easily interpreted by assuming that conformations with 
the symmetry of those shown m 74 and 75 are m rapid equlhbnum Exammatlon of CPK molecular 
models indicates that this assumption 1s very reasonable 

The symmetry of 74 may be expressed m terms of a Longuet-Hlggms non-ngd molecular 
symmetry (MS) group 4o This group consists of the set of permutations, permutation-mveraons, and 
rotatory reflections wluch are feasible under the condltlons of measurement For a ngd molecule the 
MS group IS lsomorphlc to the molecular point group Two or more nuclei are symmetry equivalent d 
they are permutable under an operation of the MS group 41 Molecular Miiblus stnp 74, gven the above 
described conformational flexlblhty, belongs to the MS group Cz A C, This 1s a group of order 12, 
lsomorphlc to D, In this case the D, lsomorphlsm has a nice mtultlve interpretation, since m a “time 
averaged” sense, there are SIX Cz axes perpendicular to the axis of the wreath defined by the edge of 
structure 74, and a C6 axis congruent with the axis of the wreath, but no c planes 42 To our knowledge, 
this non-rlgd symmetry 1s unique to 74 

Ofcourse, 74 1s choral We, as chemists, know this to be the case since exammatlon of essentially all of 
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Scheme 24 Symmetry of the molecuhu MBhus stnp 
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Scheme 25 The MBblus ladders M, and M, 

the possible conformations accessible to the molecule under our standard condltlons shows that (1) 
every conformation 1s chn-al, and (2) gven the Euclidean constraints on the system, no conformation 
may be deformed into its mirror image This is reflected m the MS group of the molecule, which 1s 
dlssymmetnc The chlrahty of 74 is demonstrated expenmentally by NMR experiments done m the 
presence of the Plrkle choral solvatmg agent W* But, IS the molecular graph of 74 topologcally choral? 
This question 1s not nearly so easy to answer, since it 1s unposslble to examme every possible 
presentatron of a construction Indeed, none of the conventional elements of topologcal dissymmetry 
(choral lmk or knot) are present m this construction A dlscusslon of the novel topology of graphs 
exemplified by 74 1s gven m the next section 

3 Topology of the molecular Mobus strip the Mobrus ladders A Mobius strip 1s a two-dlmenaonal 
object a surface The mtnnslc topolo@cal properties of a Mobius strip are well known They include 
the one-sidedness of the stnp (topolo@sts say the surface 1s non-onentable), and the fact that it remains 
in one piece when cut “in half” The well-known chlrahty of a Mobius strip 1s an extnnslc property of 
embedding the stnp m 3-space Intnnncally, a Miiblus stnp 1s homeomorphlc to any stnp with an odd 
number of half-twists of either handedness lo 

Of course, the molecular graph of the tns-THYME Mobius stnp 74 1s a onedunenslonal 
construction, not a surface This graph does, however, possess many of the most interesting topologcal 
properties of a Mobius strip Graphs of type 74 have been described m the mathematical hterature 
Appropnately, this graph 1s termed a Mobrus ladder 43 Harary and Guy define the M6bms ladders as 
the n-gons (n > 5, and even) and all edges Joining opposite vertices Standard presentations of the 
Mobius ladders with n = 6 and 8, termed M, and Ms, respectively, are shown m Scheme 25 
Intrmslcally, as mentioned above, the normahzatlon of the crossmgs 1s meaningless Scheme 26 shows 
presentations of M, (77) and Ms (78) embedded in a special way m 3-space The ongm of the term 
Mobius ladder 1s clear from these presentations Note that M, 1s lsotoplc with K3,3, the second 
Kuratowskl non-planar graph In drawing77 the vertices are dlfferentlated such that the “houses”( x ‘s) 
and “utlhtles” (O’S) are easily seen In fact, all of the Mobius ladders are mmlmally non-planar, and 
possess K3 3 as a subgraph Thus, one necessary condition of topolo@cal chlrahty 1s fulfilled for the 
molecular Mbblus strip 74, namely non-plananty of the molecular graph 

An interesting result concernmgmolecular Mobius stnps oftype 74 may be mentioned at this point 
Specifically, one may readily lmagme synthesis ofa “Mobius 1adder”Hrlth only two rungs(79), as shown 
m Scheme 27 Indeed, such syntheses have been carried out In 1971 Scholl reported preparation of a 
two-rung Mobius ladder, the qumone 82,44 m connection with his work directed towards the synthesis 
of a knotted nng At the same time, Nakazakl prepared several such two-rung ladders, including 83 and 
84, m connection with his work on cyclophane chemistry 4s All of these novel compounds have 
molecular graphs equivalent to 79 The Euchdean geometry of the [n],[m]-cyclophanes 84 are closely 
related to the betweenanenes of Marshall, 46 though the latter matenals have topologlcally different 
molecular graphs 

Intuition would suggest that a two-rung ladder oftype 79would have topological propertles slmllar 
to those of M, (77) But, four vertices are not sufficient to define a non-planar graph Indeed, none of 
these novel compounds 82-84 IS a Mobius ladder by the mathematrcal defimtlon, and they are all in 
essence lsotoplc with the planar presentation 80 Interestmgly, the two-rung ladder80 1s also lsotoplc to 
the tetrahedral graph 81 Thus, the graph 79, and compounds 82-84, cannot be topologically choral 

M6 ” M6 ,e 

Scheme 26 Alternative presentations of M, and M, 
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Scheme 27 The “two-rung Mobm ladder” 

This fact translates mto chemical reahty For example, if structure 79 represented an enantlomencally 
pure bu-THYME polyether, then the molecule could racemlze by rotation about the THYME double 
bonds (a “crs-crans” lsomenzatlon) Such a racemlzatlon 1s lmposslble for tns-THYME Miibms strip 
74 

4 Topologrcal chrrahty of the Mo”btus ladder with three dtfirennated rungs While the molecular 
Mobms stnp 74 1s clearly non-planar, it seems reasonable that non-plananty m itself 1s not sufficient for 
topologcal chlrahty Indeed, as shown m Scheme 28, presentation 85 of a M6blus ladder 1s npdly 
achlrall Therefore, a Mobius ladder wth tune equivalent edges and SIX equivalent vertices IS 
topologmlly achlral In fact, both K, 3 and K, with identical vertices and edges are topologcally 
achlral Of course, the molecular Mobius strip 74 has two kinds of edges, the double bonds and the 
ethyleneoxy chains Drawing 86 reproduces the achu-al presentation 85, but differentiates the double 
bonds (light edges) from the ethyleneoxy chains (dark edges) This dlfferentlatlon clearly destroys the 
reflection symmetry of 85 To our knowledge, the highest symmetry attainable for a model of 74 1s 
represented by presentation t37 This presentation has D2 symmetry and 1s therefore choral 

The preceding discussion illustrates the way m which most chemists would go about trymg to 
establish the chlrahty of a molecular graph That is, the first step 1s to search for a ngdly achlral 
conformation If such a conformation is found, chlrahty of the molecule 1s ruled out But, if no such 
conformation exists, then 1s chlrahty of the molecule assured? In fact, the answer to this question 1s no 
Consider removing a right--handed rubber glove from your nght hand by “peeling” it off, and m the 
process turning it inside-out The resulting ObJect is superimposable on a left-handed glove, yet at no 
time did the glove ever attam a ngldly achlral “conformation” ” An exactly analogous scenario exists 
m chemistry Speafically, m 1954 Mlslow first described a class of meso compounds for which 
mdlvldual molecules can never achieve a ngdly achlral conformation, and later synthesized the first 
example lZb 47 

As shown m Scheme 29, the prototypal example of this type of achu-al species 1s the blphenyl88 
Rotation about the central bond is stencally disallowed at room temperature But, rotation about the 
bonds at the p-p’ posltlons of the blphenyl are unhindered Given these constraints, molecules of type 
88 can never achieve a single rl@d conformation with reflection symmetry That is, all possible 
conformatlons are choral Yet, simple rotation about the unhindered p-p’ bonds allows 
mterconverslon between mirror-lmageconformatlons, as shown m the scheme This 1s analogous to the 

Scheme 28 The three-rung ladder 
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Scheme 29 An achlral dssymmetnc molecule 

“racemnatlon” of gauche-butane conformations or mterconverslon of chral meso-tartanc acid 
conformations The difference is that with gauche butane or meso-tartanc aad, at least one ngdly 
achlral conformation IS accessible, while blphenyl88 has none 

The latter type of achlrahty 1s quite rare, but does exist m other systems, including 
enantlomenzatlon of phosphoranes by the Berry pseudorotatlon mechamsm4* and m two other novel 
systems designed by Mlslow enantlomenzatlon of maxlmally labeled tnarylammes by the two-rmg 
flip mechamsm4’ and enantlomenzatlon m certain geared bls(9-tnptycyl)methane denvatlves 5o The 
achlrahty of compounds of type 88 1s reflected in the non-ngd MS groups of such compounds, which 
are nondlssymmetnc 

For a rubber glove, or for blphenyls of type Ss, a ngd achlral presentatzon 1s accessible 
topolog&ly A glove may be deformed into a planar disk, while the blphenyls 88 may attam an achu-al 
presentation If the aryl rings are made coplanar Is the above described sort of aclurahty possible 
topologrcally?Thls IS indeed a fascmatmg topolo@cal question which 1s suggested m a strrughtforward 
way by conslderatlon of the topology of molecular graphs from a chemists perspective One way of 
posmg tlus question as it relates to the molecular Mobms stnp 74 IS the followmg if it could be shown 
that there IS no ngdly achlral presentation of structure 74, IS topological chlrahty assured? A more 
general way of asking the questlon 1s does there exist any one-dunenstonal construction embedded m 
3-space which IS ngdly choral m every presentation, but topologlcally achlralv To our knowledge, the 
answer to this interesting problem 1s not known ” 

Is the molecular Mobius stnp topolo@cally choral’ As dlscussed above, even if presentation 87 were 
the highest symmetry presentation possible for the molecular graph of 74, It IS not known whether 
topologcal chlrahty would be proved Of course, it 1s lmposslble to know if all non-assymmetnc 
presentations have, m fact, been exammed While with models we have never succeeded m 
mterconvertmg nun-or images of 74, such negative expenmental evidence must be considered very 
cautiously, since such experunents are surprlsmgly difficult to do The only way to really know that a 
molecule 1s topolo@cally chu-al is to prove It mathematically Generally this means findmg actiral knot 
or hnk m the constructlon The molecular graph of 74 has neither Surpnsmgly, to our knowledge a 
proof of the chlrahty of a M6blus ladder Hrlth three dlfferentlated rungs was not avallable m the 
mathematical hterature until after the molecule was synthesized Just this year, after dlscussmg the 
problem Hrlth the author, a proof of the topolo@cal chlrahty of such graphs has been produced by 
Jonathan Sunon of the Department of Mathematics at the Umverslty of Iowa ” Thus, with a proof m 
hand, we can say that (1) there 1s no ngdly achlral presentation of the graph of 74, and (2) the graph 
cannot be converted into its mirror image m 3-space by contmuous deformation 

5 Breaking the rungs of a Mobius ladder As mentioned above, when cut m “half”, a Miiblus strip 
remams m one piece The molecular Miibms strip 74 possesses this property also Intnnslcally, cutting a 
MBbms band m half results m a single orlentable surface One may demonstrate expenmentally that 
cuttmg a Mobius stnp embedded m 3-space m “half” results m formatlon of a smgle band with four half 
twists Any band with an even number of half twists has two edges and two sides, and 1s an onentable 
surface Interestmgly, cutting the non-onentable Mobius strip gives an onentable product It 1s 
lmposslble, however, for such a cutting of an onentable surface to produce a non-onentable one 

The molecular Miiblus stnp defines a Mobms ladder, as dlscussed above The “rungs” of the ladder 
may be consldered as embedded m a Mobius band, while the edge of the ladder forms the boundary of 
the Mobms surface Thus, breaking the rungs of the ladder 1s equivalent to cutting a MBblus stnp m 
“half” With the molecular Mobius stnp 74, the THYME double bonds are the “rungs”, while the 
ethyleneoxy chams make up the edge A chemical cutting of the Miibms stnp simply involves cleavage 
of double bonds 

Ongmally, this cleavage reactlon was envlsloned as an unportant method for dlstmgmshmg 
between 74, and the cylmdrlcal isomer 73 Actually, the structural problem was readdy solved by X-ray 
and NMR techniques The “chppmg reaction”, however, 1s still a novel proess, and necessary If 
catenanes and knots are to be synthesized by this strategy After considerable expenmentatlon on 



Topologd stereochemistry 3183 

Scheme 30 The chppmg reactlon 

model systems, good evidence showing the workablhty of such a process has been obtamed As shown 
m Scheme 30, apphcation of a selective ozonolysls procedure to the cylinder 73 and the Mobms 
molecule 74, gves products tentatively identified as the novel crown ethers 89 and 90, respectively 
These products have been characterized by TLC, analytical gel permeation chromatography, ‘H- and 
13C-NMR spectroscopy, IR, and FAB mass spectrometry If these structures prove correct, the way ~111 
be clear for accomplishment of a synthesis of a molecular knotted rmg by the Mobius stnp approach 
We feel the trefoil knot 1s really the “classic” problem m topolo@cal stereochemlstry Therefore, a 
discussion of the approach, and the topology of the two-braid products, 1s gven below 

C Synthesis of molecular knots 
1 Zntroductlon Philosophers and sclentlsts have tistoncally delighted m devlsmg explanations of 

nature based upon geometncally interesting constructlons In chemistry, this pursuit dates back at 
least to Plato, who developed a theory of the mterconverslons of matter based upon the Platomc 
sohds l Knotted nngs also have an mterestmg history related to chemistry Such prestlgous scientists 
as Helmholtz and Lord Kelvin believed that the structure of atoms was somehow related to knotted 
“threads” They proposed that different knottmgs of a closed curve were responsible for the different 
elements Hydrogen was thus a simple unknotted ring, and It was even suggested that the structure of 
the H, molecule mvolved two linked nngs Of course, such ideas have not survived the test of time 
Nevertheless, they served an important function because these theones were the rationale for one of the 
first attempts to mathematically classify knots Talt, one of the ongmators of knot theory, was 
encouraged by Lord Kelvm m the hopes that classlficatlon of knots would somehow help m 
understanding the structure of the elements 3o While not so fundamentally important m chemistry and 
physics as Kelvin had ongmally hoped, knot theory IS certainly an important mathematical pursuit 
today 

More recently, the pnstme geometry of the tetrahedron, cube, and pentagonal dodecahedron 
certainly helped define several very challengmg targets for directed total synthesis Indeed, the effort 
expended towards achlevmg the sculptunng of graphs corresponding to these solids m three- 
dlmenslonal hydrocarbon networks has been monumental The rewards, however, have been great, 
culmmatmg most recently m Paquette’s total synthesis of dodecahedrane m 1982 53 

Chemical synthesis of molecular knotted nngs 1s also an Interesting challenge To our knowledge, 
outside of the DNAs, no molecular knot has ever been characterized Dlfficultles with the approach 
mvolvmg random knotting of a single functlonahzed cham were dlscussed above The Mobius stnp 
approach, however, appears to afford a much more elegant route to a knotted nng In addltlon, several 
other topolo@cally novel constructions result from apphcatlon of the approach to synthesis of a knot 

2 Synthesis of a molecular trefoil knot and the topology of the higher Mobius ladders and choral 
prrsms The Mdbms stnp approach to synthesis of a trefoil knot 1s outlined m Scheme 31 m the context 
of the THYME strategy Exammatlon of space-filling models m&cates that the tetra-THYME dlol- 
dltosylate 91, possessmg two 40-atom edges, should allow the degree of twlstmg necessary to obtam a 
knot Thus, upon treatment wth base under condltlons of high ddutlon, dlol-dltosylate 91 could give 
four dlastereomenc products tetra-THY ME cylmder 92 mth two 40-atom edges, Mobius stnp93 with 
a single 80-atom edge, cylinder 94 with two half tests, and Miiblus stnp 95, with three half twists The 
latter product possesses a knotted subgraph More highly tHrlsted isomers appear disfavored stencally 

The molecular graph of a tetra-THYME cylinder 92 1s a pnsm, while isomer 93 IS, of course, the 
Mobius ladder M, The pnsm 92 is achlral, and IS shown m a ngd achlral presentation m the scheme It 
1s expected that the allyhc methylene signal for 92 will be a singlet at room temperature, smce m this 
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Scheme 31 The THYME approach to synthesis of a trefoil knot 

system the “mslde out” conformational deformation should be facile As discussed above, the Mobius 
ladder 93 1s clearly topologrcally choral, possessmg the structure 74 as a subgraph But, the topology of 
the graph 93 differs from that of 74 m an interesting way We conjecture that this four-rung Mobms 
ladder IS topolo@cally choral even lgnormg the dlfferentlatlon of the rungs Thus, even assummg eight 
identical vertices, and twelve ldentlcal edges, this graph may be topologlcally choral Certainly wlthm 
the context of the structures shown m Scheme 28 there 1s no ngld achlral prescntatlon of the M6bms 
ladder M, 

The twisted pnsm 94 also has novel topology Prism 94 possesses no Kuratowskl non-planar 
subgraph In addition, no onented hnk, and no knotted circuit 1s present But, 94 1s mmlmally non- 
planar by virtue of a lmk subgraph, and we conjecture that this prism 1s also topologlcally choral 
Finally, graph 95 1s homeomorphlc with M, and IS certamly topolo@cally choral, possessmg a trefoil 
knot subgraph The surface defined by this construction, a three-half-twist Mobms stnp, has 
conslderable esthetic appeal m some presentations-examme the Pure Wool label on a woolen article 
of clothmg Note that 92 and 94 are topologtcal dlastereomers, as are 93 and 95 

Cleavage of the rungs of these four constructions would produce the crown ether products 9699, as 
shown m the scheme Our proposal for proof of the structures of these eight novel compounds relates to 
the topology of the systems, and 1s therefore outlined here This plan, of course, rests entirely on our 
ability to obtam each of the four THYME wreaths m pure form 

Of the four pentacychc products 92-95, only cylinder 92 I,S achlral This product may m prmclple be 
dlstmgulshed from the other three by 13C-NMR m the presence of a chit-al solvatmg agent The 
structure proofs envlsloned for the remammg wreaths require the chppmg reactlon Ozonolysls of 
compounds 92-95 will afford the crown ethers 9699 For crowns 9698, the protons of the methylene 
groups a to the carbonyls are enantlotoplc, and will appear as a sharp smglet m the ‘H-NMR spectrum, 
as IS observed for crown ethers 89 and 90 m Scheme 30 The molecular trefoil knot 99, however, IS 
topologlcally choral The methylene protons a to the carbonyls of this molecule are dlastereotoplc, and 
should appear as an AB quartet In addltlon, since compound 99 IS a racemate, two carbonyl carbons 
should appear m the l 3C-NMR of 99 m the presence of a choral solvatmg agent, and chromatography 
on a choral solid phase may allow resolution of the racemate Any of these observations ~111 serve to 
dIfferentlate knotted nng 99 from crowns 96-98 thereby provmg the structures of the three-half-twist 
wreath 95, and the molecular trefoil knot 99 We envlslon mass spectrometry, e g FAB mass 
spectrometry Hrlth colhslon induced fragmentatron, to dlstmgulsh between crown ethers %,97, and 98 
The dlagnostlc mass spectra of catenanes have been dlscussed ” Note that compounds 97 and 99 
exhibit the prototypal topologcal dlastereolsomensm 

The molecular trefoil knot 99 1s especially mterestmg smce here chemical reality approaches the 
topologcal model Chemically, an 8O-membered nng of atoms all Joined by single bonds IS “completely 
flexible” Thlsmolecule has no stereocenters and no other molecular ngldlty Yet, trefoil 991s choral, and 
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a dlastereomer of unknotted nng 97 It may be truly stated that the trefoil knot 99 IS choral solely by 
virtue of its topology Such a statement seems incorrect for the Mobius strip 74, possessmg as it does 
considerable Euclidean ngdlty 

The higher two-braid knots and links are also quite interesting, topologcaliy and esthetically 
Examples up to minImum crossing number 6, at least m prmclple obtarnabie chemically by the Mobms 
strrp approach, are shown m Scheme 32 The four-half-twist prism 100 has special slgmficance m that 
the surface defined by this constructlon results upon cuttmg a Miibms band m half Also, as for the 
Mobius band, the four-half-twrst stnp has considerable esthetic appeal, particularly m the presentation 
101, m which each half twist 1s put at the corner of a square This appeal IS documented by the rather 
large number of organizations utdlzmg this, or a similar construction, as their logo Cutting stnp 101 m 
half(a second cuttmg of a Miibms stnp) affords two linked strips, each with four half twlstsl Drawing 
102 shows an interesting representation of this construction which may easily be prepared wrth paper 
and scissors Of course, breaking the rungs of prism 100 pves the lmk with four crossmgs This lmk IS 
shown m three common presentations the two-braid lmk 5, the “double-looped catenane” 103, and the 
hnk 104 (reproduced from Scheme 18) Chemically, the double-looped catenane has considerable 
significance, representmg a topolo@cally choral catenane Such a constructl~n has never been isolated, 
and represents another classic unsolved problem m topologtcal stereochemistry 

The products of chppmg of five and SIX half twisted Mobius ladders and pnsms (105 and 106, 
respectively), are shown m their well-known presentations 107 and 108 ConstructIon 107 1s the five- 
star knot, also called a Slmony knot after the first person to descnbe it ’ There are two knots with a 
mmlmum of five crossmgs Only the five-star 107, though, IS a two-braid The actual Mogen Dovld 
(shield of David) of Blbhcal times was usually drawn as two interlocked triangles showing the 
normallzatlon of the crossmgs, as m structure 108 AH of these constructtons are well known to be 
topolo@cally choral Concerning the prospects for actual synthesis and charactenzatlon of such 
compounds, the system wth five crossings becomes problematical, smce it 1s difficult, without crystals, 
to envision an unequivocal proof of structure of a five-star macrocycle relative to its trefoil Isomer Of 
course these compounds could be crystalline, and the allure of attemptmg syntheses along the lines 
shown m Scheme 32 seems impossible to resist 

3 The three-brards Posslblhtres for the synthesis of several other special topologtcal constructions 
have been discussed m the literature 2 21 Specifically, several members of a class of structures whtch 
may be termed three-brads are especially mtrlgumg and are discussed below 

With a “twisted cylmdncal” paper band with some number of half twists, tt 1s possible to effect a 
"tnsectlon" of the band by starting to cut one-third of the way m from anedge,and contmumg until that 
mltlal cut 1s reached agam Often, the results of such a cuttmg of an actual paper stnp are surpnsmg 
Thus,tnsectlonofapaper Mobmsstnpgveshnkedstrlps,oneofwhtchrs halfthedlameteroftheother 

Scheme 32 Wreaths wth low, five, and SIX half twtsts 
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Scheme 33 Some three-bralds 

The smaller stnp 1s a Miiblus stnp, and the larger 1s a stnp Hrlth four half twists Amazmgly, It 1s possible 
to arrange this constructlon m the form of a three-layered “Mobms stnp” with the larger stnp 
compnsmg the “top” and “bottom” layers, and the smaller Mdbms stnp sandwiched m between’ 
Cutting of other more highly twlsted bands also gve very mterestmg results As for the blsectlon of the 
two-braid Mobius ladders and choral pnsms, cuttmg the rungs of three-stranded ladders (three-braids) 
gives products which may be termed the three-bmd knots and l&s The products resulting upon 
tnsectlon of three-stranded ladders cychzed with n half twists (n = 1-5) are shown m Scheme 33 ” 

For the three-stranded ladders, alternatlve modes of cycllzatlon can gve some even more novel 
constructions Speafically, as shown m Scheme 34, a three-stranded ladder exemplified by construction 
109 with two rungs, may m prmclple cychze to afford the figure-ofeight knot (1 lo), and the Borromean 
nngs (111) These constructions are among the most topologlcally mterestmg and famous of the three- 
braid knots and links, and a short discussion of these mtngumg structures 1s presented 

The figure-of-eight knot 1s the only knot with a mlmmum of four crossmgs That the figure 8 IS 
topolo@cally achlral 1s easily demonstrated by determmatlon of the configuration of the four crossmgs, 
as discussed below Interestingly, a “choral pathway for racemlzatlon” 1s possible for the figure 8 as 
shown m Scheme 35 A rigidly achlral presentation with an S4 axis of symmetry IS shown m Scheme 36 
We conjecture that the figure of eight 1s one of the knots, known to exlst,51 which 1s achn-al but has no 
presentation wth a mirror plane We also conjecture that no symmetry presentation of the figure-of- 
eight knot has the muumum of four crossings 

The Borromean nngs 111 were used as the coat of arms of the famous Italian Renaissance family 
Borromea, and 1s a popular symbol m Italy today 3 ” It was also the logo of the Ballantme Beer Brewery 
(though m about 1955 Ballantine stopped showmg the crossmgs on then labels2’) and of the Krupp 
works m Germany Note that all three rings are hnked, but no two are lznked’ Thus, cleavage of one nng 
results topolo@cally m a line, and two unhnked nngs In general, any number of rings can be linked with 
no two nngs linked 3 The Borromean rings are also topologcally achlral 

Scheme 34 The figurcofulght knot and the Borromean rings 



Topologd stereochemistry 3187 

Scheme 35 A clural pathway for “racetmzat~on” of the figure-of-eight knot 

D Cacenanes by olejn metathesrs a topologxal altername to the Mobws stnp approach 
In 1968 Wasserman at Bell Labs reported evidence for the formation of very large nng 

hydrocarbons (up to 120 carbons) by olefin metathesis of cyclooctene s4 Based upon mechamstlc 
conslderatlons, it was suggested that catenanes and knots should also be produced m this reactlon 
Later, Wasserman, and Wolovsky m Israel reported that, based upon mass spectral evidence, large 
amounts of catenanes were indeed formed m the olefin metathesis reactlon of macrocyclic polyenes ” 
The lmtlal ratlonahzatlon of these interesting results involved a panwIse mtramolecular metathesis 
process as illustrated m Scheme 37 for a macrocychc tetraene (112) Thus, palrunse interaction of two 
double bonds of the polyene was thought to gve nse to cyhndncal intermediates of type 113 and to 
twisted Intermediates like 114 Metathesis would then lead to formation of catenanes and knots m a 
manner exactly analogous to the Miibms strip approach to formatlon of the two-braids 

Smce then, however, there seems to be a consensus among organometalhc chemists that the 
metathesis reactlon m fact proceeds by an alternative mechanism mvolvmg the formation of metal 
alkyhdene and metallacyclobutane Intermediates 56 The key intermediate m the mtramolccular 
metathesis reaction of a macrocychc tetraene of type 112 would then be the acyclic alkyhdene 115, as 
shown m Scheme 38 How then, does one account for the formation of catenanes m these reactlons 
wlthout reqmnng a threading process-known to be quite disfavored? 

One possible answer to this topolog& puzzle 1s shown m Scheme 38 ” It seems qultehkely that the 
acychc cham may adopt a conformation possessmg a turlsted loop as shown m structure 116 No 
threadmg 1s requrred to get to this conformation If the carbene mserts mto a double bond m the loop, 
the construction 118 1s produced, yla the metallacyclobutane intermediate 117 Thus, a threaded 
macrocyclic rmg 1s produced wlthout requlrmg an mtra- or mtermolecular threadmg process If the 
metathesis reactlon 1s fast compared to the rate at which threading equlhbnum 1s established, 1 e da 
second metathesis of 118 proceeds faster than “unthreadmg”, the hnk 119 would be produced, and the 
metal alkyhdene catalyst regenerated 

It seems reasonable that this scenario would predict very large quantities of linked rings compared 
to a random threading approach A tnple-twist mtermedlate similar to 116 would gve the trefoil 
knotted rmg, etc Indeed, this process 1s operationally eqmvalent to the Miiblus stnp approach, and 
affords all of the two-braid knots and links, though no Mobius ladder Intermediates are mvolved 57 The 
two operations proceed to gve the same products, but the topology of the mtermedlates differ While 
the actual mechamsm by which links are generated m these interesting metathesis reactlons remains to 

-b S. AXIS 

Scheme 36 A ngdly achd prwentation of the figure-of-e&t knot 
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Scheme 37 Catenanes by oletin metathesis-first proposal 

be elucidated, the above explanation seems satisfactory Further work on lsolatlon of the products of 
the metathesis reactlons, mcludmg work on lsolatlon of a knotted hydrocarbon nng produced by olefin 
metathesis, are under way m the laboratones of E Wasserman at DuPont 

PART IV OTHER TOPOLOGICAL STEREOISOMERISM 

A Other stereolsomers with oriented rings as elements of dissymmetry the Prelog cyclostereolsomers 
While they are not topologcal stereolsomers by our defimtlon, the interesting cyclostereolsomers 

of Prelog possess one topolo@cal contnbutlon to their chlrahty and should be mentloned m this report 
In this case, a single onented rmg possesses conventional chlrahty about Its penphery If the 
substltutlon pattern 1s correct, enantlomers or dmstereomers may exist for which one element of the 
stereolsomerlsm 1s topolo@cal and the other elements are Euclidean Prelog first described such novel 
stereoisomers, and coined the term cyclostereolsomers to denote them ‘s A pair of cycloenantlomenc 
cychc peptldes synthesized m Prelog’s laboratory IS shown m Scheme 39 It seems possible that 
examples of this type of stereolsomensm also exist m the natural product literature Note that, for 
example, any macrocychc lactone defines an onented cu-cult 

B Other non-planar molecules 
1 Introductron Of all the mterestmg, lughly connected and novel molecules which have been 

isolated or synthesized over the last 200 years, molecules possessmg topolo@cally non-planar 
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Scheme 38 A topologd alternative to the MBbms stnp approach 
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Scheme 39 Cycloenantromers 

molecular graphs are remarkably absent This fact has certainly mtngued chemists for many years In a 
proposal from the R B Woodward group (written mainly by Howard Simmons III) submitted to the 
NSF m 1978, Woodward wrote that he”was asked m 1948, by James K Senior (ChIcago) whether any 
such substance was known, then as now, the reply was m the negative” 59 The latter statement IS no 
longer true. But, molecules wth non-planar molecular graphs are a very recent development This IS 
especially surpnsmg gven that the vertices of the K, graph are “tetravalent”, and those of the K,,, 
graph are “tnvalent” It IS not required that a non-planar graph possessJust one crossing It may be a 
highly Interconnected network It seems very surprlsmg to this author that no naturally occurring 
material isolated to date has a non-planar molecular graph! 

The “dtfficulty” rn attalmng non-plananty of molecular graphs IS nicely Illustrated by conslderatzon 
of the adamantanes It IS mtmtlvely reasonable that a diamond must have a non-planar structure 
Indeed, this IS true Any three-dlmenstonal network will have a non-planar subgraph rf It IS large 
enough One may ask, then, how many adamantane units (polymantanes come m units of 
C H 4n+6 4n+12 ) are required for non-planantyv Consider a bridged adamantane as shown m structure 
120 (Scheme 40) This construction indeed possesses a K, 3 subgraph The vertices of the non-planar 
subgraph are labeled wth x ‘s and O’S 6o A molecule with structure of type 120 would be slmdar m 
some interesting respects to the class of paddlanes,61 and does not, to our knowledge, exist How 
many adamantane units must be added to achieve the Jommg of two opposite secondary carbons of 
adamantane as represented in structure 1203 Surpnsmgly, it 1s ConJectured that at least four additional 
“adamantane units” are required Thus, the smallest non-planar polymantane 1s the pentamantane 
isomer 121 (C,,H,,) One K,,, subgraph of 121 1s outhned m bold To our knowledge, no 
~ntamantane isomer has yet been isolated 62 

2 The K, mole&es Consldermg only molecules with no metal atoms, the first synthesis of a 
Kuratowskl non-planar molecule was accomphshed m 1981 Synthesis ofthemterestmg KS propellane 
derivative 124 (Scheme 41) was published simultaneously by Howard Simmons III working m 
Woodward’s grou~,~~ and by Leo Paquette 64 As shown m Scheme 41, treatment of 2,8,9- 
tnmethylene[3 3 33propellane 122 wrth MCPBA gave two separable dtastereomenc tn-epoxldes 123 
Treatment ofelther tn-epoxlde wrth a sulfomc acid ron exchange resin, Lewis aad, or heat afforded the 
topolo@cally non-planar propellane denvatlve 124 The molecular graph of 124 IS a beautiful example 
of a K, non-planar graph The vertices of the K, graph are embolded m the drawing of 124 As pointed 
out above, d the edgesJommg these five vertices were Identical, the molecule would be topologcally 
achlral But, the molecular graph of 124 has a much more complex topology The K, graph represented 
by structure 124 has three kinds of edges, C-C single bonds, -CH,CH,- chains, and -CH,O- 
chams The latter are onented edges We conjecture that structure 124 IS topolo~cally choral If this 
conJecture proves correct, then to our knowledge, 124 would be the first topologzcally choral non- 
polymeric organic molecule ever isolated 

Scheme 40 A non-planar polymantane 
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Scheme 41 The Simmons-Paquette K, molecule 

Clearly, organometalhc compounds and metal clusters provide ample opportumty for topologcal 
non-planarity Indeed, m many metal cluster systems the pauwlse bonding formalism becomes 
unreahstlc, and one may consider all the metal atoms m the cluster bonded to every other atom Since 
1977 several formally non-planar metal clusters have been characterized 65 Apparently, however, there 
are no topologcally choral clusters 

To our knowledge, the first examples of topological chlrahty to appear m the chemical literature 
mvolved a novel class of ferrocene denvatlves, as shown m Scheme 42 In 1977 the first of a novel class of 
chn-al ferroceneophanes exemphfied by structures 125 and 126 was synthesized m the laboratones of 
KOJ~ Yamakawa 66 The molecular graphs of these molecules may be reduced to K, Agam, it 1s 
conlectured that the molecular graphs of 125 and 126 are topolog&ly choral, though a proof is not m 
hand 

PART V SPECIFICATION OF CONFIGURATION FOR TOPOLOGICAL STEREOISOMERS 

Specdicatlon of configuration of molecules independent of conformation IS, of course, an important 
aspect of the nomenclature In orgamc and morgamc chemiitry very useful and well-known methods 
have been developed to accomplish this task The problem of assignment of configuration for 
topolo@cal stereoisomers, however, 1s a very interesting one which actually interfaces wth a very well- 
known problem of low-dnnenslonal topology While no comprehensive solution to the chermcal 
nomenclature problem will be presented here, a short discussion of the special character of 
con6guratlon assignment for topolo@cal stereolsomers 1s gven, along urlth some suggestions for how 
this assignment may be accomphshed m certam cases 

Methods for assignment of configuration of catenanes with conventional Euclidean elements of 
chlrahty m the rmgs, and for knotted molecular rings, have been suggested m the literature 67 But, as 
pointed out recently by Damhus and Schaffer, none of the currently used methods for speclficatlon of 
chlrahty, such as the well-known R,S-descnptors of Cahn, Ingold, and Prelog6* IS applicable m any 
obvious way to speclficatlon of topologzal chlrahty of molecules such as the molecular Mobius stnp 
74 6g Such a method would be especially useful, however 

A simple example best serves to illustrate this point As indicated by the discussion on the higher 
Mobmsladders@venabove, the two-braid knotwlthfivecrossings(127,Scheme43)lslsotoplcwiththe 
five-star knot But, the five star 1s choral, and exists as the pair of non-lsotoplc enantlomenc structures 
107 and 128 How can one tell whether the two-braid 127 1s lsotoplc with five-star 107 or Hrlth 12@ One 
obvious solution would be to make structure 127 from a piece of rope, then to deform it into a five star 
and simply identify the result wth 107 or 128 But, 1s there a way of accomphshmg this ldentlficatlon 
without actually mterconvertmg the lsotoplc constructions either mentally, or with a physical model? 

If one could devise a method for assignment of confguratron to the knots shown m Scheme 43, 
independent of the presentation, a ready solution to this question would be m hand Thus particular 
topolo@cal question 1s a simple example of an zsotopy problem, and 1s easily solved as described below 
Interestmgly, for the general case it 1s very difficult to assign configuration completely independently of 

Scheme 42 Topolog~cally choral ferroceneophanes 



Topological stercochemstry 3191 

Scheme 43 Illustration of a sunple lsotopy problem 

presentation Indeed, it IS dBicult m general to establish lsotopy between different knots, let alone 
different enantlomers For example, suppose one had a trefoil knot made of a long cn-cle of strmg The 
stnng could be “balled up” such that a planar proJectIon of the resulting presentation would have 
literally thousands ofcrossmgs It 1s a very deep topolo@cal problem to denve, from properties of that 
presentation alone, whether the constructlon IS lsotoplc with a“nght-handed” trefoil knot, or its mirror 
image, or indeed with a five star, an unknotted ring, or any other knot The most workable solution IS 
the tnvlal one-that IS to “untangle” the stnng until a recogmzable presentation IS reached 

There is, however, a very easy way to estabhsh lsotopy of two-braid knots, that 1s specify 
configuration, fl the presentations m question have the muumum number of crossmgs For this much 
slmphfied case, the oriented skew lmes convention, as proposed by Damhus and Schaffer, works well to 
specify chuahty, and thus to allow solution to lsotopy problems such as that shown m Scheme 43 67V6g 

For speclficatlon of chlrahty, some choral reference system 1s required The choral reference system 
used here 1s the pair of onented skew lmes, as shown m Scheme 44 67 One line passes over the other, and 
both are onented Such a construction 1s choral unless the lines are parallel or antiparallel Thus, mirror 
image constructions 129 and 130 are distinct if the hnes are n_ever allowed-to become parallel or 
antlparallel Chlrahty descriptors are assigned as shown 129 1s 2, and 130 1s S We find the followmg 
device most useful for allowmgeasy assignment of configuration to onented skew lines If, when tracmg 
a path from the “arrow head” of the bottom line segment to the “arrow head” of the top line segme$ 
Hrlthout crossmg either line, a clockwise motion (projected m the plane) results, then the system 1s 6 
&@arly, da counterclockwse arc results upon gomg from the bottom “arrow head” to top, the system 
IS Iz These descnptors are independent of pres_entatlon so long as the lines are not allowed to become 
parallel or antlparallel, as illustrated for the 6 onented skew lines 130 

Apphcatlon of this convention for specification of configuration of knots 1s straghtforward First, 
the knot must be ma presentation wth the mmlmum crossmg number The chlrahty descnptor ~111 be 
independent of presentation wthm this hmlt The knot 1s then gven an arbitrary onentahon It makes 
no difference m the final_esug which direction 1s chosen At each crossing, a determmatlon 1s made 
whether that crossmg 1s 6 or Iz Apghcatlo_n of the onented skew lines convention m this case 1s qmte 
stra@tfoEard Jhe number of 6s and 2s are then summed anthmetlcally If there a5 the same 
number of 6 and 1 crossmgs.then the knot must @ topolo@cally achlral IJthere aremore I crossmgs, 
the knot has configuration A If there are more S crossmgs, the knot 1s A 

Thus, the two brru_d wth five crossmgs shown m Scheme 43(J27) and redrawn m Scheme 44, has five 
xcrossmgs, and zero 6 crossmp, and 1s therefore assigned the A configuration As the reader can easily 
demonstrate, five-star 107 IS A, while 128 1s A Thus, two-braid 127 IS lsotoplc wth five-star 128 It 1s 
satlsfymg to note that m the two-braid presentation, this braid has left-handed helical chlrahty For any 

Scheme 44 The onented skew hnes convenhon for knots 
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Scheme 45 Spemficatlon of contiguratlon for the two-brad hnks 

two-brad knotJn a wreath-like presentation, the x knot will have nght-handed helical chlrahty m the 
brad, and the A knot ~11 be a left-handed helical braid 

Apphcatlon of the skew lines convention to lmks 1s less straghtforward Consider the case of the 
two-braid links The achlral two-braid urlth two crossmgs (13), and the two enantlomenc two-braids 
Hrlth four crossmgs (5 and 131, shown m several presentations), are shown m Scheme45 First, note that 
arbitrary assignment of onentatlons to the rmgs of the link 13 may be accomplished m two different 
ways Application of the rules described above for assignment of configuration at each crossing results 
m either two x or two 5 crossmgs for 13 depending upon how the onentatlons were assigned Thus, the 
achlrahty of the hnk 13 1s not indicated by equal numbers ofx and 5 crossings as 1s the case for the two- 
brad knots 

For choral links such as 5 and 131, another convention 1s required m order to allow unambiguous 
assignment of configuration based on the g/x rules, since agam arbitrary assignment of onentatlon to 
the rmgs of the lmk may be donem two ways We suggest the followmg convention For a two-brald link 
with four or more crossmgs, the rings are onented parallel Apphcatlon of the rules described above for 
knots then allows assignment of configuration to the link The parallel orlentatlon IS that m which the 
arrows are pointing m the same direction m the braided part of a standard two-braid presentation, as 
shown m the sche_me The direction of the parallel onentatlon may be arbitrarily chosen Each crossing 
1s then assigned a 1 or 6, a:d the configuration of thehnk IsestablEhed as for the two-braid knots Thus, 
link 5 1s A, and link 131 IS A If this convention is utlhzed, then the A lmk m the two-braid presentation 1s 
a nght-handed helix 

Of course, to be most useful, the method for assignment of configuration should work m any 
presentation with a mmlmum crossing number We conjecture that the above described method fulfills 
this cntenon, if the following defimtlon of parallel orientation IS utlhzed Two “adjacent” crossings of 
the construction are picked The arcs between these crossmgs are then onented such that both arrows 
point from one crossing to the other This 1s a parallel onentatlon Application of the rules will then 
allow assignment of configuration to the hnk which IS independent of presentation as long as the 
nummum crossing number lumtation 1s followed Thus, links 103 and 104 may be easily assigned the A 
configuration, mdlcatmg lsotopy with two-brald 5 

We now have a useful method for assignment of configuration to the choral two-brad knots and 
links It 1s conjectured the onented skew lines convention IS also useful for three-brad knots and links m 
a presentation with the mmlmum crossing number The general case for knots and links 1s much more 
complex, and we do not know whether this method ~111 allow unambiguous assignment of 
configuration to any choral knot or lmk There 1s one more case, however, that must be mentioned As 
descnbedabove, a link wth two crossmgsand two onented rings lschlral In this case, the onentatlon of 
the nngs 1s not arbltranly assigned, but is actually a topolo@cal property of the rmgs Onentatlon of a 
nng 1s achieved d three differently colored points are embedded m the nng If the two nngs, with their 
embedded points, are Identical, then assignment of configuration to the lmk 1s straightforward 

For example, consider the nng shown m Scheme 46 (132) It has three embedded points red, green, 
and blue One may arbltranly consider the nng to be oriented red-green-blue, as shown m structure 
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Scheme 46 The ample onented lmk 

132 This 1s equivalent to assigning highest pnonty to the red pomt, next highest to green, and lowest 
pnonty to blue This nng is, of course, achlral However, d two such rings are linked, then two 
enantlomenc configurations may result Thus, the two identical nngs may be linked to gve 
construction 4, or its mirror image 133 In these drawmgs, the colored points are left 03 and only the 
onentatlon of each nng 1s shown Apphcatlon of our rules then allows assignment of the A descnptor to 
lmk 4, and i to lmk 133 These assignments are independent of presentation, as long as a presentation 
with two crossings 1s chosen Several presentations of the onented links are shown m the scheme Note 
that our choice of pnonty of the points makes no difference m ths assignment Thus, Lowe onented the 
rings blue-green-red, the same configuration of the links would result That IS, reversal of both arrows 
of a simple oriented link gtves an lsotoplc construction Reversal of one arrow Bves the nurror image 

These rules for onented links may be readily extended to molecules d the chenucal basis for the 
onentatlons are the same m the two nngs Thus, d the nngs are DNA arcles, then one may assign 
onentatlon as 5’ + 3’ If the rmgs are quite different, one may lmagme cases where such assignment may 
bedlfficult It seems likely, however, that some vanatlon of the CIP rules could be utdlzed to accomphsh 
this orlentatlon 

When a link with more than two crossmgs also possesses onented rmgs, then two topolog& 
elements of dissymmetry are present, and of course, topolo@cal dlastereolsomensm IS possible In this 
case, two descnptors are reqmred to descnbe the configuratlon of the system The four possible 
topolo@cal stereoisomers for the two-braid link with four crossmgs and two onented nngs are shown 
m Scheme 47 The first descriptor m each case describes the configuration of the hnk as if neither nng 
were onented The second descnptor gves the configuration of the link as d there were only two 
crossmgs With the two topolo@cal elements ofdlssymmetry, two pairs ofenantlomenc dlastereomers 
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Scheme 47 Topological sterwlsomers of the onentod lmk with four crossmgs 
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Scheme 48 Configuration of the three-rung MBbms ladder enantlomers and the four-rung chwal pnsm enantlomers 

are possible Links 134 and 136 are topolo@cal enantlomers, while 134 and 135 are topologcal 
dlastereomers The topolo@cal dlastereolsomensm exhlblted by the links 134 and 135 1s dtierent from 
any of the other examples discussed so far in that both daastereomers have the same crossmg number We 
conjecture that this can only occur when the lsomensm denves from two or more topolo@cal elements 
of dissymmetry 

Finally, m order to allow apphcatlon of these rules to Mobius ladders and choral pnsms, another 
convention must be defined A standard presentation must be chosen-the wreath-like presentation as 
we have generally been using all along 1s suggested Choice of such a presentation automatically 
requires dlfferentlatlon of the rungs and edge or edges For the Mobius ladder, assignment of an 
arbitrary onentatlon to the edge then allows simple apphcatlon of the rules The Mobius ladder 74 IS 
thus x, and its mirror 1s i as shown m Scheme 48 6g Note that the 7\’ M6bms ladder has left-handed 
helical chn-ahty For the choral pnsm with two crossmgs, once the standard presentation IS chosen, 
assignment of parallel onentatlons_to the two rmgs making up the- edges allows assignment of 
configuration as shown Again, the A pnsm has left-handed hehcal chlrahty For the Mobius ladders 
and pnsms with higher crossmg num_ber, dtierentlatlon of the rungs and edges also easily allows 
assignment of configuration Note the A MBbms ladder with three half twists and nght-handed helical 
chlrahty affords the i trefod knot upon cleavage of the rungs 

PART VI TOPOLOGICAL STEREOCHEMISTRY OF DNA 

A lntroductlon 
As pointed out m detail above, topolog& stereolsomensm IS a rare phenomenon m the laboratory 

and m “small molecule” natural productschermstry In fact, topolo@cal stereolsomensm 1s remarkably 
lacking m blo-polymers as well For example, while we have made no study of the area, Professor S 
Benner has carefully examined the blochemlcal literature and found only a single protein molecule Hrlth 
a non-planar molecular graph 5g 

There 1s one very stnkmg exception to this observation-topological stereolsomensm of arcular 
DNAs While even the DNAs are not known to exist m Kuratowskl non-planar forms, the topologcal 
stereochemistry of knotted and linked DNA rmgs IS rich and vaned Indeed In addition, tt seems clear 
that this novel stereolsomensm plays a cructal role m molecular biology because the topology of DNA 
circles has an important influence on the conformation of the molecules, thereby controlling to some 
extent the host-guest chemistry of the circular DNA Thus, topolo@cal stereochemistry and Euclidean 
stereochemlstry blend m an elegant way to dramatically influence important processes of genetics The 
high degree of interest generated by topologcal stereochemistry of DNAs among blochemlsts IS 
reflected m the number ofexcellent rewew articles descnbmg various aspects of the SubJect-at least SIX 
since 1978 ” 

1 Topology ofDNA strands Before conslderatlon of macrocyclic DNA rmgs, a bnef dlscusslon of 
the topology of acyclic DNA molecules 1s useful First consider single-stranded DNA As shown m 
Scheme 49, a single homopolymerlc strand of DNA behaves topolo@cally as an onented line segment 
Thus, the tetranucleotlde 5’-A-A-A-A-3’ may be modeled topologcally as an onented line The 
dn-e&on of the arrow 1s arbitrary, though bmchenusts generally orient the line from 5’ -+ 3’ as shown 
At the level of the sugar-phosphate backbone, lgnormg the base sequence, any polynucleotlde behaves 
as such an onented lme segment Of course, at a higher level, ddferentratmg all four bases, the smgle- 
stranded DNA represents a much more complex topological object-an onented line segment with 
embedded points that come m four “colors” Thus, the tetranucleotlde 5/-A-C-G-T-3’ 1s topologrcally 
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Scheme 49 Topology of single DNA strands 

distinct from the (non-complementary) lsomenc strand S-T-G-C-A-3 They are, of course, 
constitutlonal isomers 

Some aspects ofthe topology ofduplex DNAs are illustrated m Scheme 50 By our defimtlon, a base- 
palred duplex 1s topologzally equivalent to the two separated single strands It 1s often useful, however, 
to consider the fully H-bonded duplex as a unit m which the single strands are antiparallel A fairly 
surpnsmg result occurs when two identical strands are arranged m this way-the duplex 1s not 
oriented’ Thus, when the strand S-A-C-G-T-3’ forms a duplex with Itself, as shown m Scheme 50(A), the 
resultmg double-stranded construction has no ortenratlon This argument holds for any duplex at the 
level of the backbone, 1 e lgnonng the specific sequence of bases (Scheme 50(B)) This 1s true even when 
the handedness of the helix 1s considered, smce a nght-handed double helix IS r&t-handed from either 
direction In the general case, where the two strands have different base sequences, the duplex as a umt 1s 
topolo@cally more complex, and behaves as an onented lme segment (Scheme 50(C)) 

2 DNA cwcles In the early 1960s the genetic material of the famous bactenophage 0X174 
was found to exist as a cychc smgle strand of DNA forming a covalent rmg of about 15,000 atoms 
(MW = 1 7 x lo6 daltons, approximately 2500 nucleotldes) 71 Since then, It has become clear that 
cychc single stranded and duplex DNAs are very common in nature Indeed, the chromasomal DNA 
of many bactena and viruses, mcludmg the ublqultous E co11,ls cychc, and cychc DNA molecules are 
found m the mltochondna of most eukaryotlc cells, including human cells 

In 1965, four years after Wasserman’s first pubhcatlon descnbmg topolo@cal stereolsomensm, 
Vmograd and his colleagues at Caltech reported expenments leading to a novel suggestion explammg 
some puzzling facts about the structure of the circular duplex DNA of the mouse polyoma virus 72 
Vmograd found that the DNA exists m two different cychc forms Usmg centnfugatlon, a covalently 
cychc duplex and a linear form, m which the duplex was not cychzed, could be punfied The latter 
material resulted from accldental cleavage of both strands of the double hehx In addition, a third 
matenal, m which only one of the strands of the duplex was cleaved, could also be isolated Upon 
denaturatlon (breaking all the H-bonds of the DNA duplex), this matenal separated mto a smgle- 
stranded arcle, and a linear single-stranded cham In general, a duplex DNA with one strand broken 1s 
called a tucked cwular duplex The puzzling problem was the followmg the cychc duplex sedimented 
under centnfugal forces 20% faster than the smgly nicked form, indicating that the two forms possess 
dramatically different confonnatlons m solution While no topologzal stereoisomers per se were 
reported m this paper, Vmograd’s mgemous explanation of his observation marks the begmnmg of the 
study of the topolo@cal stereochemistry of DNAs Soon after this work was reported, a flood of 
topologcal stereolsomers of cychc DNA molecules were character& m vanous laboratones A bnef 
explanation of current views on the topology of circular duplex DNAs, and its controllmg influence on 
DNA conformatlonal properties, IS presented below 

3 Lmkmg number and lmkrng drflerence There 1s a tremendous weight of evidence suggesting that 
the most stable form of H-bonded duplex DNA m solution 1s very similar to the classic Watsonxnck B 
helix, a right-handed double helix with the DNA strands runnmg antlparallel as shown m Scheme 
50(B) Much of the strongest evidence derives from interpretation of phenomena mvolvmg topologcal 
and Euclidean stereochemistry of DNA duplex nngs ‘3 Very recently, a smgle crystal X-ray analysis of 
H-bonded ohgonucleotldes mcely confitmmg the essentials of Watson and Crick’s mltlal hypothesis 
has been reported 74 

5’-A-C-G-T-3’ 
A 

,‘ei-G-C-A-5’ t- 
c $-A-A-C-C+3 

3’.l-T-G-G-5 
I- 

Scheme 50 Topology of duplex DNA 
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For the DNA double hehx m solution, recent results indicate that one complete turn of the hehx 
occurs about every 10 5 base pairs (10 5 bp) 7of*75 Thus important value, 10 5 bp turn- ‘, IS termed the 
heircal pitch Consider a lmear, fully H-bonded duplex with 1050 bp Quahtatlvely, the preferred 
conformation of this molecule m solution 1s predicted to be a firly rllpd straight braid with 100 hehcal 
turns (1050 bp/lO 5 bp turn- ‘) or 200 crossmgs (half twrsts) For long duplex strands, considerable 
bending can occur Hrlthout mcreasmg the free energy ofthe system slgmficantly Note that the crossing 
number of this braid IS a Euchdean quantity Topologcally, even consldermg the H-bonds as 
unbreakable, the crossmg number of the linear “double helix” may be any integral number or zero 

Now consider the product resultmg upon hs-macrocychzatlon of the braid, m a manner exactly 
analogous to the Mobms stnp approach to synthesis of the two-bralds de-bed above Smce bonds 
can only form 3’ to S, the product w11l always possess an euen number ofhaljtwzsts 76 The resulting 
circular duplex DNA IS a two-braid hnk with two edges If, m the cychzatlon process, the ends of the 
braid were not allowed to twrst, then our 1050 bp linear strand would give a hnk wth a mmlmum of200 
crossmgs This crossing number IS now a ~opologzcul ~n~~rz~nf of the cons&u&on Since this link has 
more than two crossmgs, and also has onented edges, there are four possible topololpcally dlstmct 
stereolsomenc configurations, as descr&d m detail m Scheme 47 for the case of four crossmgs To our 
knowledge, only one configuration has ever been constdered for circular duplex DNAs-the nght- 
handed double hehx with antiparallel edges ” 

The lrnkmg number (Lk) of a circular duplex DNA 1s defined as one half the mmlmum crossmg 
number of the two-braid link Thus, Lk 1s the number oyill twists ofa hypothetical paper stnpor nbbon 
defin4 by the edges of the two-braid By convention, 6 crossmgs of the braid are gven a positive sign, 
while R crossings are negative Therefore, a nght_handed hehcal two-brad hnk has a posttlve hnkmg 
number ” Our 1050 bp duplex circle with 200 6 crossmgs has Lk = 100 

Since the nng is very large relative to the length of a single hehcal turn, the H-bonding and 
confo~ational free energy of this duplex 1s essentially the same as that of the linear form That ts, the 
duplex 1s fully H-bonded, and m Its most stable conformation, with 10 5 base pafrs per full turn of the 
helix Very little strain 1s introduced from bendmg Such a DNA rmg 1s said to be relaxed The lmkmg 
number of a relaxed duplex circle 1s denoted as Lko, and m genera1 has the value N/10 5, where N IS the 
number of base pairs When rings of this type (that ts, fairly small by brolog& standards, but up to at 
least 5000 bp) are viewed m an electron mIcroscope, they appear as relattvely open circles vvlth very few 
crossmgs This 1s apparently due to “spreading forces” during sample preparation If such a relaxed 
duplex rmg is nicked (that is, one of the strands 1s cut) with an enzyme called DNase, the appearance of 
the rmg remains unchanged The strand can be resealed wrth an enzyme called Izguse, to regenerate the 
relaxed duplex circle 

When duplex DNAs are isolated from nature, however, they generally appear m the electron 
microscope as qmte twisted and contorted rmgs, with many crossmgs Also, such a “native” form of the 
rmg moves faster under centnfugal forces and has a higher R, (lower retentzon) on agarose gel 
electrophoretlc chromatography than a relaxed circle But, d the naturally occurnng circle 1s nicked 
and then resealed, it behaves the same as a relaxed duplex circle 

The fascmatmg explanation of this phenomenon, first proposed by Vmograd m 1965,ls that 
naturally occurnng DNA ctrcles are u~erwo~~ relative to the relaxed ctrcle That ts, the l~nkzng 
number of the nattoectrcle 1s less than that oj’the relaxed crrcle The quantity Lk - Lko (or Lk - N/10 5) 1s 
called the linking number drjiience, and 1s always negative for native DNAs Since the lmkmg number 
WC 1s a topologcal mvanant of the cons&u&Ion, and Lko 1s simply defined by the number of bp m the 
c&e, the hnkmg number ddference cannot change without breakmg one of the strands In a circular 
DNA with a negative hnkmgnumber difference, the helix cannot exist m its most stable conformation- 
an essentially straight rod with 10 5 bp turn - 1 Apparently, m order to mmlmlze the conformational 
and base-palr~ngfreeenergy,themoleculeassumesasupercotledconformatlon,wlthsuperhellcal turlsts 
and ~011s that allow the hehcal patch to remam close to 10 5 bp turn - I, but sacrdice the “straightness” of 
the duplex Such a supercooled DNA rmg 1s more compact than the relaxed circle, explaining the 
observed properties of the supercoiled nngs This 1s the essence of Vmograd’s original proposal 
concernmg the structure of the mouse polyoma virus DNA, and tt 1s almost universally accepted today 

B Synthesis of topologrcal dmstereomers of crrcular duplex DNA 
That the circular duplex DNAs isolated from nature are indeed composed of two topologuzally 

linked single-stranded DNA circles IS indicated by a tremendous body ofevIdence For example, rf both 
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strands of the duplex are cut enzymatlcally, the expected hnear duplex results Denaturatlon (breaking 
all the H-bonds) of such a hnear duplex results m two acyclic single strands of DNA If the native circle IS 
denatured the resulting construction still behaves as a single molecule If, however, a nicked duplex 1s 
denatured, a hnear single strand and a separate smgle-stranded circle result 

Blochenusts have developed methods for synthesis and charactenzatton of topolo@cally 
dlastereomenc DNA duplex two-brad links utlllnng a variety of interesting techmques Most of these 
methods depend upon separation of the dlastereomers by gel electrophoresls This technique can be 
extremely sensitive to the conformatlonal changes occurrmg upon changing of the hnkmg number of a 
DNA duplex Indeed, it 1s quite common to separate molecules dtiermg m Lk by unity 

For example, if a relaxed nicked circular duplex is treated with hgase forming a covalently closed 
duplex arcle, the product 1s not homogeneous by electrophoretlc chromatography Rather, a family of 
well-resolved DNA products results, as shown m independent experiments performed m 1975 by Wang 
and by Vmograd 78 The best interpretation of these and many expenments performed smce then agree 
with the proposal of those authors that the products resulting m this expenment are topologcal 
dldstereomers differing m lmkmg number, and forming a Gausslan dlstnbutlon of lmkmg numbers 
about the preferred value of Lko = N/10 5 Thus, while the nicked duplex prefers N/10 5 full helical 
turns, molecules wth a Boltzmann dlstnbutlon of Euclidean crossmg numbers are present m the 
solution because of thermal energy aviulable to the system Sealing the nick with hgase then locks these 
conformers mto their topolog&ly distinct stereolsomenc forms with Lk - Lko = 0, f 1, f 2, etc The 
maximum lmkmg difference attainable m such an experunent depends upon the length of the DNA 
duplex, and upon the temperature Equations allowing estimation of the mcrease m free energy of the 
duplex with increasing lmkmg number difference have been proposed ” ‘s This increase m energy 1s 
proportional to the square of the lmkmg number difference 

If a single punfied isomer 1s obtamed off the gel and rechromatographed, it grves a smgle band with 
identical retention If this matenal 1s heated to break the H-bonds, then cooled to allow for re-formation 
of the H-bonded duplex, chromatography again shows a single pure topolo@cal dlastereomer 73 If, 
however, the homogeneous topologcal dlastereomer 1s mcked, then resealed, the family of 
dlastereomers IS again generated 

Directed syntheses of DNA topolo@cal dlastereomers have also been accomphshed In one 
approach to preparation of DNA duplex rings wth a gven value of Lk - Lko, methods for controllmg 
the crossing number m a mcked cu-cle are utlhzed Thus, it 1s well known that mtercalatmg compounds 
such as ethldnun bromide “unwmd” the helical axis by about 26” for each bound molecule If a nicked 
circular H-bonded duplex 1s treated with ethldmm brormde, the Euclidean crossing number ~11 
decrease by two for every 14 bound molecules That is, the number of full hehcal turns IS decreased by 
one upon mtercalatlon of 14 molecules of ethldtum bromide The bmdmg of the mtercalator, m essence, 
changes the helical pitch of the DNA from the normal value of 10 5 bp turn- ’ Also, the number of 
bound molecules may be closely controlled by the conditions of the experunent When a mcked circle 
thus treated 1s then sealed with hgase, the resulting product 1s a Boltzmann dlstnbutlon of relaxed 
circles with bound ethdrum But, the linking number of the major product 1s less than Lko The ethldnun 
bromide may then be washed out of the DNA Isolation of the maJor product by gel electrophoresls 
then gves a pnstme closed circular duplex with a negative hnkmg number dtierence The value of Lk 
- Lko for this product will depend upon the amount of mtercalator that was bound m the mcked 
duplex 

The approach to synthesis of DNA topologcal dlastereomers with negative lmkmg number 
differences is illustrated in Scheme 51 Thus, consider a hypothetical relaxed cu-cular duplex 138 with 
273 bp The Lko for this molecule 1s N/10 5 = 26 Appropnate treatment of this DNA wth DNase 
could give the nicked circle 139 with 26 (now Euclidean) hehcal turns, or 52 crossmgs Treatment of this 
nicked DNA with ethldlum bromide mtercalator under condltlons where about 42 molecules of 
ethldlum bromide are bound to each DNA circle would unwmd the helix, gnmg a relaxed mcked circle 
with 23 helical turns, or 46 crossings (140) Treatment of this matenal with hgase then affords the 
relaxed circle 141 Hrlth Lk = 23 This DNA has Lk - Lko = - 3, and 1s a topologcal dlastereomer of 
the ongmal duplex circle 138 Removal of the bound ethldmm bronude would gve a supercoded 
product 142 which may be punfied by chromatography 

A tigh degree of topologtcal stereoselechvlty m the synthesis of closed circular duplex DNAs 1s 
readily achievable by this strategy For example, m a recently reported senes ofexpenments done m the 
laboratones of Cozzarelh, 25 dlastereomers of a 1683 bp duplex circle called pA03 were synthesized, 



3198 D M WALBA 

Scheme 51 LIhrected synthesis of topolopal dlastereomers 

punfied, and characterized ” These dlastereomers possess 160 f 12,11,10, , 0 full tests, and may all 
be resolved on a special h@-resolution composite acrylanude-agarose gel This fact IS especially 
rmpresslve when one considers that the covalent rmgs makmg up tlus hnk are both 10,098 atoms long 

The exact number of full tests is, of course, not ngorously established for these products relative to 
the standards of structure elucldatlon currently exlstmg m organic chenustry, and only very small 
amounts ofmatenal are prepared However, mdlrect evidence supportmg the structure assrgnment of 
the molecules 1s very great, and it can be safely assumed that the topology of these prototypal DNA 
hnks 1s assigned correctly Utihzmg the standard approach described m Scheme 5 1, Cozzarelh and co- 
workers synthesized and isolated topolo@cal dlastereomers of the pA03 DNA with hnkmg number 
dfierences of - 1 to - 12 The product with a lmkmg number dtierence of 0 (that IS, the relaxed circle 
with 160 full turlsts of the two-brald) IS snnply prepared by hgatmg the relaxed nicked circle 111 the 
absence of bound ethldrum, then lsolatmg the major product When Isolated m the native state, this 
DNA 1s found to have hnkmg number differences of - 10, - 11, or - 12 

Methods for synthesis of the DNAs Hrlth positive hnkmg number Werences are also in common 
use One very elegant technique for mcreasmg the number of crossmgs of a mcked circle involves 
bmdmg of a protein called Byruse to the DNA, followed by sealing of the mck The highly novel and 
Interesting topologcal stereochemlstry mvolved m directed synthesis of DNAs urlth posltlve hnkmg 
number difference by this approach 1s discussed m detal m Section VI F 

C Conformatronal analysis of crrcular duplex DNAs twzst and wrzthe 
As described above, all 25 topolo@cal dlastereomers of the pA03 DNA may be resolved 

chromatographcally by gel electrophoresls This and other evidence, mcludmg electron mrcroscopy, 
strongly indicates that DNAs dlffermg m lmkmg number have dramatlc differences m confonnatlon m 
solution Interestingly, DNA with a gven negative hnkmg number difference 1s very snmlar to that with 
the same positive lmkmg number Qfference For example, pA03 DNA wth Lk- Lko = -4 has a 
moblhty on the gel more similar to the dlastereomer with hnkmg number difference of 4 than those 
dlastereomers with hnkmg number merences of - 3 or - 5 In general, the retention on gel decreases 
with mcreasmg 1 Lk - LkoJ That is, the greater the absolute value of the hnkmg number difference, the 
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greater the moblhty on gel This, combined with other evidence, indicates that m general, the more the 
hnkmg number of a DNA differs from Lko, the more compact it behaves 

While the actual conformation of the DNA circles in solution is not known, some very powerful 
theones have been developed for conslderatlon of the conformational picture m circular duplex DNAs 
These theones denve m large part from use of a Euchdean nbbon as a model for the DNA duplex Thus, 
a H-bonded duplex-DNA may be modeled by a closed circular nbbon with an even number of nght- 
handed half twists (6 crossmgs of the edges)--1 e an integer number of full tHrlsts corresponding to the 
linking number The nudhne of the nbbon 1s termed the h&x axu, and loosely represents the central 
axis of the DNA duplex Smularly, the edges of the nbbon represent the DNA backbone It is the shape 
of the hehx axis that best describes the conformatlonal contortions responsible for the appearance of 
circular DNAs m the electron microscope, and for the behavior of the DNAs on gel electrophoresls and 
centnfugation That is, a relaxed circle has a more or less Euclidean circular helix axls, while a 
“supercolled” DNA (or nbbon) has a more contorted helix axis 

Theconformatlonal behavior, including the shape ofthe hehx axis, ofa mathematical nbbon is very 
stnctly limited by the topology of the system The hmltatlons on the shape of the hehx axis may be 
defined m terms of a topologcal mvanant, the lmkmg number Lk, and a metnc Euclidean property 
called the total zntegrated twzst, Tw Treatments of this system by ddferentlal geometry were 
accomplished independently by mathematicians White and Fuller *’ Interestingly, Fuller’s work was 
done in response to questions proposed to him by Vmograd relating directly to the DNA problem, 
while White was working on the Euchdean/topolo@cal properties of nbbons from the mathematical 
vlewpomt independent of any thought of modellmg DNA Their work has provided a very elegant 
model of DNA conformational bchavlor with great predlctlve value This model 1s a beautiful example 
of how topolo@cal and Euclidean geometrical propertles of molecular graphs may combine to 
influence very unportant chenucal propertles A very short, general descnptlon of the nbbon model 1s 
presented below 

A ngorous definition of Tw 1s outside the scope of this report Basically, Tw 1s a measure of how 
many tunes the edges of the ribbon turn around the hehx axis-that 1s the total number ofturns ofthe 
helzx, measured m a frame of reference that follows the hehx axis Given the mtultlve meamng of “helical 
pitch” (length per turn), the total integrated twist Tw zs simply the length of the helix axis divided by the 
helical pitch (length/length per turn = total number of turns) This equation actually serves to define 
“helical pitch” for a helix whose axis 1s twisting and wnthmg m space, since Tw 1s a well-defined 
Euclidean mvanant of a nbbon Thus, hehcal pitch (bp turn- ‘) = length (bp)/Tw With this definltlon, 
the author feels the mtultlve meaning of “helical pitch” is preserved Note, however, that the defimtlon 
of Tw zs very prease, independent of any mtuitlon, and Tw may be calculated exactly for a gven nbbon 
conformation The value of Tw may be zero or any positive or negative number, not necessanly an 
integer The total integrated tHrlst Tw for a nght-handed helical nbbon 1s positive 

It 1s important to note that, while the twist Tw seems slmllar to the linking number Lk, they are really 
quite different The linking number 1s a topolo@cal mvanant, while the twist 1s Euclidean In fact, 
incredibly, the anthmetlc difference between the linking number and total tHrlst defines severe 
hmltatlons on the shape ofthe helzx axzs If the helix axis lies on a cn-cle, or m a plane, or indeed m any 
achlral shape, then Lk - Tw = 0 That IS, the total twist must be identical to the hnkmg number for such 
a nbbon If, however, the hehx axis becomes choral, that 1s if the helix axis wnthes m space, or becomes 
supercooled, zt IS a geometrzcal znvarzant of the system that Lk - Tw # 0 

Since Lk 1s a topologzal mvanant, and cannot change without cuttmg the nbbon, If the nbbon’s 
axis is made to wnthe, the twist (and helical pitch) must change to accommodate the deformation The 
difference between the linking number and total twist has been appropnately dubbed the wrzthzng 
number, WY = Lk - Tw The wnthmg number 1s a property of the helix axis only, and may be calculated 
exactly for any closed curve, independent of a nbbon, let alone Lk and Tw It 1s a metnc Euchdean 
quantity, and may be zero, positive or negative, not necessanly integral For a gven value of WY, an 
infinite number of shapes of the hehx axis are possible But, a gven value of Wr does severely lzmzt the 
possible shapes of the helix axis It is this sunple equation relating the shape of the helix axis to the 
lmkmg number and total twist (helical pitch and length of the helix axis), which serves as such a powerful 
model for the conformatlonal behavior of DNA duplex circles Indeed, the number of supercods of a 
nbbon or DNA duplex 1s often taken simply as the wnthmg number- Wr 

The relationship between linking number, linking number difference, test and wnthe 1s best 
understood by consideration of specific examples First, consider a closed circular nbbon whose length 
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1s measured m units of base paus. Let the helix 8x1s of the ribbon be 1050 bp long, Also, suppose the 
nbbon has 100 full nght-handed twists, such that Lk = 100, and the helical patch of the rrbbon 1s 10 5 bp 
turn-’ Under these condrbons, the total twist Tw = 100, Tw = Ck, and the helix axis may he on a 
circle, or m any other achrral shape. If there were an elastrc force on the nbbon tendmg to cause the helix 
axes to be straight, then the most stable shape of the axes would be a Euclidean round ctrcle.Thrs nbbon 
would correspond to a relaxed duplex DNA crrcle, with Lk = Lko = 100 

Suppose Lk 1s now changed to 99 by unwmdmg the ribbon (which must mvolve cuttmg the nbbon 
and resealmg it) The axis of the rrbbon can remam a circle d the hehcal pitch Increases by one part m 
100, such that Tw = 99 (hebcal patch = 1050 bp/99 turns = 10 6 bp turn-‘) But, suppose there IS a 
force resatmg such a change in the hebcal pitch from the value of 10 5 bp turn- It as rs the case tn a real 
DNA circle What hap~ns to the nbbon when the helical p&h IS constramed to remam 10.5 bp turn - ‘? 
In fact, the fascmatmg answer, ngorous for the mathemattcal ribbon, IS that t/reFtelrx axts musr l~come 
non-planar and chralf Note that under these conditrons Tw must remam 100 If the length of the hehx 
axis does not change The choral shape of the hehx axes of such an underwound ribbon 1s stnctly hmrted 
to one of a relatrvely small class of shapes defined by then wrtthmg number- Wr = tk - Tw = - 1 
Note also that rf the hehcal patch rema~ns~onstant, then Tw = Lko That is, m the case where the length 
of the hehx 8x1s and the helical patch are~onstralned to remam constant at 1050 bp and 10 5 bp turn- XI 
respectrvely, then the total twist Tw = Lko Thus, rf the hehcal pitch remamsconstant, Wr = Lk - Lko. 
Under these very special conditions, the number of supercools of the helix axts, as defined by the 
wrrthmg number, 1s equal to the lrnkmg number dr$erence of the nbbon 

The hnking number drfference gives considerable lnfo~at~on on the shape of the hehx axn~ once a 
feehng for Wr 1s gamed Scheme 52 rllustrates two “bmrtmg” ~o~o~at~ons possible for a nbbon with 
Wr = - f The drawings m thrs scheme represent the hefix UXIS of a nbbon or double hehx+ 
Conformation 143 1s often called a left-handed solenordal superhelix, and I44 IS called a right-handed 
interwound superhehx If Lk - Lko 1s negative, It is commonly sard that negatlue supercoh are Induced 
rn the helix axis (the sign of Wr is negative) A left-handed solenordal superhelical conformatton such as 
143 has negatrve supercods, whxle the ant-ended mterwound superhehx m 144 also has negative 
supercods Of course, for any hnkmg number difference, the mathema~~l constraint 1s that Wr = Lk 
- Tw The twist Tw 1s only equal to Lko if the heheal pitch 1s constramed to remam constant at Its value 
for the “relaxed” ribbon 

One way_to h$p remember the sign conventron for Wr 1s to assrgn descrrptors_byienotmg the 
crossings as 1 or S + Thus, onentatxon of the hehx axis, follow2d by assignment of the ), or 6 descrrptors 
~de~~aboveforthe~eofthe k~otsandl~nks,~~esaA(negat~ve)~onfo~attonfor~th I43and 
144 Ribbons with posttrve Wr have helical axes wnh A ~~o~atio~s It IS important to notetJhat thz 
conformation of the supercorled nbbon is not topologrcal, but E&dean, and the descrrptors A and A 
here are being used to describe Euclidean shapes This techmque for asslgmng the sign of Wr assumes 
the conformattons are drawn as shown 111 the scheme 

It IS mstructrve at this pomt to analyse the hypothetmal synthesis of negatively supercoded DNA 
shown m Scheme 51 m terms of UC, Tw, Wi; and hehcal pitch. Be aware% however, that the analysis 1s 
only an appro~ma~on, even for a hy~thet~~al duplex DNA, since the treatment IS rigorous only for an 
mfimtely thm and perfectly behaved Euchdean nbbon 

The relaxed crrcular duplex 138wnh 273 bp and helical patch of 10.5 bp turn- ’ has Lk = Lko = 26 
(N/l0 5) Smce the helix axls 1s a cxrcle, the wnthmg number Wr = 0 (no supercotls), and Tw = 24 
(Wr = U-7-w) 

After mckmg, intercalation of ethidmm bromtde, then resealing, the covalent duplex circle I41 IS 
produced. Thrs covalent duplex crrcle has Lk = 23 Thus, the hnkmg number dtfference Lk - Lko = 
- 3 The wnthmg number (number of superheltcal turns), however, is stall Wr = 0, the Tw = 23, and the 
helical pitch IS now increased to 237/23 = 11 87 bp turn - ‘ Tlus DNA is a relaxed crrcle with 
rntercalated dye The helical pitch 1s not the ideal value for a B helix, but is increased to a larger value by 

scheme 42 Two possbIe shapes For a nbbds BXES wrth Wr = - 1 
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the mtercalatlon Removal of the bound ethldmm bromide then gves the supercoiled product 142 with 
the helical pitch back to 10 5 bp turn - ’ The total turlst Tw = 26 (Tw = Lko when the helical pitch 1s 
10 5 bp turn-‘), and WY = Lk- Lko = -3 (three negative supercoils) 

As indicated by this analysis, supercoded conformations may also be induced m a relaxed nbbon by 
changmg the value of the helical pitch (1 e changmg Tw) for a gven value of Lk Thus, a relaxed ribbon 
with Lk = Lko will take up a pomtluely supercolled conformation d the helical pitch is increased (Tw is 
decreased, Lk - Tw becomes positive) This 1s exactly the case when a relaxed covalent duplex circle is 
treated with ethldmm bromide Indeed, such a duplex with bound ethldlum apparently has positive 
supercools, and 1s observed to behave snmlarly to molecules with posltlve lmkmg number dtierence 
even though topologcally Lk = Lko For example, if the hypothetical relaxed covalent duplex 138 
were treated with ethldmm bromide as m Scheme 51, but wlthout mckmg, then the resulting material 
would have Lk = 26, Tw = 23 (helical pitch = 1187 bp turn- ’ with the bound ethldmm bromide), and 
Wr = 3 

For a real DNA duplex, this analysis 1s highly overslmpldied The forces acting on the nng are quite 
complex, of course, and the actual conformations present m solution will mmumze total strain, 
including strain resulting from changmg of the helical pitch from the ideal value, and that introduced by 
bending from the ideal strrught rod But, all of the observations regarding DNA with a non-zero lmkmg 
difference are well explamed by the simple models described above That is, as the lmkmg difference 
increases, the absolute value of Wr, and the number of superhelical turns increases, affording a more 
compact structure In general, it has been proposed that the mterwound superhelical conformation IS 
favored over the solenoldal superhehcal conformation because the mterwound conformation 
mmlmlzeS bending of the duplex relative to solenoldal conformations Also, if the lmkmg difference 
becomes large enough, the simple model breaks down catastrophically, and severe changes m the 
duplex occur For example, parts of the duplex may begm to unwind, H-bonds break, and a “bubble” 
forms m the duplex m order to mlmmlze strain 

D Naturally occurrmg duplex DNA catenanes 
As pointed out above, topologcally linked single-stranded DNA 1s ublqultous m nature All 

circular duplex DNAs are linked angle-stranded rings with a large mmimum crossing number (to our 
knowledge no duplex DNA circle with Lk = 0 has ever been characterized)) But, there are other 
naturally occurnng topolo@cally novel constructions In 1967, Vmograd reported that about 10% of 
the mltochondnal DNA found m human cells grown m tissue cultureexlst as simple linked duplex nngs 
with a mmlmum crossing number of two al It IS now known that many cells possess catenated DNA 
circles At the level of the DNA backbone, such duplex catenanes are topolo@cally achlral, since the 
duplex 1s not onented Of course, d the single stranded circles making up the edges of each duplex have 
different base pair sequences, as 1s surely the case, the linked duplex nngs exist as topoloacal 
enantlomers Indeed, depending upon the lmkmg number of each mdlvldual duplex, and upon the 
orlentatlon of the two duplex nngs, many topologcal enantlomenc and dlastereomenc relationships 
could be present To our knowledge, the details of the topology of these duplex catenanes 1s not known 

E Syntheses of duplex knots and carenanes by recombrnatron 
Genetic recombmatlon 1s the important process by which a strand of duplex DNA 1s inserted mto 

another strand Site-specrjc recombmatlon mvolves a complex senes of events As illustrated rn Scheme 
53, the site-specific recombmatlon may proceed as follows(no actual mechanism 1s meant to be implied 
by this scheme) (1) recogmtlon, paumg, and onentatlon of two duplex attachment srtes AB and CD 
having specific base pair sequences, (2) breaking of both duplexes (four strands of DNA), (3) controlled 
reorgamzatlon of the broken ends, and (4) reconnection to form two new duplexes AD and CB At least 
two enzyme systems capable of promotmg such site-specific recombmatlon events in urtro under 
controlled condltlons have recently been described a’ When the recombination sltesare both part ofthe 
same duplex cacle, the recombmatlon event affords a constltutlonally lsomenc duplex product 
Depending upon the conformation of the circle dunng the recombmatlon and upon the relative 
orlentatlon ofthe attachment sites, catenated or knotted duplex DNA products w111 be formed Indeed, 
utlhnng these systems, beautiful semi-directed syntheses of duplex catenanes and knots have been 
achieved 82a ’ 83 

The first synthesis of both knotted and linked duplex nngs utllmng a recombmatlon reaction was 
reported by Gellert m 1980 82o First, two lsomenc 9400 bp circular duplex DNAs, called pBP86 and 
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pBP90, were synthesued using standard recombmant DNA techmques Each of these circles possessed 
both required sequences for site-specific recombmatlon (1 e AB and CD m Scheme 53) The pBP86clrcle 
has the sites running m a parallel onentatlon, while the pBP90 circle has the same sites, but m an 
antiparallel orlentatlon In both cases, the sites are about 1500 bp apart on the DNA circle 

With these two novel molecules m hand, the stage was set for a topolo@cally stereocontrolled 
synthesis of duplex knots and links As Illustrated m Scheme 54, an intramolecular recombmatlon of the 
pBP86 circle with parallel sites must afford two disconnected nngs, one larger nng of about 7900 bp, 
called Ra, and another smaller rmg, of about 1500 bp, called Rb If the starting duplex 1s supercoiled, a 
two-braid catenane of Ra and Rb results Agam, no actual mechanism 1s meant by this scenano When 
25 pg (about 4 pmol) of pBP86 DNA was treated with the appropnaterecombmatlon system (punfied 1 
integrative recombmatlon protein from E co11 and a partially purified “host factor” for recombmatlon), 
catenated duplex DNA products resulted The structure proof of the product DNA mvolves the 
followmg observations (1) The product migrated as a single band in agarose gel electrophoresls , (2) 
Electron microscopy of the product clearly indicates two circular products, one larger than the other 
The mvanable presence. of crossmgs of the product nngs m the EM pictures strongly implicated 
topological hnkmg of the two circular molecules, (3) When Ra was selectively cleaved utlhzmg an 
enzyme known to cleave at a specific site only present on Ra, analysis of the product by gel 
electrophoresls showed the presence of Rb arcles, and a separate linear fragment denved from cleavage 
of Ra 

Similar mtramolecular recombination of the pBP90 cu-cle Hrlth the same sites m an antlparallel 
orlentlatlon must gve a single circular product If the starting circle 1s supercoded, then a two-braid 
knot results, as shown m the scheme When the product of this mtramolecular recombmatlon was 
relaxed by nicking v&h DNase, a farmly of relaxed circles with higher moblhty on gel electrophoresls 
than open circular forms was revealed This matenal showed many crossings m the electron 
microscope, strongly mdlcatmg the presence of knotted circles Beautiful electron mlcrographs of an 
mdlvldual molecular trefoil knot, a five-star knot, and more complex knots were obtained 

Additional proof of the structures of these products was obtamed by characterlzatlon of the 
products obtained upon treatment of the catenanes and knots with topoisomerase enzymes, as 
described below Note that formation ofcatenanes and knots by this method is operationally similar to 
the proposed mechanism offormatlon of two-braid knots and links by olefin metathesis ofmacrocychc 
polyenes In Gellert’s synthesis, however, another level of stereocontrol 1s achieved since the sites for 
recombmatlon are organized with respect to orrentatlon Thus, pBP86 gves only catenanes, while 
pBP90 gves only knots The actual minimum crossing number of the two-braid product of an 
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Scheme 54 Drected synthesis of duplex DNA catenanes and knots 

mdlvldual recombmatlon event, however, depends upon the conformatlon of the startmg matenal at 
the time of recombmatlon, and cannot be controlled completely 

An especially interesting synthesis of duplex DNA catenanes has recently been reported by 
Cozzarelh utlhang another recombmatonal system called Tn3 resolvase szc In this case, treatment of 
the duplex DNA circle p51A, contaimng two directly repeated (parallel) copies of the recombmatlon 
site, with pure Tn3 resolvase gave mainly simple mterlocked duplex rmgs with a mlmmum crossing 
number of 2 However, gel electrophoretlc chromatography showed the presence of a minor product 
(about 1% of the total catenane DNA) with a slightly higher R, on the gel than the maJor product It was 
assumed at first that this minor product was a double looped catenane with four crossmgs However, 
utlhzmg a new powerful method under development m their laboratory, the Cozzarelh group found 
that this minor catenane product had a much more novel and mtngumg structure, as discussed below 

Normally, it IS not possible to asslgn the normahzatlon ofcrossmgs m electron microscope Images of 
DNAs (that IS, which strand goes over, and which strand goes under) Apparently this IS a result of the 
small diameter of the duplex chains But, there are protems known to bmd to the DNA strands, formmg 
m essence a very thick duplex strand Indeed, when fully coated with a protein called RecA, a duplex 
DNA chain becomes about 100 A thick For such a coated duplex, the normahzatlon of crossings of 
DNA strands become quite vlslble m electron microscope pictures’ When this method was apphed to 
the minor catenane product of the above described recombmatlon reaction, a surprlsmg and 
interesting result was obtamed The DNA was not a two-brald lmk, but rather a figure-of-eight 
catenane as shown m Scheme 55 The figure-of-eight catenane has a mlmmum of five crossmgs, and IS 
topolo@cally choral The configuration of this hnk may be determined by onentatlon of both rings, and 
assignment of configuration to each crossing In this case, the mltlal onentatlon IS arbitrary, and does 
not effect the outcome of the assignment 

Direct exammatlon of 13 molecules m the electron microscope showed that for all 13 catenanes, the 
helix axes are in the form of a x figure 8, as shown (the i and i figure-of-eight catenanes m this system 
would be topolo@cal dlastereomers because of the onentatlon of the two rings)) Thus, the 
recombmatlon event most likely leads stereospeclfically to formation of only one of the possible 
topolo@cal dlastereomers of the figure-of-eight catenane, greatly hmlhng the possible mechanisms for 
Tn3 resolvase mediated recombmatlon Indeed, we conjecture that it IS topologcally lmposslble for a 
single recombmatlon event on a circular duplex DNA to afTord the figure-of-e&t catenane as a 
product The figure 8 may form from recombmatlon of a trefoil duplex or of a figure-of+& knotted 
duplex, either of which IS a possible product of a smgle recombination of a circle The actual mode of 
formation of the figure-of-eight catenane m this system IS not known 
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Whde the mechamsm of recombmatlon for Tn3 resolvase, or any other resolvase, 1s not known m 
detrul, considerable expenmental evidence suggests that the basic kmd of topologcal transformation 
shown in Scheme 54 IS probably not operating for Tn3 *2c For example, Tn3 cannot recombme strands 
which are antlparallel, and It cannot recombme strands unless both recombmatlon sites are on the same 
DNA circle A proposal explammg these results IS Illustrated m Scheme 56 The mechamsm by which 
the single topologcal dlastereomer of the figure-of-e&t catenane IS formed IS, of course, not known 
From an orgamc chemist’s perspective, one can only marvel at the power of techmques allowmg 
assignment of the absolute topologcal configuration of a catenane based upon exammatlon of 13 
mdlvldual molecules 

F The topozsonzerases-enzymes catalyzzng the znterconverswn of DNA topologzcal stereozsows 
1 lntroductzon Several years after the dlscovery that native circular duplex DNA has a negative 

hnkmg number difference leading to observable “supercoohng” of the ring, the first of a class of enzymes 
was dlscovered with the capablhty of catalytzcally changzng the lznkzng number 84 Since then, it has been 
shown that these enzymes can also tie knots and form links in single-stranded and double-stranded 
rmgs, and unknot or unlink the rings Wang isolated the first such enzyme, and later coined the apropos 
term “topolsomerase” to descnbe the actlvlty of this class of protems “* Durmg the past 15 years a 
great deal of work has been directed at elucldatlon of the detalled workings of these mterestmg 

Scheme 56 A proposed mechamsm for Tn3 resolvase *” 



Topological stereochemistry 3205 

catalysts Topologcal stereochemistry has played and continues to play a key role m hmltmg 
mechamstlc posabllmes, similar to the role of Euclidean stereochemistry in the study of organic 
reaction mechanisms A short discussion of the chenustry and topolog& stereochemistry of the 
topolsomerases therefore seems a fitting conclusion for this report 

The topolsomerases fall mto two mam categones Type 1 topolsomerases form a translent angle- 
stranded break, allow a DNA chain to pass through the break, then reseal the strand, all m one catalytic 
operation Type 2 topolsomerases form a rratwent double-stranded break, allow a DNA chain to pass 
through, then reseal the duplex urlthout allowmg rotation of the broken ends relative to each other 

2 A prototypal type 1 copozsomerusefrom E co11 The first topolsomerase to be isolated was mltlally 
recognized as a factor capable of relaxing negatively supercolled DNA 84 Tlus protein, isolated from E 
colt, and called w, 1s typical of a class of type 1 topolsomerases isolated from a vanety of prokaryotlc 
sources The E cob enzyme 1s the most extensively studied topolsomerase, and possesses the followmg 
basic actlvltres (1) relaxation of negatively supercolled duplex circles, (2) formation of knotted rmgs 
from single-stranded circles, and removal of the knots, (3) formation of a relaxed circular duplex from 
complementary single-stranded rings (1 e formation of catenanes from angle-stranded nngs) , and (4) 
formation of catenanes and knots from singly nicked duplex circles All of these transformations only 
proceed under condltlons where there 1s a negative free energy change, and no high energy cofactor 1s 
required 

In the cell, the type 1 topolsomerascs are thought to help control the topology of duplex DNA by 
relaxing duplexes with a large negative hnkmg number difference The relaxing reaction extiblts 
considerable topologzcul stereoselectzvzty A duplex circle with a high negative lmkmg number 
difference 1s rapidly relaxed As Lk approaches Lko, however, the reaction becomes much slower 
Duplex DNA circles with a positive hnkmg number difference are unchanged by the enzyme Thus, E 
colz o effectively only zncreuses UC, and only for a duplex with a negative hnkmg number difference 

A typlcal reaction catalyzed by o would proceed as follows Consider our hypothetical 1050 bp 
duplex arcle, with Lk = 95 (Lko = 100) Treatment of this DNA with o would produce a family of 
DNAs with Lk = 96,97,98, etc After a long penod of time, a Boltzmann dlstnbutlon of DNAs with the 
major dlastereomer having Lk = 100, would be generated Thus product dlstnbutlon 1s exactly that 
which would be obtamed upon treatment of a relaxed nicked circle with hgase The topologcal 
transformation occurnng in this process is illustrated m Scheme 57 Consider a section of the DNA 
arcle described above, with a single-stranded “bubble” m the duplex as-shown m structure 145 
Topolo@cally, this construction is equivalent to 146, where an added 6znd I crossing are-shown The 
o enzyme changes the topology of 146, catalyzmg the conversion of a A crossing mto a 6 crossing to 
afford product 147 This topolo@cal dlastereolsomenzatlon mcreascs the mmlmum crossing number 
of the product by two, increasing UC by one 

In addition to the relaxation reaction, o also catalyzes the knotting and unknotting of smgle- 
stranded DNA nngs *’ When a angle-stranded circular DNA called fd 1s treated with o under 
condltlons known to promote formation of mtramolecular H-bonded helical regons, knotted smgle- 
stranded nngs are produced The knotted nngs are not homogeneous, and are quite complex, wth 
many crossings Similarly, when the single-stranded knotted nngs are treated with o under condltlons 

I Y TOPOISOMERASE 

Scheme 57 
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known to mtiblt formation of H-bonds, the nngs are converted back to unknotted circles The 
topology of these products 1s indicated by their appearance m the electron microscope under identical 
sample preparation condltlons, the behavior ofthe products on centnfugatlon and gel electrophoresls 
(knotted rmgs have a higher mobhty, and smaller hydrodynamic radius), and also by the fact that all of 
the products are converted to identical single-stranded linear molecules upon enzymatic mtroductlon 
of one single-strand break 

In a process functionally slmdar to the knottmg reaction, o IS able to lmk single-stranded circles 
When a mixture of complementary single-stranded circles (that IS, two DNA circles whose base 
sequences are complementary) of PM2 DNA (about 10,000 nucleotldes) are treated with w under 
condltlons promotmg the formation of H-bonds, then the protein catalyzes the formation of a relaxed 
duplex rmg This process involves first hnkmg of the two complementary single-stranded rmgs(Lk = 0) 
to form a single-stranded catenane with Lk = 1 Such a link has a very large negative linking number 
difference (about -950), and IS rapidly converted to a duplex circle with a smaller hnkmg number 
difference Eventually, a fully relaxed circle results, after about 950 catalytic cycles of the enzyme 

Finally, another activity of w has recently been reported When a nicked duplex IS treated wth the 
enzyme, knotted and linked nicked duplex products can result 86 For example, when 40 pg of pRR51 
(5750 bp)clrcular duplex DNA 1s singly nicked by treatment with DNase, then allowed to react wth o, 
trefoil knotted nicked circles can be Isolated by gel electrophoresls m 10% yield 83 Topolo@cally, such a 
molecule consists of a single-stranded covalent trefoil knot, and a separate linear strand The proof of 
structure of the knotted product and determination of the topolo@cal stereoselectlvlty of the knotting 
reaction were accomplished utlhnng electron microscopy coupled with the strand-fattening procedure 

Scheme 58 RecA coated trefod knots 83 
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described above Thus, when 25 lg (about 6 5 pmol) of the pun&d trefoil knotted mcked duplex circles 
were treated with E colr RecA protem, then exammed by electron rmcroscopy, both topolo@cal 
enantlomers of the trefods were observed, as shown m the beautiful electron micrographs m Scheme 58 
Forty mdlvldual molecules were exammed by a panel of observers, where the onentatlon of the 
crossings were eztabhshed by ex_unmatlon of each mhvldual crossing urlth the others masked Of these 
knots, 18 were A, and 22 were A, showmg that indeed trefods are produced, and that no topolo@cal 
stereoselectivty 1s evidenced m the process by which the crossings are introduced 

The results described above, along with considerable other evidence, strongly unphes the followmg 
mechamsm for w The protem first bmds a single-stranded regon of DNA There 1s very httle site 
speclficlty m this bmdmg process A single-strand break 1s then mtroduced mto the DNA, with 
formation of a covalent bond between a phenohc hydroxyl group of a tyrosme moiety of the enzyme, 
and the 5’ phosphate of a nucleotide A strand of DNA is then passed through the break, which 1s then 
resealed At no time dunng the catalytic process does the enzyme “let go” of the ends of the broken DNA 
strand The DNA strand that passed through the break can be smgle stranded or duplex, and has no 
base sequence reqmrement 

As indicated by the determmation of the configuration of the nicked duplex trefoils generated by w, 
no stereoselectlvlty 1s evidenced m this particular topolo@cal lsomerlzatlon Indeed, gven the 
mechanism described above, this fact 1s not surpnsmg Consider the local structure at the active site of 
the enzyme durmg tis knottmg reaction A duplex is passed through a broken single strand The single 
strand 1s onented But, since no base-pair selectlvlty is exhlblted by the enzyme, the duplex behaves as a 
non-oriented line Thus, locally, lgnonng the base sequence, the transltlon state IS not topolo@cally 
choral’ The enzyme cannot dtierentlate the sign of the change m crossings that results m knot formatlon 
mthout other mformatlon 

The process of passing a single-stranded DNA through such a break is, however, fundamentally 
different In this case, both the breakmg strand and the passing strand are onented, and the transition 
state 1s topologcally choral The enzyme could, m prmaple, dlfferentlate the two processes, and exhibit a 
mechamsm-based topolog& stereospeclficlty, even lgnonng any base sequence Indeed, w can only 
Increase hnkmg number of negatively supercoded substrate This could be due to the avllablhty of 
single-stranded segments of highly negatively supercoded DNA allowmg the process to occur Since 
relaxed, or poslhvely supercoded DNA has no angle-stranded regon, the observed stereoselectivlty 
could be due to the mablhty of the enzyme to react at all wth posltlvely supercoded substrates It 1s 
certainly mtngumg, however, to consider the posslblhty that w 1s mtrmslcally topologcally 
stereoselective 

r 

nt concermng this question could be made If the configuration of the first single-stranded 
c anes formed when o links two complementary angle-stranded circles were determmed As 

bed above, the product denves from the lmk with Lk = 1 However, it 1s possible that links with 
:’ - 1 are also produced, but do not lead to final product formatlon, and are simply unlinked, then 
, erted to the product If only links with Lk = 1 are actually produced, the enzyme would most hkely 
be mtnnslcally topolo@cally stereoselective If, however, both hnks with Lk = 1 and Lk = - 1 are 
produced, then a topolo@cally stereorandom process is indicated No determination of this kmd has 
yet been accomplished to our knowledge 

3 Type 1 topozsomerasesfiom eukaryotes Several years after the lsolatlon of o, a similar actlvlty 
was observed m mouse cells The type 1 topolsomerases isolated form eukaryotlc cells also change the 
hnkmg number of DNA duplex circles by one, but they differ m several topolog&ly mterestmg 
respects from the o protein First, eukaryotlc type 1 topolsomerases are evidently topologcally 
stereorandom, since they are able to relax both posltlvely and negatively supercooled circles Also, when 
interrupted durmg the reaction, the DNA 1s found covalently bound to the 3’ phosphate via a tyrosme 
residue of the protein 

4 Type 2 topouomeruses-DNA gyrase In 1976, Gellert first reported lsolatlon of a new enzyme 
from E colt called gyrase, capable of changmg the hnkmg number of supercoded DNA arcles 87 E co11 
gyrase changes the lmkmg number m umts of two, and 1s now recogmzed as prototypal of a whole class 
ofenzymes called type 2 topolsomerases Members of the class ofprokuryotrc type 2 enzymes similar to 
E co11 gyrase perform the followmg mterestmg operations (1) the gyrases are the only enzymes known 
capable of annoducmg negative supercools mto duplex DNA circles m an endergomc process requu-mg 
the presence of ATP , (2) these enzymes can relax negative supercoded DNA m the absence of ATP , (3) 
gyrase can link and unlink, or knot and unknot covalent duplex DNA circles, and (4) m the absence of 
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ATP, bound duplex circles, upon treatment with w or by ruckmg then closmg, attam a positive hnkmg 
number dtierence 

In the presence of ATP, DNA gyrase catalytlcally decreases the hnkmg number of a relaxed duplex 
circle generating a product wth a negative hnkmg number difference The maximum lmkmg number 
dr&rence denszty [(Lk - Lko)/Lko] attainable at high enzyme concentration 1s about -0 01 Thus, If 
our 1050 bp duplex, as a relaxed covalent circle with Lk = 100, were treated with gyrase and ATP for a 
long penod oftime, a family ofsupercolled DNAs urlth Lk ofabout 90 would be formed m an endergomc 
process dnven by ATP hydrolysis In addition, if a homogeneous DNA circle 1s used as startmg 
matenal, only products where the hnkmg number IS changed In umts of two are produced ss If a pure 
dmstereomer of the 1050 bp circle wth Lk = 100 were treated with gyrase m the presence of ATP, 
products with Lk = 98,96,94, etc down to about UC = 90, would be formed It 1s easily demonstrated 
by expemnents mvolvmg gel electrophoresls that none of the products corresponding to a unit change 
m Lk are produced m this reaction The gyrase enzyme thus changes the topolog& mnumum crossing 
number of the duplex hnk byfour 

In the absence of ATP, gyrase can relax duplex DNA circles with a negative hnkmg number 
hfference This relaxmg reaction 1s much slower than the ATP dnven supercolhng process, and shows 
topolo@cal stereoselectlvlty That is, m the absence of ATP the lmkmg number can only be increased, 
and positive supercoded DNA 1s unchanged 

Some of the strongest evidence regarding the basic mechanism of gyrase action denves from 
topologcal lsomenzatlons of covalent duplex circles catalyzed by the enzyme For example, when 
treated with gyrase m the presence of ATP, the DNA catenane shown m Scheme 54 became unhnked 
Electron rmcroscopy showed the presence of the intact smaller Rb circles and larger Ra circles m the 
product No angle-stranded matenal was produced Gyrase was also able to catalyze the topologcal 
dlastereolsomenzatlon of knotted DNA to the open circular form In addltlon, gyrase has the ablllty, 
under appropnate conditions and m the presence of ATP, to tie knots m unknotted circular duplexes, 
and to link circles to form duplex catenanes 

Finally, more subtle mformatlon regarding the mechamsm of action of gyrase has been gleaned 
from studies on the bmdmg ofthe protein to duplex DNA s9 When gyrase binds to a duplex DNA m the 
absence ofATP, about 160 bp are protected from reaction with DNA cleaving enzymes, mdlcatmg that 
the gyrase molecule binds to a rather long stretch of the DNA chain Also, rf mcked circular duplex 
DNA IS first bound to gyrase, then treated with hgase, then punfied away from all protein, the product 
DNA circle has a posztzue hnkmg number dQj2rencel The same result 1s obtained if a covalently closed 
duplex 1s treated with gyrase, then the complex IS treated with o or a eukaryotlc type 1 topolsomerase 
This property of gyrase was utlhzed m the directed synthesis of positively supercooled pA03 DNA 
circles described above 

All of these observations, and many others, mdlcate a mechanism of gyrase actlvlty mvolvmg 
formation of a double-stranded break m a DNA duplex, passage of a duplex strand through the break 
(sometunes called sign mverslon), then resealing the break wlthout ever “letting go” of the two broken 
ends or allowmg them to twist with respect to each other The fact that m the presence of ATP the 
hnkmg number IS always decreased shows that gyrase IS topolo@cally stereoselectlve Indeed, ths 
topolo@cal stereoselectlvlty is thought to be intrinsic to the mecharusm of action of the enzyme A 
possible mechamsm, m very rough outline, is presented in Scheme 59 

First, m an ATP independent step, a relaxed DNA duplex (Lk = Lko) wraps around the enzyme, 
indicated as a cylinder m the scheme, m a stereospecljc manner, to afford a duplex with a rzght-handed 
(positive) solenoldal turn In order to maintain the preferred helical pitch, supercolhng must occur 
elsewhere m the duplex In structure 148, a rzght-handed (negative) mterwound superhelical turn 1s 
shown Thus, for the duplex complex 148 Lk = Lko = Tw, and Wr = 0 The regon where the DNA 1s 
close to the enzyme 1s about 160 bp (about 550 A) long 

If this bound DNA 1s now nicked, the mterwound superhehcal co11 can relax to mmlmlze bending, 
addmg an addztzonul Euclidean turn to the helrx, while the solenoldal co11 remains smce It 1s stablhzed by 
bmdmg to the protein Resealing of the relaxed complex then affords product 149, wherem the duplex 
circle has Lk - Lko = Wr = 1 The same product may be obtained by treatment ofcomplex 148 with w, 
which accomplishes the nicking and resealing m a single step Removal of the protein then gn’es a free 
positively supercoded DNA circle (150 or 151) with Wr = 1 This method was utlhzed to prepare the 
positively supercooled pA03 DNAs described above 

In the presence of ATP, complex 148 undergoes a different topolo@cal transformation, as shown 
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Scheme 59 Powblc mcchamsm for gyrasc 

The duplex 1s broken and a duplex strand 1s passed through the break m a stereospeclfic manner to 
afford complex 152, with a left-handed (negative) solenoldal co11 ns process reduces the hnkmg 
number by two Thus, for complex 152, Lk - Lko = Wr = - 2 Note that complex 152 has a negative 
solenoldal co11 and a negative mterwound superhehcal cod The total turlst, however, 1s still equal to 
Lko-that IS, the helical pitch has remamed at the preferred value of 10 5 bp turn-’ Removal of the 
protein now affords a free negatively supercoded duplex product urlth Lk - Lko = WY = - 2 (153) An 
mterwound superhehcally coded conformation for this product 1s shown m drawing 153 Of course, the 
scenano described m Scheme 59 1s highly speculative Other possible mechamsms are described m the 
literature ‘I” *2’*88 89b*90 The mechanism shown here 1s simply meant to illustrate one possible way m 
which gyrase may operate A definitive answer to the mechamsUc questlons posed by these enzymes 1s 
yet to come 

Other type 2 topolsomerases have been isolated from both prokaryotes and eukaryotes All change 
the hnkmg number of circular duplex DNAs m units of two, can knot and unknot, or lmk and unlink 
closed duplex arcles, and all require ATP 9o Only the prokaryotlc type 2 topolsomerases exemphfied 
by E coli gyrase, however, can dnve the formation of negatively supercooled DNAs 

CONCLUSION AND POSTSCRIPT 

In this report I have attempted to impart a feeling for the novelty and esthetic appeal of topolo@cal 
stereochemistry While a few synthetic orgamc chenusts are Just now prepanng molecules exhbltmg 
topolog& stereolsomensm, an army of bmchermsts 1s workmg to elucidate blologcally important 
aspects of topologcal stereochenustry m nature The story 1s st111 unfoldmg and will certamly provide 
challengmg and mterestmg problems for practltloners m the future Indeed, smce completion of the 
manuscnpt of this report m the Fall of 1983, ad&tlonal syntheses in the field of small molecule 
topologcal stereochemistry have been described Very bnef mention of this work 1s Dven here as a 
postscnpt The reader IS referred to the ongmal literature for detals 

Scholl has completed a total synthesis of the first catenane m which both rmgs are sunple 
polymethylene chams 91 The synthesis mvolves first formatlon of a functionah& rotaxane, then 
macrocychzatlon and removal of all functionahty In this catcnane, one rmg has 28 members and the 
other has 46 
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Sauvage has reported a very elegant and efficient synthesis of a highly functlonalrzed catenane by 
utlhzmg a Cu(I) cation as template ‘* The linked rings of the product are composed ofpolyethyleneoxy 
chains closed by 2,9-<llphenyl-l,lO-phenanthrohne moieties Novel complexatlon properties of this 
highly Interesting hgand system denve from a nice interplay between the topology and topography of 
the system 
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